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FUR MEINE FAMILIE

“Climb mountains not so the world can see you, but so you can see the world.”

David McCullough Jr.
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1 Motivation and Objectives

Motivation and Objectives

The self-organization of soft matter is one key paradigm connecting polymer and material
science. It dictates essential properties such as mechanics not only in bulk but also in solution,
giving access to fascinating classes of materials. Block copolymers are a prime example of soft
matter capable of self-assembling into ordered structures.!*! A prerequisite for the formation
of microphase separated structures in bulk or micellar aggregates in selective solvents is the
linkage between chemically dissimilar blocks.?! This quite simple concept renders sheer endless
possibilities to customize polymers for vast application fields.

Since the earliest report on “Living Polymers” by Michael Szwarc in 1956,5! the living anionic
polymerization, which proceeds without transfer or termination reactions, has been exploited
to realize a variety of macromolecular architectures.!® By adjusting the number of blocks, their
composition or block profile, and the manner they are linked (e.g., linear or star-shaped
architectures), the combination of solely two comonomers offers enormous opportunities to
tune the affiliated properties. Along with the high compositional homogeneity, anionically
synthesized polymers have not only attracted significant economic interest but are especially
appealing to answer fundamental scientific questions correlating structural characteristics with
the resulting properties.

Therefore, the purpose of this thesis is to elaborate on the material properties of tailor-made
multiblock copolymers based on the two most prominent monomers for living anionic
polymerization, isoprene and styrene, against the background of specified scopes of
application. The objectives thereof can be divided into the characteristics in bulk and in
solution.

Bulk Characteristics

The excellent elastomeric properties of thermoplastic elastomers are premised on the physical
crosslinking of individual vitrified domains, i.e., polystyrene (PS), across the interjacent rubbery
phase, i.e., polyisoprene (PI). This is achieved by the localization of at least two PS blocks of one
block copolymer chain in different domains formed upon phase separation. Conclusively, a PS-
b-Pl-b-PS (short “SIS”) triblock sequence is minimally required for this so-called domain
bridging and hence tough materials.?

With the extension towards multiblock sequences the fraction of bridged chain conformations
is increased.!®! At the same time the reduced conformational entropy enhances miscibility, this
way lowering the order-disorder temperature.l” This offers the potential of further improving
the material properties and processability, provided that the structural order mandatory for
physical crosslinking is preserved.!® In this manner, extraordinarily tough and resilient materials
were realized with implementing (IS), and S(IS), structures.!®®° (IS),l type structures have
hitherto only been addressed in high impact materials.'*? Yet, these structures exhibiting two
polyisoprene end blocks offer the possibility to design materials with shorter individual PI
blocks compared to a structure with an even block number at constant comonomer ratio,
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whose untethered flexible end blocks further restrict the chain conformation of the
polystyrene mid blocks by forcing both block junctions to be located at the domain interface.

From the lack of general knowledge about the effect of two soft end blocks in multiblock
architectures and a systematic comparison between multiblock copolymers with either a
defined or a gradual block profile, the following questions addressed in Chapter 3 of this thesis
arise:

“Can we design a rather soft material of exceptional resilience premised on the
combination of a high bridging ratio with flexible end blocks serving as an internal
plasticizer? How can mechanical properties and processability be best balanced in
dependence of the block profile, block number and molar mass?”

Apart from this fundamental question, the interest in this topic is intensified by the search for
alternative materials to plasticized poly(vinyl chloride) (PVC) used to produce blood bags. PVC
is very attractive due to its low price. However, significant amounts of plasticizer have to be
added to turn the otherwise brittle and rigid polymer into a flexible but tough material of
sufficient impact strength.!** These plasticizers tend to migrate into the blood during storage,
which is a double-edged sword.!*?! While its incorporation into the interior and the erythrocyte
membrane is beneficial for cell viability and thus storage time,!*3 major health concerns related
to the commonly used phthalates demand safe alternatives especially for vulnerable patients.
Although to date thermoplastic elastomers (TPEs) are comparably expensive, their non-toxicity,
sterilizability, and suitability for chemical as well as mechanical recycling render TPEs a
promising safe alternative with the potential to contribute to a circular economy.**

Nonetheless, thermoplastic elastomers face the problem of permanent sets upon large
deformations.'*> This is explained by the chain pull-out of polystyrene blocks from their
domain, in this way overcoming the physical crosslinking by bridged chain conformations.*® A
promising strategy to alleviate plastic deformation is the combination of chemical and physical
crosslinks, thereby joining the best of both worlds. Multiarm star copolymers maintain the
important advantage of facile processing and moreover reprocessability over the elastomeric
thermosets, while the covalent core junction results in an improved energy distribution,
providing higher strength and minimized irrecoverable set.'”) Another advantage of star
architectures in comparison to linear analogues is their significantly lower viscosity at similar
molar mass, permitting an even more facile processing.!*®

The effect of star-architectures has been studied extensively, however, in most cases, the
number of arms is not well-defined.*® A work on defined, fully hydrogenated (Sl)s star-shaped
block copolymer architectures covalently linked at the rubbery end revealed faster recovery
and also a less permanent set compared to its linear hydrogenated (Sl), triblock counterparts,
while their toughness was similar.’??) Beyond this, (Sl)x star copolymers with multiple arms were
reported to feature higher strengths compared to their linear analogues.?!

Furthermore, (Sln)x architectures with multiple vitrifying domains per arm, which were linked
at the polystyrene end and thus exhibited a glassy core and flexible end blocks, have been

reported.??

The materials’ properties were governed by viscous flow at moderate
temperatures, which was ascribed to the polyisoprene end blocks and the high number of

blocks resulting in poor phase segregation.



3 Motivation and Objectives

Concerning star-architectures with an inner polystyrene core, star-shaped (SIS)x structures with
a glassy core block have also been addressed, comparing their mechanical properties to (Sl)
architectures with a rubbery core block.?3! The vitrification of the covalently linked core block
resulted in a significant increase in the tensile shear strength. This is explained by the increased
bridging fraction due to the higher amount of vitrifying end blocks in star architectures
combined with an impeded backfolding to the domain formed by the dense core.?* However,
these structures only featured an average number of arms due to the use of an undefined
coupling agent.

These studies motivated us to investigate the mechanical as well as the recovery properties of
defined (SIS)x structures with a glassy core junction. Comparing the linear (SIS): triblock
architectures to the linear (SIS), pentablock and the star-shaped (SIS)s multiblock architectures,
both principles are accounted for by extending the research question tackled in Chapter 4:

“How does the domain connectivity passing over from a linear multiblock with two
vitrifying end blocks to a star-shaped multiblock architecture with glassy core and
end blocks affect the material’s ultimate properties and the recovery?”

Solution Characteristics

The behavior of block copolymers in solution is primarily governed by the polymer
concentration and the block selectivity of the solvent. This was beautifully demonstrated by
viscometric investigations for both diluted and concentrated solutions of polystyrene-
polybutadiene-polystyrene triblock copolymers in solvents of varying selectivity.?® While in
dilute solution, the contribution of the polymer to the viscosity increase is most pronounced in
thermodynamically good solvents for both constituent blocks, the viscosity of concentrated
solutions exhibits a minimum in the same range. This is explained by the ability of block
copolymers to self-assemble into aggregate structures in sufficiently selective solvents.?®! In
dilute solution, where such phenomena are not present, the viscosity is a function of the
polymer coil’s hydrodynamic volume. Since the polymer coil is most expanded if the polymer-
solvent interactions are maximized, dilute solutions in non-selective solvents feature the
highest viscosity.?”! In contrast, the collapse of the solvophobic sequences of block copolymers
in selective solvents provokes intermolecular aggregation above a critical concentration,
greatly increasing the apparent molar mass and hence the viscosity of the polymer solution.[?

Although the association behavior of diblock and triblock copolymers is widely explored, to
date only theoretical approaches have focused on complex polymer architectures with multiple
solvophobic blocks per chain'?® or tapered block copolymers with a sharp, albeit gradual
transition between the comonomers.B%31 Both peculiarities provide special characteristics to
the self-assembled structures in selective solvents. Multiblock sequences allow for the
formation of larger aggregates with several solvophobic cores, which are expected to be more
shear stable due to several junctions per polymer chain. Tapered block-like copolymers further
offer the potential to introduce a fine-tuned thermoresponsive behavior due to subtle changes
in solubility of the diffuse interface between the solvophilic and solvophobic blocks, which was

already reported for amphiphilic gradient copolymers. 3133
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Therefore, implementing multiblock structures with either a sharp or a gradual block profile in
selective solvents leads to the following questions, to which Chapter 6 and 7 are dedicated:

“Which associated structures can be accessed by the concentration-dependent self-
organization of multiblock copolymers and how do they operate under shear or at
varying temperatures?”

In this context, Chapter 6 aims at the investigation of the self-organization and diffusion
processes at varying concentrations, which is realized by dynamic light scattering (DLS) and
fluorescence correlation spectroscopy (FCS). The latter permits to study even highly diluted and
concentrated polymer solutions due to its unique single-molecule sensitivity.?* Chapter 7
employs viscometric experiments to study the viscosity at varying shear forces and
temperatures, this way detecting probable non-Newtonian behavior.>

In addition to the fundamental relevance, these topics were further motivated by the potential
of multiblock structures for viscosity modification in lubricating oils. Since the viscosity of
liquids declines upon temperature increase, polymer additives are employed in order to
counteract this adverse effect and maintain proper lubrication.*® However, to date every
polymer class implemented features its distinct benefits and drawbacks, thereby confining the
performance as viscosity modifier.2%3”! Poly(alkyl methacrylates) (PMAs) are the prime
example for viscosity modifiers with an unprecedented viscosity-temperature relationship,
which is due to their thickening mechanism by coil expansion.’*®3%I However, there is still room
for improvement in terms of thickening efficiency and shear stability.**! In contrast,
hydrogenated styrene-diene copolymers (HSDs) capable of aggregate formation excel in these
tribological parameters, whereas their viscosity improvement with temperature cannot
compete with PMAs.13840421 By the purpose of unifying both the coil expansion and the
association mechanism, HSD multiblock architectures with a gradual block profile represent a
promising polymer class. They profit, on one hand, from the easy alighment within the shear
flow by partial disassembly and, on the other hand, from a potential coil expansion with
increasing temperature due to the enhanced solubility of the diffuse interface between the
solvophilic and solvophobic blocks. 3132

In spite of the continuous attention for such multiblock polymer systems, surprisingly little is
known about their dilute solution properties. Yet, understanding the gross conformation of
these polymers in solution is the foundation to design multiblock architectures for applications
in solution.

Concerning copolymers based on isoprene and styrene in dilute solution, few works reported
on their intrinsic viscosity in both good solvents, e.g., toluene, and theta-solvents for
polystyrene like cyclohexane and methylisobutyl ketone. At the theta-temperature the long-
range forces between the styrene repeating units, which cause a contraction, are balanced by
the interaction with the solvent which lead to coil expansion, thus resulting in unperturbed
Gaussian dimensions of the polystyrene blocks. Sl diblock copolymers were found to behave
like unperturbed Gaussian chains in good solvents as well as theta-solvents.*3! Extension of the
diblock structure towards a SIS triblock copolymer revealed only minor deviations, indicating
an almost negligible effect of the heterocontacts on the coil dimension.'*¥ Another study
examined the influence of the comonomer ratio on the Sl diblock copolymer coil dimension
and reported a maximum coil expansion for comonomer ratios close to unity.?”! Within this
study, a sequential diblock copolymer was further compared to its tapered counterpart,
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revealing a similar behavior. However, both polymers differed in their molar mass and
comonomer ratio. Furthermore, (IS),] multiblock copolymers (#=(2n+1)=3,5,7 &9 at
M=~ 16 & 160 kg-mol™!) were investigated in toluene, evidencing an increase in the intrinsic
viscosity with decreasing block lengths, i.e., increasing block number.*! This chain expansion
was accounted to the avoidance of heterocontacts due to the incompatibility of the two
constituent blocks.

These experimental results emphasize the complexity of block copolymer solutions, especially
upon introducing multiple blocks per polymer chain. This traces back to the balance between,
on one hand, minimizing the interface between the constituent blocks and, on the other hand,
the interactions between the respective polymer blocks and the solvent.

However, the polymer systems investigated so far exhibited rather narrow molar mass ranges.
Furthermore, to date no systematic comparison of tapered and sequential block copolymers
was conducted. Due to the uncertain structure-property relationship of such unimers in dilute
solution, we ask the fundamental question of Chapter 8:

“Which impact makes the block profile of multiblock copolymers on the
conformation in non-selective solvents or more tangibly spoken on the rigidity of
the polymer?”

Mechanistic Insights

The last chapter of this thesis aims at gaining deeper insight into the polymerization mechanism
of the lithium-initiated living carbanionic polymerization mechanism of 1,3-dienes in non-polar
media.

Manifold reaction parameters dictate the stereochemistry of polydienes, among them the
counterion, which influences the aggregation strength with the living chain end, the polarity of
the solvent, and the presence of polar modifiers, which profoundly alters the aggregation itself
and thereby the polymerization mechanism.[*® The commonly accepted hypothesis for the
reaction mechanism in non-polar media comprises an isomerization between the cisoid and
transoid geometry of the ultimate and hence propagating repeating unit,/*”! whose rate is
competitive with the time scale of the monomer addition.“®! The monomer addition itself is
assumed to proceed via a six-membered coordination of the propagating chain end and the
incoming monomer.[* In this way, a high 1,4-stereoselectivity of polydienes is achieved, which
is of utmost significance due to the inherent low glass transition temperature enabling a wide
temperature range application window.!>"

Since the six-membered coordination in the transition state is believed to involve both double
bonds of the 1,3-diene, the fundamental question of Chapter 9 arose:

“Does a prescribed transoid geometry prevent the coordination of the propagating
chain end by both double bonds and consequently impede polymerizability ?”
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Abstract

With the groundbreaking work of Hermann Staudinger in 1920, polymer science has evolved
tremendously for more than 100 years into manifold directions, impacting countless parts of
life. Naming only a few disciplines, polymers find an omnipresent application in the automotive
and the construction sector. Their insulating or semiconducting properties are pivotal for
electric and electronic devices, whereas membrane technologies rely on their separation
capability, and both the medical and the agricultural sector benefit from advanced polymer
structures for controlled drug release. Yet, macromolecules played a crucial role long before
they were recognized, studied in depth and specialized for targeted applications. For instance,
natural rubber has been commercialized for almost the past two centuries, with Charles
Goodyear’s and Thomas Hancock’s vulcanization process providing the basis for stable
elastomeric materials. The introduction of synthetic thermoplastic elastomers (TPEs) in the 20™"
century, possessing the processability of thermoplastics and the elasticity of vulcanized rubber,
and progress in understanding the chemical nature and the resulting material properties allows
for envisioning versatile characteristics. With the living anionic polymerization technique at
hand, which is the method of choice for the synthesis of complex but well-defined polymer
architectures, new challenges designing materials with tailored physical properties can be met.

The first part of this thesis aspires to elucidate the influence of an (IS).l multiblock architecture
on the materials’ properties in bulk, whereas the second part evaluates their solution
characteristics. At the end of this work a fundamental framework for the living anionic
polymerizability in non-polar media is outlined.

Chapter 1 gives a general introduction to the versatile toolbox of living anionic
polymerization against the background of their use as thermoplastic elastomers (TPEs). After a
brief outline of the historical background of elastomers and current application fields of TPEs,
this review focuses on synthetic approaches tailoring the polymers’ and in turn the materials’
properties. In particular, inherent mechanical properties are discussed with respect to the
phase segregation strength and the resulting microdomain morphologies. The highlighted
synthetic strategies focus on lithium initiated living anionic (co)polymerizations of different
styrenic and 1,3-diene monomers in hydrocarbons, further emphasizing the influence of
modifiers on the block profile in statistical copolymers. In this regard, not only the block profile,
but also the influence of the block sequence, the block number, and the polymer chain
architecture are elaborated. Furthermore, the benefit of in situ monitoring techniques to
determine kinetic parameters is demonstrated and expanded on kinetic Monte Carlo
simulations, which allow for the calculation of reaction times, greatly facilitating the workflow
of multiblock syntheses.

Chapter 2 reviews the use of plasticized poly(vinyl chloride) for medical devices. In the first
part health concerns related to the commonly used plasticizer are discussed within the
framework of human exposure and its metabolism. The second and third part evaluate
potential solutions by the introduction of different plasticizers and by the replacement of PVC
by alternative polymer materials, respectively. For the latter, a project funded by the European
Commission addressing the implementation of polyolefins for medical bags and the use of
styrenic thermoplastic elastomers for healthcare applications are considered in greater detail.
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Chapter 3 highlights the structural and mechanical investigation of polyisoprene-polystyrene
multiblock copolymers with two polyisoprene end blocks. These structures are of interest due
to the potential internal plasticizer effect of the flexible end blocks, probably rendering a soft
but resilient material. Temperature-dependent small-angle x-ray scattering experiments were
implemented to investigate the phase separated morphologies of both sequential and tapered
(IS)nl multiblock copolymers covering a wide range of molar masses and block numbers. A
strong decrease in the segregation strength and hence of the order-disorder temperature was
proven, comparing sequential block copolymers with a defined transition between the
adjacent blocks with tapered block-like copolymers with a sharp, but gradual comonomer
transition in each polyisoprene-polystyrene diblock sequence. This is caused by the reduced
enthalpic incompatibility in tapered structures. While the sequential multiblock copolymers
exhibited well-ordered lamellar morphologies, the tapered counterparts showed weakly-
ordered perforated layers. The viscoelastic responses measured by tensile tests evidenced
superior resilience for the sequential structures, while the tapered structures revealed a higher
softness and flexibility. The concomitant decrease of the block size by increasing the block
number at a given overall molar mass is accompanied by an increased domain bridging, but at
the same time a weakened microphase separation. Due to this trade-off, the higher molar mass
tapered pentablocks and sequential heptablocks were found to best balance these opposite
effects, resulting in a significant mechanical toughness. Interestingly, polymers with the same
molar mass per block exhibited comparable domain spacings and hence softness, while the
ultimate deformability was found to increase with the extension by a diblock sequence due to
an enhanced domain bridging. Comparison with a literature-known analogous structure with
two polystyrene end blocks revealed an easier deformability of the structure with two
polyisoprene end blocks reasoned in a smaller domain size.

Chapter 4 further elaborates the mechanical properties of polyisoprene-polystyrene
multiblock copolymers with different architectures in terms of chain connectivity. This
fundamental research is intriguing due to the potential to minimize the issue of permanent sets
upon large deformation while preserving the advantage of easily processable and
reprocessable materials. Uniaxial tensile tests as well as recovery measurements were
performed comparing linear tapered SIS triblock copolymers with linear (SIS), pentablock and
star-shaped (SIS)s multiblock copolymers featuring vitrifying core and end blocks. The advanced
architectures were synthesized by an “arm-first” approach coupling the (SIS) arms. For small
molar masses per arm, the star-shaped multiblock architectures showed superior ultimate
stress and strain at break reflected in a higher toughness, which can be ascribed to their higher
bridging fraction. For higher molar masses, the ultimate mechanical properties of the linear
pentablock copolymers and the star-shaped structures approached each other reaching a
plateau value, showing that at this point the covalent linkage of the star architecture does not
provide further resilience. Yet, they still outperformed the simple triblock structure, further
emphasizing the importance of large fractions of bridged chain conformations. For polymers
with the same overall molar mass, the star-shaped multiblock copolymers could not compete
with the linear pentablock copolymers due to an inferior phase segregation and hence
facilitated chain pull-out. For three counterparts of equal molar mass per arm, which showed
decent phase segregation and comparable ultimate properties, the cyclic strain experiments
evidenced striking differences in their recovery behavior. While the star-shaped (SIS)s
multiblock copolymer showed unprecedented final recovery after 5 minutes of rest, they
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exhibited poor initial recovery during receding. In contrast, the linear structures feature
superior rapid recovery but smaller final recoveries after resting. These phenomena prove the
higher chain flexibility of the linear architectures being responsible for fast restoring, while the
even stress distribution in star-shaped architectures with a covalent core junction generates
improved shape memory. However, at high stress levels all specimens experienced a
permanent set due to substantial restructuring, resulting in converging restoring properties.

Chapter 5 examines the three most decisive tribological parameters dictating the
performance of viscosity modifiers in lubricating oils relating to not only commonly
implemented, but also novel polymer classes. Moving metal parts have to be lubricated in
order to prevent friction. However, lubricating fluids face a rapid viscosity decrease upon
increasing temperature. Therefore, viscosity modifiers are added to attenuate the adverse
effects of asperity contact. Yet, optimum performance in all of the three key metrics, i.e., a
beneficial viscosity-temperature relationship, thickening efficiency, and shear stability has not
been achieved so far. Since these tribological parameters are complexly intercorrelated, their
balancing is challenging, which is the reason for the demand for novel lubricant additives. The
influence of key polymer characteristics such as molar mass, dispersity, chain composition, and
architecture on the hydrodynamic volume and by this on the tribological parameters are
accentuated. Furthermore, the chemical nature of the commonly implemented polymer
classes comprising poly(alkyl methacrylates), olefinic copolymers, and hydrogenated styrene-
diene copolymers is reviewed with respect to their polymerization mechanism and the inherent
thickening mechanisms for viscosity improvement. The latter include the coil expansion
mechanism prominent in poly(alkyl methacrylate) formulations and association phenomena
featured by hydrogenated styrene-diene copolymers. Beyond this, advanced structures aiming
at exceeding the current performance limits are discussed. Here, blending approaches and new
polymer classes like poly(2-oxazolines) and poly(2-oxazines), but also sophisticated
architectures like brush-like, comb-like or linear (tapered) multiblock copolymer structures are
emphasized. This promising combination of several benefits gives food for further
investigations.

Chapter 6 addresses the self-organization of multiblock copolymers with both a defined and
a gradual block profile in the polyisoprene-selective solvent heptane. Conclusions on the
aggregate structures are drawn based on the diffusion behavior at varying concentrations. For
this purpose, dilute and concentrated polymer solutions are examined by dynamic light
scattering using a cross-correlation approach, which allows to study diffusion processes even
in the presence of multiple scattering events. Diverging diffusion coefficients for the triblock
and multiblock copolymers at a polymer concentration above 1 wt% proved the formation of
non-ergodic systemes, i.e., polymer networks, in case of the structures with several solvophobic
polystyrene blocks. Complementary fluorescence correlation spectroscopy measurements
permitted insights into the self-diffusion of unimers through these polymer networks. These
processes were found to be most restricted in networks of sequential multiblock copolymers,
which is the consequence of a denser network due to a higher bridging fraction in combination
with larger unimer dimensions. The unimer dimensions themselves were studied in highly
diluted polymer solutions, where no aggregation phenomena are present. Furthermore,
micellar aggregates and their fraction increased going from dilute solutions to higher
concentrations, finally adapting the discussed transient polymer networks. In order to enable
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fluorescence correlation spectroscopy investigations, a novel post-polymerization protocol for
fluorescent dye attachment was established, which stands out by only a marginal alteration in
the chemical nature of the labeled polymer.

Chapter 7 emphasizes the concentration-dependent viscosity-temperature relationship of
the (non)-hydrogenated tapered multiblock copolymers in the polyisoprene-selective solvents
squalane and a highly isoparaffinic hydrocarbon lubricating oil against the background of the
self-assembled structures discussed in Chapter 6. Combining temperature- and frequency-
dependent dynamic viscosity measurements with temperature-dependent kinematic viscosity
measurements at 40 °C and 100 °C, a clear correlation between the self-organized polymer
aggregate structure and the performance as viscosity modifier could be established. At
comparably low polymer concentrations, an enhanced viscosity-temperature relationship with
increasing overall molar mass, block number, and isoprene content was identified. As an
explanation, the formation of loose aggregates with several polystyrene cores and hence
extended hydrodynamic volumes in case of multiblock architectures was deduced. Yet at high
concentrations, the structures with the shortest individual solvophobic polystyrene blocks
faced a deterioration in the investigated tribological key parameters, i.e., the viscosity-
temperature relationship and the thickening efficiency. This is explained by the formation of
large transient networks, which are more prone to partial disassembly upon shearing. This
effect is further intensified by the migration of solvent molecules into the aggregate’s cores,
which is most pronounced for short polystyrene blocks. The resulting weakened van-der-Waals
interactions promote chain pull-out and by this partial disassembly. Comparison of the
investigated styrene-diene multiblock copolymers to a commercialized comb-like
poly(alkyl methacrylate) displayed a superior performance of the presented structures at low
polymer treat rates. This demonstrates the enormous potential of tapered multiblock
architectures as advanced viscosity modifiers.

Chapter 8 aims at understanding the structure-property relationships of multiblock
copolymers with a defined or a gradual, albeit sharp block profile in dilute non-selective
solution. For this purpose, series of sequential and tapered multiblock copolymers (IS).l with
molar masses ranging from 40—400 kg-mol™* and block numbers of 3—13 were comprehensively
characterized by complementary approaches. Subsequently, dilute solutions in toluene were
systematically investigated, implementing classical scaling relationships between the
hydrodynamic characteristics derived from analytical ultracentrifugation, intrinsic viscosity,
and related experiments. Both rotational and translational diffusion experiments showed
subtle differences in the polymer coil dimension and hence rigidity for polymer series with
equal block number. For these homologous polymer series, a more rigid and hence expanded
chain conformation for the sequential structures was deducible compared to their tapered
analogues. Interestingly, the polymer series with different molar masses and block number,
whose polymers featured equal degrees of polymerization per polystyrene block, did not
comply with the classical scaling relationships. This demonstrates the influence of the block
number on the solution properties even in non-selective solvents.

Chapter 9 studies the polymerizability of rotationally constrained 1,3-dienes with a fixed
cisoid or transoid geometry of the double bonds. Particularly, the reactivity in living anionic
polymerization approaches in non-polar media is examined, whose mechanism is proposed to
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proceed via a coordinative mechanism. Theoretical simulation approaches of two new
1,3-diene monomers with a rigid, prescribed cisoid or transoid geometry in cyclohexane as a
typical non-polar solvent are combined with synthetic and kinetic studies. Experimental
observations correlated with the predicted reactivities and simulated reaction pathways, which
showed that a cisoid geometry with in-plane double bonds is mandatory for propagation.
Indeed, the cisoid diene was homo- as well as copolymerizable with isoprene, whereas the
transoid diene lacked reactivity. The required ring distortion in case of the cyclic cisoid diene
resulted in higher simulated activation barriers for the propagation step in comparison to the
addition of the unrestricted common monomer isoprene. This was experimentally confirmed
by real-time 'H NMR spectroscopic kinetic investigations, which evinced a gradient formation
in statistical copolymerization experiments of the cisoid diene with isoprene, whose steepness
became flattened upon temperature increase. Additionally, thermal characterization of the
statistical copolymers revealed a weakened segregation strength for the tapered diblock
copolymers with a smoother gradual distribution of the comonomers along the polymer chain.

Chapter A1 comprises a complementary examination of the ultimate mechanical properties
of the tapered star-shaped polyisoprene-polystyrene multiblock copolymers treated in Chapter
4. Two series of (SIS)s multiblock copolymers varying in their comonomer ratio were compared
to the linear SIS triblock copolymers representing the corresponding arm structures. While the
star-shaped polymers with a lower isoprene content ordered into lamellae and therefore were
stiffer and less elastic, the series with a higher isoprene content possessed morphologies with
a continuous polyisoprene phase. Irrespective of the formed morphology, the star-shaped
(SIS)4 architectures outperformed the corresponding linear SIS polymers with respect to their
toughness and strain at break. Furthermore, selective catalytic hydrogenation of the Pl blocks
was exemplified for one star-shaped multiblock copolymer and its linear counterpart, this way
increasing the segregation strength and decreasing the entanglement molecular weight of the
polydiene segments. Interestingly, the influence of hydrogenation on the ultimate properties
varied with the polymer architecture. While the linear tapered triblock copolymer experienced
a substantial increase in its ultimate properties, the star-shaped multiblock copolymer faced a
deteriorated performance. This is explained by differences in the magnitude of strain-
hardening improvement in combination with higher amounts of entanglements.

Chapter A2 focuses on the impact of solvents on the copolymerization kinetics of epoxides
via an anionic ring-opening polymerization mechanism. For this purpose, the copolymerization
kinetics of ethylene oxide (EO) with glycidyl ethers with varying coordination sites were
monitored by in situ *H NMR spectroscopy both in tetrahydrofuran (THF) and the highly polar
solvent dimethyl sulfoxide (DMSO). The experiments revealed slightly higher reactivities of the
glycidyl ethers compared to EO, which lacks in any side group, emphasizing a pronounced
chelation effect of the potassium counterion by the side groups of the glycidyl ether monomers
about to be added. With allyl glycidyl ether (AGE) featuring one and ethoxy vinyl glycidyl ether
(EVGE) possessing two ether-type coordination sites per side group, EVGE showed slightly
stronger incorporation preference than AGE. An increase in the disparity of the relative
reactivities was found with decreasing solvent polarity, which relies on the degree of solvation
of the propagating chain end and its counterion. Density functional theoretical simulation
approaches were implemented to illustrate and further justify the pivotal role of the
complexation capability of the ether-containing side groups.
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Kurzfassung

Mit der wegweisenden Arbeit von Hermann Staudinger im Jahre 1920 entwickelten sich die
Polymerwissenschaften fiir Gber 100 Jahre immens in vielfaltige Richtungen, die unzahlige
Bereiche des Lebens beeinflussen. Um nur einige Wissensbereiche zu nennen, Polymere finden
allgegenwartige Anwendung im Automobilbereich und im Bausektor. lhre isolierenden oder
halbleitenden Eigenschaften sind entscheidend fir elektrische und elektronische Gerate,
wohingegen Membrantechnologien auf ihrem Separationsvermogen aufbauen und sowie der
medizinische als auch der Agrarsektor von fortschrittlichen Polymerstrukturen zur
kontrollierten Wirkstofffreisetzung profitieren. Doch Makromolekiile spielten bereits lange
bevor sie als solche verstanden, im Detail untersucht und fir gezielte Anwendungen
spezialisiert wurden eine entscheidende Rolle. Beispielsweise wurde Naturkautschuk auf
Grundlage des Vulkanisationsprozesses von Charles Goodyear und Thomas Hancock, der die
Grundlage fir stabile Elastomermaterialien bildete, fir anndhernd die letzten beiden
Jahrhunderte kommerzialisiert. Die Markteinfihrung synthetischer thermoplastischer
Elastomere (TPEs) im 20. Jahrhundert, die die Verarbeitbarkeit von Thermoplasten mit der
Elastizitdt von vulkanisiertem Kautschuk vereinen, sowie der Fortschritt des chemischen
Verstandnisses und der daraus resultierenden Materialeigenschaften ermoglichen die
Konzeption vielseitiger Charakteristika. Mit der lebenden anionischen Polymerisationstechnik,
welche die Methode der Wahl zur Synthese komplexer, aber dennoch definierter
Polymerarchitekturen ist, konnen neuen Herausforderungen, Materialien mit
maRgeschneiderten physikalischen Eigenschaften zu entwickeln, begegnet werden.

Der erste Teil dieser Dissertationsarbeit strebt die Aufklarung des Einflusses einer (IS)nl-
Multiblockarchitektur auf die Festkorpereigenschaften an, wohingegen der zweite Teil sich mit
deren Losungseigenschaften befasst. Zum Ende dieser Arbeit wird ein grundlegender
Zusammenhang fir die lebende anionische Polymerisierbarkeit in apolarem Medium umrissen.

Kapitel 1 leitet die vielseitige Thematik der lebenden anionischen Polymerisation vor dem
Hintergrund deren Einsatzes flir thermoplastische Elastomere (TPEs) ein. Nach einem kurzen
historischen Abriss von Elastomeren und dem gegenwartigen Anwendungsbereich von TPEs
fokussiert sich dieser Review auf synthetische Konzepte zur Anpassung der Polymer- und damit
Materialeigenschaften. Insbesondere werden mechanische Eigenschaften hinsichtlich der
Segregationsstarke und der resultierenden Mikrodomanen-Morphologien diskutiert. Die
hervorgehobenen Synthesestrategien konzentrieren sich auf Lithium-initiierte, lebende
anionische (Co)-Polymerisationen von verschiedenen Styrol- und 1,3-Dien-Monomeren in
Kohlenwasserstoff-Losungsmitteln, wobei darliber hinaus der Einfluss von Modifizieren auf das
Blockprofil statistischer Copolymere herausgearbeitet wird. In diesem Zusammenhang wird
nicht nur der Einfluss des Blockprofils, sondern auch der Blocksequenz, der Blockanzahl und
der Polymerarchitektur betrachtet. Weiterhin werden der Nutzen von in situ Reaktions-
verfolgungsmethoden zur Bestimmung kinetischer Parameter aufgezeigt und kinetische Monte
Carlo-Simulationen vertiefend behandelt, welche die Berechnung von Reaktionszeiten
ermoglichen und somit ein wertvolles Hilfsmittel zur Optimierung von Arbeitsablaufen der
Multiblocksynthese darstellen.

Kapitel 2 erértert die Verwendung von Weich-Polyvinylchlorid (PVC) in Medizinprodukten.
Im ersten Teil werden Gesundheitsbedenken in Bezug auf den weitldufig eingesetzten
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Weichmacher im Rahmen dessen Belastung bei Menschen sowie dessen Metabolismus
angesprochen. Im zweiten und dritten Teil werden potentielle Losungsansatze durch den
Einsatz verschiedener Weichmacher beziehungsweise den Ersatz von PVC durch alternative
Polymermaterialien evaluiert. In Bezug auf den letzten Teil werden ein von der europdischen
Kommission gefordertes Projekt, das die Verwendung von Polyolefinen fiir medizinische
Infusionsbeutel aufgreift, sowie der Einsatz von Styrol-basierten thermoplastischen
Elastomeren fir medizinische Anwendungen eingehend diskutiert.

Kapitel 3 beleuchtet die strukturelle und mechanische Untersuchung von Polyisopren-
Polystyrol Multiblockcopolymeren mit zwei Polyisopren-Endbl6cken. Diese Strukturen sind
aufgrund ihres potentiellen intrinsischen Weichmachereffekts durch die flexiblen Endblécke
von Interesse, der zu einem weichen, aber dennoch widerstandsfahigen Material fihren
kénnte. Temperaturabhangige Kleinwinkelstreuung und rheologische Experimente wurden zur
Untersuchung der phasenseparierten Morphologien von sowohl sequentiellen als auch
verjungten (IS)nl-Multiblockcopolymeren herangezogen, die einen groflen Bereich an
Molekulargewichten und Blockanzahlen umfassen. Der Vergleich von sequentiellen
Blockcopolymeren mit einem definierten Ubergang zwischen benachbarten Blécken mit
verjungten blockartigen Copolymeren mit einer scharfen, aber dennoch graduellen Verteilung
der Comonomere in jeder Polyisopren-Polystyrol-Diblocksequenz verdeutlichte eine starke
Verringerung der Separationsstirke und somit der Ubergangstemperatur zwischen einem
geordneten und dem ungeordneten Zustand. Die ist auf die verminderte enthalpische
Inkompatibilitdit in verjliingten Strukturen zurlckzufihren. Wahrend sequentielle
Multiblockcopolymere wohlgeordnete lamellare Morphologien aufwiesen, zeigten die
verjingten Analoga schwachgeordnete perforierte Schichtstrukturen. Die mit Zug-
Dehnungsexperimenten untersuchte viskoelastische Reaktion verdeutlichte, dass sequentielle
Strukturen widerstandsfahiger sind, wahrend verjlingte Strukturen eine hohere Weichheit und
Flexibilitdit besaRen. Die bei gleichbleibender Molmasse mit zunehmender Blockanzahl
einhergehende Abnahme der Blocklange resultiert in einer erhohten Domaneniberbriickung,
aber gleichzeitig einer schwacheren Mikrophasenseparation. Aufgrund dieses Kompromisses
erwies sich das Gleichgewicht zwischen diesen gegensatzlichen Effekten fir die verjlingten
Pentablock- und sequentiellen Heptablockcopolymere héheren Molekulargewichts am besten
eingestellt, was sich in einer betrachtlichen mechanischen Belastbarkeit &ulierte.
Interessanterweise besalRen Polymere desselben Molekulargewichts pro Block vergleichbare
Domadnenabstande und somit Weichheit, wohingegen deren Verformbarkeit mit der
Erweiterung um eine Diblocksequenz aufgrund der verstirkten Doméanenlberbriickung
zunahm. Im Vergleich zu literaturbekannten analogen Strukturen mit zwei Polystyrol-
Endblocken zeigen die Strukturen mit zwei Polyisopren-Endblocken eine einfachere
Verformbarkeit, was auf die kleineren DomanengréfRen zurickzufiihren ist.

Kapitel 4 erarbeitet ferner die mechanischen Eigenschaften von Polyisopren-Polystyrol-
Multiblockcopolymeren  mit  hinsichtlich  ihrer Kettenverknipfung verschiedenen
Architekturen. Diese grundlegende Forschung ist aufgrund der potentiellen Verringerung von
permanenten Verformungen bei starker Dehnung spannend, da der Vorteil von einfach
prozessierbaren und wiederverarbeitbaren Materialien erhalten bleibt. Lineare verjlingte SIS-
Triblockcopolymere wurden anhand von uniaxialen Zug-Dehnungsversuchen sowie
Erholungsuntersuchungen mit linearen (SIS)>-Pentablock- und sternférmigen  (SIS)a-
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Multiblockcopolymeren, die sich durch starre Kern- und Endbldcke auszeichnen, verglichen.
Die erweiterten Architekturen wurden nach einem , Arm-First“-Ansatz synthetisiert, bei dem
die zunachst hergestellten (SIS)-Arme gekuppelt werden. Fiir kleine Molmassen pro Arm
zeigten die sternformigen Multiblockarchitekturen bessere Zug- und Dehnungswerte zum
Zeitpunkt des Materialbruchs, was einer héheren Belastbarkeit entspricht und auf deren
hohere Domaneniberbriickung zuriickzufihren ist. Fir hohe Molmassen naherten sich die
mechanischen Eigenschaften der linearen Pentablockcopolymere denen der sternférmigen
Strukturen an und erreichten einen Plateauwert, was zeigt, dass an diesem Punkt die kovalente
VerkniUpfung der Sternarchitekturen nicht weiter zur Widerstandsfahigkeit beitragt. Allerdings
Ubertrafen sie die einfachen Triblockstrukturen, was die Wichtigkeit von hohen Anteilen
Uberbriickender Kettenkonformationen weiter verdeutlicht. Bei Polymeren mit gleichem
Gesamtmolekulargewicht konnten die sternformigen Multiblockcopolymere nicht mit den
linearen Pentablockcopolymeren konkurrieren, da sie eine geringere Phasenseparation und
damit ein erleichtertes Herausziehen von Polymerketten aufwiesen. Zyklische
Dehnungsexperimente an drei analogen Polymerstrukturen mit demselben Molekulargewicht
pro Arm, einer ausreichenden Phasenseparation und vergleichbarer Zugfestigkeit belegten
deutliche Unterschiede in deren Formriickgewinnungsverhalten. Wahrend das sternférmige
(SIS)s-Multiblockcopolymer eine beispiellose finale Riickgewinnung der urspriinglichen Form
nach fanfmindtiger Ruhephase zeigte, war dessen Anfangserholung wahrend des
Zuriickfahrens des Probenkopfes in die Ausgangslage gering. Im Gegensatz dazu wiesen die
linearen Strukturen eine bessere schnelle Anfangserholung, aber geringere finale Erholungen
nach der Ruhephase auf. Diese Beobachtungen belegen, dass die hohere Kettenflexibilitat von
linearen Architekturen eine schnelle Rickgewinnung bezweckt, wohingegen die
gleichmaRigere Spannungsverteilung in sternformigen Architekturen mit einer kovalenten
Kernverbindungsstelle zu einem besseren Formgedachtnis fahrt. Allerdings unterliegen alle
Proben bei hohen Zugwerten einer permanenten Verformung aufgrund von erheblicher
Reorganisation, was in konvergierenden Erholungseigenschaften miindet.

Kapitel 5 befasst sich mit den drei wichtigsten tribologischen Parametern, die die Leistung
von Viskositdtsmodifizierern in Schmierélen bestimmen, wobei nicht nur auf die im
Allgemeinen verwendeten, sondern auch neue Polymerklassen eingegangen wird. Um Reibung
vorzubeugen, missen sich gegeneinander bewegende Metallbauteile geschmiert werden.
Allerdings erfahren Schmierflissigkeiten eine starke Viskositaitsabnahme mit steigender
Temperatur. Zur Abschwachung der unerwiinschten Effekte von Oberflachenkontakt werden
deshalb Viskositatsmodifizierer zugesetzt. Dennoch konnte bislang keine optimale
Leistungsfahigkeit in allen drei wesentlichen Kennzahlen erreicht werden, welche einen
vorteilhaften Zusammenhang zwischen Viskositdat und Temperatur, die Verdickungseffizienz
und die Scherstabilitit umfassen. Die Feinabstimmung dieser tribologischen Parameter ist
aufgrund ihrer komplexen Interkorrelation herausfordernd, weshalb neue Schmiermittel-
additive notwendig sind. Deshalb wird der Einfluss der wesentlichen Polymercharakteristika
wie deren Molmasse, Dispersitdt, Kettenzusammensetzung und weiterhin deren Architektur
auf das hydrodynamische Volumen und somit auf die tribologischen Parameter
herausgearbeitet. Darliber hinaus wird die Chemie der meistverwendeten Polymerklassen, zu
welchen Polyalkylmethacrylate, olefinische Copolymere und hydrierte Styrol-Dien-Copolymere
zahlen, hinsichtlich ihres Polymerisationsmechanismus und des inharenten
Verdickungsmechanismus fir Viskositatsverbesserung erortert. Letztere umfassen den
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Kettenaufweitungsmechanismus, der bei Polyalkylmethacrylaten vorherrscht, sowie
assoziative Phanomene, die bei hydrierten Styrol-Dien-Copolymeren dominieren. Darliber
hinaus werden weiterentwickelte Strukturen vorgestellt, die anstreben, die gegenwartig
bestehenden Leistungsgrenzen zu Giberwinden. Dabei werden Polymerblend-Ansatze und neue
Polymerklassen wie Poly(2-oxazoline) und Poly(2-oxazine), aber auch anspruchsvolle
Architekturen wie Bursten-, Kamm- oder lineare (verjlingte) Multiblockcopolymere
thematisiert. Diese vielversprechende Kombination mehrerer Vorteile regt zu weiteren
Untersuchungen an.

Kapitel 6 behandelt die Selbstorganisation von Multiblockcopolymeren sowohl mit
definiertem als auch mit graduellem Blockprofil im Polyisopren-selektiven Lésungsmittel
Heptan. Die Untersuchung des Diffusionsverhaltens bei unterschiedlichen Konzentrationen
erlaubt Riickschliusse auf die Aggregatstrukturen. Zu diesem Zweck wurden verdinnte und
konzentrierte Polymerlosungen mittels dynamischer Lichtstreuung unter Verwendung einer
Kreuzkorrelationsmethode ausgewertet, welche die Analyse von Diffusionsprozessen selbst in
Gegenwart von Mehrfachstreuereignissen gewahrleistet. Divergierende Diffusions-
koeffizienten der Triblock- und Multiblockcopolymere bei Polymermassenanteilen tber 1 %
belegten die Ausbildung von nicht-ergodischen Systemen, sprich Polymernetzwerken, im Falle
von Strukturen mit mehreren solvophobischen Polystyrolblocken. Komplementare
fluoreszenzkorrelationsspektroskopische Messungen lieferten Einblicke in Selbstdiffusions-
prozesse der Unimere durch diese Polymernetzwerke. Diese Prozesse erwiesen sich als am
eingeschranktesten im Falle von Netzwerken aus sequentiellen Multiblockcopolymeren, was
auf ein dichteres Netzwerk aufgrund von starkerer Domanentberbrickung in Kombination mit
groBeren Unimerdimensionen zurilickzufiihren ist. Die Unimerdimensionen wurden in
hochverdiinnten Polymerlésungen untersucht, in welchen keine Aggregationsphianomene
auftreten. Weiterhin wurde eine Zunahme der Micelldimensionen und deren Anteil mit dem
Ubergang von verdiinnten Lésungen hin zu héheren Konzentrationen festgestellt, welche
schlussendlich die erwahnten transienten Polymernetzwerke ausbildeten. Um die
fluoreszenzkorrelationsspektroskopischen Messungen durchfiihren zu kénnen wurde ein
neues polymeranaloges Syntheseverfahren zur Fluoreszenzfarbstoffmarkierung
implementiert, das sich durch eine lediglich geringe Veranderung der chemischen
Beschaffenheit der markierten Polymere auszeichnet.

Kapitel 7 betrachtet den konzentrationsabhangigen Zusammenhang zwischen Viskositat und
Temperatur der (un)-hydrierten verjingten Multiblockcopolymere in den Polyisopren-
selektiven Losungsmitteln Squalane und einem hoch-isoparaffinischen Kohlenwasserstoff-
basierten Schmierdl vor dem Hintergrund der selbstorganisierten Strukturen, die in Kapitel 6
thematisiert wurden. Aus temperatur- und frequenzabhdngigen dynamischen
Viskositatsmessungen sowie kinematischen Viskositatsmessungen bei 40 °C und 100 °C konnte
ein klarer Zusammenhang zwischen den selbstorganisierten Polymeraggregatstrukturen und
ihrer Effizienz als Viskositatsmodifizierer abgeleitet werden. Bei vergleichsweise niedrigen
Polymerkonzentrationen verbesserte sich der Zusammenhang zwischen Viskositat und
Temperatur mit steigendem Gesamtmolekulargewicht, Blockanzahl und Isoprenanteil. Grund
hierfir war die Ausbildung von losen Aggregaten mit mehreren Polystyrolkernen und somit
ausgedehnten hydrodynamischen Volumina im Falle der Multiblockarchitekturen. Hingegen
bei hohen Konzentrationen verschlechterten sich die untersuchten tribologischen
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Schliisselparameter, sprich der Zusammenhang zwischen Viskositdit mit zunehmender
Temperatur und die Verdickungseffizienz, fir die Strukturen mit den kirzesten individuellen
solvophobischen Polystyrolblocken. Dies ist auf die Ausbildung groBer transienter Netzwerke
zurlckzufihren, welche unter Scherung starker zur teilweisen Disassemblierung neigen. Dieser
Effekt wird zudem durch die Einlagerung von Losungsmittelmolekiilen in die Aggregatkerne
verstarkt, was bei kurzen Polystyrolblocken am ausgepragtesten ist. Die resultierenden
abgeschwachten van-der-Waals-Wechselwirkungen beglinstigen das Herausziehen von
Polymerketten und somit eine teilweise Disassemblierung. Der Vergleich der untersuchten
Styrol-Dien-Multiblockcopolymere mit einem kommerzialisierten kammartigen Polyalkyl-
methacrylat ergab eine verbesserte Leistungsfahigkeit der gezeigten Strukturen bei niedriger
Polymerkonzentration. Das verdeutlicht das enorme Potential der verjingten
Multiblockarchitekturen als weiterentwickelte Viskositatsmodifizierer.

Kapitel 8 bezweckt das Verstindnis des Struktur-Eigenschafts-Zusammenhangs von
Multiblockcopolymeren mit einem definierten oder einem graduellen, aber dennoch klaren
Blockprofil in verdliinnter, nicht-selektiver Losung. Zu diesem Zweck wurden Polymerreihen
sequentieller und verjlngter (IS)nl-Multiblockcopolymere umfassend mittels komplementéarer
Methoden charakterisiert, deren Molmassen von 40-400 kg-mol* und deren Blockanzahlen
von 3—13 reichten. Anschliefend wurden verdiinnte Losungen in Toluol systematisch mittels
klassischer Skalierungsverhaltnisse zwischen den hydrodynamischen Charakteristika
untersucht, die aus analytischen Ultrazentrifugations-, intrinsischen Viskositdats- und
verwandten Experimenten abgeleitet wurden. Sowohl Rotations- als auch Translations-
diffusionsexperimente ergaben feine Unterschiede der Polymerkettendimensionen und somit
der Steifheit von Polymerreihen identischer Blockanzahl. Fiir diese homologen Polymerreihen
konnte eine steifere und somit starker aufgeweitete Kettenkonformation im Falle der
sequentiellen Strukturen im Vergleich zu den verjingten Analoga abgeleitet werden.
Interessanterweise folgten Polymere unterschiedlicher Molmasse und Blockanzahl, deren
Polystyrolblocke identische Polymerisationsgrade aufwiesen, nicht den klassischen
Skalierungsbeziehungen. Dies belegte einen Einfluss der Blockanzahl auf die
Losungseigenschaften selbst in nicht-selektiven Losungsmitteln.

Kapitel 9 untersucht die Polymerisierbarkeit von rotationseingeschrénkten 1,3-Dienen mit
vorgegebener cis- oder trans-Geometrie der Doppelbindungen. Im Detail wird die Reaktivitat
in lebenden anionischen Polymerisationen in apolarem Medium analysiert, deren
angenommener Mechanismus nach einem koordinativen Mechanismus verlauft. Theoretische
Simulationsansatze zweier neuer 1,3-Dien-Monomere mit einer starren, vorgeschriebenen cis-
oder trans-Geometrie in Cyclohexan als typischen unpolares Losungsmittel wurden mit
synthetischen und kinetischen Untersuchungen kombiniert. Die experimentellen
Beobachtungen stimmten mit den prognostizierten Reaktivititen und den simulierten
Reaktionspfaden Uberein, welche die Notwendigkeit einer cis-Geometrie der in einer Ebene
liegenden Doppelbindungen zum Kettenwachstum aufzeigten. Tatsdchlich waren Homo- sowie
Copolymerisationsexperimente des cis-Diens erfolgreich, wohingegen das trans-Dien zu
unreaktiv war. Im Vergleich zur Polymerisation des uneingeschrankten gelaufigen Monomers
Isopren flihrte die notwendige Ringverzerrung im Falle des cyclischen cis-Diens zu hoheren
simulierten Aktivierungsenergien fir dessen Kettenwachstum. Echtzeit-'H-kernspinresonanz-
spektroskopische Kinetikuntersuchungen bestdtigten dies experimentell, indem sie die
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Gradientenausbildung in statistischen Copolymerisationsexperimenten des cis-Diens mit
Isopren belegten, wessen Steilheit mit zunehmender Temperatur abflachte. Zusatzlich zeigten
thermische Analysen der statistischen Copolymere eine verminderte Segregationsstarke der
verjiingten Diblockcopolymere mit einem weicheren graduellen Ubergang der Comonomere
entlang der Polymerkette.

Kapitel A1 umfasst weiterfiihrende Untersuchungen der mechanischen Eigenschaften
der in Kapitel 4 behandelten verjingten sternformigen Polyisopren-Polystyrol-Multiblock-
copolymere. Zwei Polymerreihen von (SIS)s.-Multiblockcopolymeren mit unterschiedlichem
Comonomerverhaltnis wurden mit den linearen SIS-Triblockcopolymeren verglichen, welche
die jeweilige Armstruktur widerspiegeln. Wahrend die sternférmigen Polymere geringeren
Isoprenanteils geordnete Lamellen ausbildeten und somit steifer und weniger elastisch waren,
besalBen die Polymerreihen héheren Isoprenanteils Morphologien mit einer kontinuierlichen
Polyisopren-Phase. Ungeachtet der ausgebildeten Morphologie Ubertrafen die sternférmigen
(SIS)a-Architekturen die zugehorigen SIS-Polymere hinsichtlich ihrer Belastbarkeit und
Dehnbarkeit. Weiterhin wurde die selektive katalytische Hydrierung von PI-Blocken anhand
eines sternférmigen Multiblockcopolymers und seines linearen Gegenparts veranschaulicht,
was eine Zunahme der Segregationsstarke und gleichzeitige Abnahme des Verschlaufungs-
molekulargewichts der Polydiensegmente bewirkt. Interessanterweise unterschied sich der
Einfluss der Hydrierung auf die mechanischen Eigenschaften mit der Polymerarchitektur.
Wahrend die mechanischen Eigenschaften der linearen verjingten Triblockcopolymere
erheblich verbessert wurden, verschlechterten sich die Eigenschaften der sternformigen
Multiblockcopolymere. Dies ist auf Unterschiede in der Zug-induzierten Verfestigungszunahme
in Zusammenspiel mit verstarkter Verschlaufung zurickzufiihren.

Kapitel A2 fokussiert sich auf den Einfluss von Lésungsmitteln auf Copolymerisations-
kinetiken von Epoxiden nach einem anionischen Ringoéffnungspolymerisationsmechanismus.
Dazu wurde die Copolymerisation von Ethylenoxid (EO) mit Glycidylethern unterschiedlicher
Koordinierungsstellen mittels in situ H-kernspinresonanzspektroskopischen Kinetikunter-
suchungen sowohl in Tetrahydrofuran (THF) als auch in Dimethylsulfoxid (DMSO) verfolgt. Die
Experimente offenbarten leicht erhohte Reaktivitaten der Glycidylether im Vergleich zu EO, das
Uber keine Seitengruppe verfliigt, was auf einen ausgepragten Chelateffekt des Kalium-
Gegenions durch die Seitengruppen der reagierenden Glycidylether-Monomere hinweist.
Ethoxyvinylglyciylether (EVGE), welcher zwei Ether-Koordinationsstellen in der Seitengruppe
besitzt, wies einen leicht starkeren bevorzugten Einbau in die Polymerkette verglichen mit
Allylglycidylether (AGE) auf, welcher lediglich tber eine Ether-Koordinationsstelle in der
Seitengruppe verfligt. Zunehmende Unterschiede in den relativen Reaktivitditen konnten mit
abnehmender Polaritdt des Losungsmittels festgestellt werden, was aus dem
Solvatisierungsgrad des propagierenden Kettenendes und dessen Gegenions resultiert.
Dichtefunktionaltheoretische Simulationen wurden zur Visualisierung und weiter zur Belegung
der entscheidenden Rolle der Komplexierungsfahigkeit der Ether-beinhaltenden
Seitengruppen herangezogen.
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Introduction to Living Anionic Polymerization:
Rational Design of Tapered Multiblock
Copolymers for Thermoplastic Elastomers
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Thermoplastic elastomers (TPEs) combine the features of
vulcanized thermoset rubbers and thermoplastic materials in
their phase-separated microdomain structure. As a
consequence, soft, flexible and resilient materials are obtained,
which can be high-speed processed from the melt state. In the
last decades, a variety of polymerization strategies has been
proven successful to synthesize block copolymers for TPE
materials on an industrial scale. Motivated by the outstanding
properties of natural rubber (cis-1,4-polyisoprene), the
alkyllithium initiated anionic polymerization of isoprene and butadiene plays a key role for the
flexible block of TPEs. The synthesis of ABA-type triblock copolymers based on styrene and 1,3-
dienes leads to phase-segregated systems which do not require chemical crosslinking. The
living character of the carbanionic chain end was utilized in numerous studies to synthesize
complex, defined comonomer sequences by multi-step synthesis. Systematic variation of
numerous parameters, e.g., block size and sequence allowed to correlate the resulting
mechanical and morphological properties. In this review the focus is placed on multiblock
structures and gradient copolymers, addressing key parameters of the molecular architecture
to enable a general concept for the design of TPE materials with tailor-made properties. The
choice of monomers, also bio-based diene structures such as B-myrcene or B-farnesene is
another parameter. The major focus is put on the direct, i.e., statistical anionic
copolymerization kinetics as the method of choice to synthesize rather complex multiblock
sequences in a one-pot reaction. On-line spectroscopic methods are presented that enable to

monitor the monomer consumption during the copolymerization, which directly translates to
the comonomer incorporation and gradient formation. To enable precise insight into the
comonomer composition of the formed chains, an overview of the theory of copolymerization
and the determination of reactivity ratios is given. Kinetic Monte Carlo simulation (kMC) is a
versatile tool. Based on experimentally determined kinetic rate constants, the
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copolymerization can be performed in silico. This enables access to relevant parameters, as for
example the conversion as a function of the time as well as the the composition and monomer
sequence in individual chains, which allow rational design and evaluation of synthetic

experiments.

Abbreviations

Vi Absorption wavenumber of monomer i PFar Polyfarnesene
[mi] Concentration of monomer i PI Polyisoprene
*H-NMR Proton nuclear magnetic resonance PI-b-PS Polyisoprene-block-polystyrene
4-MS 4-methylstyrene PMMA Poly (methyl methacrylate)
A(v) Absorption at a certain wavenumber PMyr Polymyrcene
ax/as Ratio of the statistical segment lengths of A PPO Poly(phenylene oxide)
and B PS Polystyrene
AROP Anionic ring opening polymerization PS-b-PB Polystyrene-block-polybutadiene
B Butadiene PSCFT Polymer self-consistent field theory
C Cylinders PVC Poly(vinyl chloride)
CC-CLD/CoC- Chemical composition-chain length Rg Radius of gyration
CLD distribution ni Reactivity ratio of monomer i
d Domain spacing RI Refractive index
1) Dispersity S Spheres with bcc (body centered cubic)
DIS Disordered lattice (only in the context of morphologies)
DPE diphenylethene S Styrene
DTHFP 2,2-Di(2-tetrahdrofuryl)propane S (cp) Spheres with cp (close packed) lattice
DVB Divinylbenzene S(q) Structure factor
f Average number of arms (only in the context S/B see PS-b-PB
of star polymers) S/I see PI-b-PS
Far B-Farnesene SAXS Small angle X-ray scattering
fi volume fraction of component i SBC Styrenic block copolymers
Fi instantaneous mole fraction of monomer i SBR Styrene-butadiene rubber
incorporated SBS Polystyrene-block-polybutadiene-block-
Fj instantaneous volume incorporation of polystyrene
monomer i SCFT Self consistent mean-field theory
G gyroid SEBS Polystyrene-block-poly(ethylene butylene)-
HPL Hexagonally perforated layers block-polystyrene
1 Isoprene SEC Size exclusion chromatography
IS See PI-b-PS SEPS Polystyrene-block-poly(ethylene
1SI Polyisoprene-block-polystyrene-block- propylene)-block-polystyrene
polyisoprene SIS Polystyrene-block-polyisoprene-block-
Kdeage Rate constant for the deaggregation of polystyrene
aggregated chain ends SLD Sequence length distribution
kii Homopropagation rate constant of T temperature
monomer i Tx Spin-lattice relaxation time in NMR
kij Crossover reaction rate constant from a experiments
chain end bearing monomer i to monomer j Thoiling Boiling temperature
kmC kinetic Monte Carlo simulation TCDMSPS Tetra[3-(chloro-dimethylsilyl)propyl]silane
L Lamellae TEA Triethylamine
M Molecular weight TEM transmission electron microscopy
MALDI-ToF Matrix-assisted laser desorption/ionization- Tg Glass transition temperature
time of flight THF Tetrahydrofuran
MD Molecular dynamics TMEDA N,N,N’,N’-Tetramethylethyldiamine
MDCBS 1,4-Bis(methyldichlorosilyl)butane Toor Order-disorder transition temperature
M. Entanglement molecular weight TPE Thermoplastic elastomers
Mid-IR Mid-infrared Tpolym. Polymerization reaction temperature
Mn Number average molecular weight TPU polyurethane based TPEs
MTBE Methyl tert-butyl ether uv Ultraviolet
Myr B-Myrcene &(v) Molar attenuation coefficient of monomer
N total degree of polymerization or polymeri
N Number of segments per arm (only in the Ai Absorption wavelength of monomer or
context of star polymers) polymeri
Nage Aggregation number @i Block volume fraction of component i
NBR Acrylonitrile-butadiene rubber Xas Flory-Huggins interaction parameter
NIR Near-infrared between A and B
oDT Order-disorder transition XAB eff Effective Flory-Huggins interaction
PB Polybutadiene parameter
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Elastomers are typically defined as weakly crosslinked amorphous polymers above their glass
transition temperature, named after their outstanding elastic recovery in response to
macroscopic deformation.l! The first elastomers relying on covalently crosslinked flexible
macromolecules were based on natural rubber, used since 1600 BC by ancient
mesoamericans.!?! The crosslinking process is essential to generate a soft and permanently
form-stable material. In the ancient technology this was achieved by mixing the latex of a the
rubber tree (Castilla elastica, nowadays harvested from Hevea brasiliensis), roughly consisting
of cis-1,4 polyisoprene (Pl), with plant juice (lpomoea alba) to form solid rubber balls.[>3! In
1839 Charles Goodyear developed the hardening of rubbers by the so-called “vulcanization”
process, but did not patent his discovery immediately.*! Instead, Thomas Hancock applied for
a patent by the end of 1843 — eight weeks before Goodyear.®! It describes the covalent
crosslinking of natural rubber by thermal processing with sulfur and white lead
(2PbCO3:-Pb(0OH),). Although Hancock was not the inventor of vulcanizing in the strictest sense
of the word, he first showed that sulphur alone is sufficient to effect the change, whereas
Goodyear employed other substances in addition. Nowadays, the reaction is known to crosslink
linear polyisoprene chains by the intermolecular replacement of C-H bonds by sulfur oligomers
and is used on a megaton scale to vulcanize natural rubber.[!

From Buna to Tapered Triblocks - Brief History of Elastomers

Only one year after the development of the vulcanization process Robert William Thomson
presented the first air-filled rubber tire, consequently leading to an increasing demand of
natural rubber. In 1860 G. Williams was able to isolate a substance, he named isoprene, from
caoutchouc (= cis 1,4-Pl) as well as guttapercha (= trans 1,4-P1).1! In 1910 Matthews made the
essential observation of a viscous solid with rubber-like properties by storing isoprene in the
presence of sodium metal!® and patented the fabrication of synthetic rubber in Great Britain.!°!
Only two months later, the German company Bayer registered the same innovation without
this knowledge. In 1911 Matthews also acquired a German patent, forcing Bayer to withdraw
their registration.[*®! Not until 15 years later, the alkali metal initiated anionic polymerization
became patent-free and immediately was in focus of the company IG Farben.[*l Within the
next two years the heterogeneous sodium initiated polymerization of butadiene was driven to
polybutadienes of different molecular weights, resulting in a variety of synthetic rubbers
(Buna 32, Buna 85 and Buna 115), used for tire applications.!*? In 1937 also potassium metal
was used on technical scale.[*3 At the same time (1929), Walter Bock invented the radical
emulsion polymerization towards styrene-butadiene rubbers (DIN/ISO 1629 SBR) with superior
properties for use as tire materials. However, no sodium was involved in the synthetic process,
and the product was later commercialized as Buna S by IG Farben. The respective copolymers
were of key relevance for the production of tires during the second world war.[*#15]

The Development of Thermoplastic Elastomers (TPEs)

The major drawback of the vulcanization process is the covalent, irreversible crosslinking of
chains, which does not allow for recycling (i.e. reshaping of the material) and is also prohibitive
for facile thermal processing like injection molding.[*®*”! Based on the discovery of the living
anionic polymerization in 1956 (section 1.2),1*”1 a new fundamental concept for block
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copolymer formation by iterative addition of different monomers was introduced.*®! With the
synthesis and characterization of ABA triblock copolymers based on polystyrene as “hard”
segment A (high glass transition temperature) and polyisoprene or polybutadiene as rubbery
component B (low glass transition temperature) and its patent registration by Milkovich and

191 Jiving anionic polymerization gained industrial

Holden of Shell Chemical Company,
importance, since triblock copolymers with an elastic mid block component were revealed as

an attractive alternative for chemically crosslinked rubber materials.

Motivated by their excellent properties, a fundamental understanding of polymer miscibility
and block compatibility finally resulted in the now well-known class of thermoplastic
elastomers (TPEs). In these materials, crosslinking is achieved by phase separation of the
vitrified high glass transition blocks, such as polystyrene. As a consequence of their
immiscibility, the end blocks phase-separate in the bulk state and thereby pin the rubbery mid
block. These vitrified hard domains act as crosslinks and allow for thermoreversible melting
and reprocessing above the order-disorder temperature. One may regard such structures
therefore as “supramolecular elastomers”.

The first fundamental observations were made in the 1930ies by blending liquid plasticized PVC
(poly(vinyl chloride)) with NBR (acrylonitrile-butadiene rubber).!**21 As a consequence, elastic
materials with rubber-like properties were obtained that did not require vulcanization. The
thermal processability allowed fibers to be made by melt extrusion or spinning from solution,
while keeping excellent elastic properties of elastomers.[?!] Polyurethane based structures can
be considered as the first thermoplastic elastomers (TPEs) and were obtained by
diisocyanate/diol polyaddition.[??’ Commercial polyurethane based TPEs (also known as
“TPUs”) were introduced in the 1960’s by B.F. Goodrich, Mobay, Upjohn, Bayer AG and
Elastogran and nowadays still are in the focus of interest.[*#]

Within the scope of this review, the living anionic polymerization to prepare TPEs shall be in
focus. Nevertheless, it ought to be mentioned that the ring-opening polymerization or
controlled radical polymerization are alternative methods to realize those structures.[23-2%]

Living Anionic Polymerization

Another milestone was set by Michael Szwarc, who coined the term “living anionic
polymerization” in 1956, realizing that anionic polymerization proceeds without chain
termination or transfer reactions.[!”!®] The living nature of the anionic chain end was
concluded, based on the observed increase in viscosity upon consecutive addition of a styrene
solution even after completion of the previous step. Although triblock copolymers were
synthesized, the sequence of monomer addition steps resulted in the unfavored ISI block
sequence (section 2.4). In addition, the bifunctional sodium napthalenide initiator used by
Szwarc required THF as a solvent, resulting in a high content of the 3,4-Pl regioisomer with high
glass transition temperature.?® Since the research on polyisoprene elastomers via anionic
polymerization targeted high cis 1,4-Pl contents in analogy to the natural rubber structure, the
elastomer research groups were not interested in the polar polymerization system used by
Szwarc.?%27] Only one year later, Hsieh and Tobolsky reported a method for the homogeneous
initiation of isoprene by using n-butyllithium.!?®! They also observed the desired, nearly
exclusive formation of the cis-1,4 structure, when the reaction was performed in n-heptane.
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On the other hand an increased content of 3,4-Pl in diethyl ether and THF.!?°73! Later in that
year, Porter combined the principle of alkyllithium initiation and the living nature of
monofunctional carbanions to produce SBS block copolymers with the desired high cis-1,4 Pl
content.®? In 1958 Phillips Petroleoum Company patented the polymerization of styrene,
butadiene and the respective copolymerization.?%2732] Already at that time, the extent of
styrene incorporation was estimated to increase with conversion, leading to so-called
“tapered” blocks (shown for P(I-co-S) in Figure 1).1*°! Similar to PI-b-PS block copolymers
obtained by consecutive monomer addition and polymerization steps, this structure possesses
a block-like character, which enables phase separation. However, instead of a pure polydiene
block, a polydiene-rich copolymer block is formed, with gradually increasing styrene content,
until finally a pure PS block is obtained. This type of block-like architectures was later found to
be attractive for designing the phase behavior of block copolymers in TPEs (section 2.5).[3334
As mentioned in the previous section, subsequently, Holden and Milkovich of Shell Co.
produced ABA triblock copolymers relying on both polyisoprene and polybutadiene as the
flexible “soft” mid block component amounting to 75-80%.. and analyzed their mechanical
properties comprehensively.'*® They also utilized the copolymerization strategy to produce
tapered triblock copolymers (Figure 1) and showed that the non-tapered and tapered triblock
architectures of the SBS and SIS type are thermoplastic elastomers. 1965 a series of triblock
copolymers was introduced as commercially available products under the trademark
“Kraton”.°! These thermoplastic elastomers were named after Kratos, the Greek god of
strength and brother of Nike, the god of victory, for their unique strength properties.

These materials can be considered to be the first commercialized TPEs produced by living
anionic (co)polymerization.

Tapered mid-section

0 0.2 0.4 0.6 0.8 1
Polymer Volume
Figure 1: Top: Visualization of a tapered SIS triblock copolymer TPE. Bottom: Highlighted gradient profile
(instantaneous styrene volume incorporation Fy,s as a function of the polymer volume) of a tapered
block copolymer, obtained by statistical copolymerization (alkyllithium initiation; hydrocarbon
solvent).3%! Copyright 2020. Adapted with permission American Chemical Society.

In the last decades, the living anionic polymerization has evolved as a powerful tool to
control comonomer sequences and to tailor the properties of the resulting
materials.3’! The “living” nature of the anionic chain ends allows to prepare block
sequences by the consecutive addition of different monomers or monomer mixtures,
resulting in well-defined molecular weights and narrow molar mass distributions
(usually B < 1.1).
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Commercial Application of TPEs

The manifold accessible structures and beyond that the unlimited possibilities of compounding
make TPEs tailorable for a vast variety of applications.!?32438 Therefore, it is not surprising that
the global TPE market size is estimated to be about 20 billion USS in 2021 and is expected to
grow by around 30% within the next five years.[3!

Commonly TPEs benefit from their self-assembling morphologies and hence reinforcing nature
of styrenic block copolymers (SBCs) (sections 2.2 & 2.3). This strength is commonly higher than
that of most chemically crosslinked elastomers. Together with the scope of compounding, it is
possible to customize the material properties.

Compounding

In plastics engineering compounding denotes the admixture of additives or filler materials.
Oftentimes, compounding is necessary to obtain the targeted properties and likewise achieve
good processability. One possibility is blending TPEs with other polymers.[*®! A common way to
strengthen TPEs is the addition of impact modifiers (i.e., (hydrogenated) SBS with high styrenic
amounts), or end block resins like poly(phenylene oxide) (PPO), typically increasing the end
block T,. However, oftentimes PS is blended with TPEs to reduce cost, although the mechanical
properties are impaired. On the contrary, the addition of end block plasticizers results in an
improved flow and a decrease in T;. Beyond that, it is possible to improve processability while
decreasing the hardness of the material by the addition of oil, which is enriched in the
polydiene domains. While in case of SEBS paraffinic oils are the best choice, in case of SBS and
SIS naphthenic oils are utilized because of their superior compatibility with the polydienes.?3!
Furthermore, numerous fillers are commonly added in formulations, which reduces cost, but
also permits the properties to be tuned. Among them range antioxidants and antiozonants, UV
absorbers and pigments, fire retardants or dispersants. Due to the complexity of these systems,
often contour diagrams are generated with the help of statistical design of experiments to
determine the optimum formulation.

Hydrogenation

For many applications, hydrogenation of the polydiene block is necessary. Since the cost
doubles in case of mid block hydrogenation, SEBS and SEPS (i.e., hydrogenated SBS or SIS) are
preferentially used in high performance technical compounds.[***2! The major advantages are
their outstanding stability (i.e., UV and thermal stability) and superior mechanical performance
(higher modulus).3 In addition, hydrogenation also affects the processability of the materials.
Crosslinking at elevated temperatures, characteristic for PB, as well as chain scission, which is
typical for PI, can be prevented. However, one has to be aware of the potential crystallization
of hydrogenated 1,4-polybutadiene, which can impede the devised use.[***! Selective
hydrogenation of the Pl or PB blocks can be carried out with the Ni/Al catalyst system in a
1:4.25 Ni/Al atomic ratio, at ambient temperature and moderate pressures.[41:42:45.46]
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Selected Applications

The development of SBCs for the global market comprises bumpers, fenders, but also weather
stripping or sound dampening panels. The latter consist of SIS polymers with high 3,4-PI
content, leading to good vibration dampening at room temperature. Modification of bitumen,
i.e., roofing and paving, is another large market. Advantage is taken of an improved strength
at elevated temperatures, but at the same time reduced fatigue and low temperature cracking
due to the increased ductility that prevents water intrusion. For the same reasons,
hydrogenated SBCs are used for wire and cable sheathing. In this case flame retardants are
added. SBCs also find application as adhesives and sealants, which are mostly solvent based.
Since TPEs are able to uniformly dissipate energy throughout the bulk, adhesives benefit from
their strength, flexibility and high extendability.

Furthermore, PS-based TPEs find application in the medical sector. Mostly, the compounds are
based on hydrogenated SBCs together with polypropylene and oil, resulting in clear and flexible
materials that are sterilizable by radiation, ethylene oxide or steam. They are used as tubes,
surgical draping or for syringes.!4”]

Another application field for hydrogenated SBCs that actually drove the commercialization of
hydrogenated TPEs is the viscosity index improvement of motor oils, facilitating lubrication at
high temperatures while preserving comparably low viscosities at low temperatures. Here,
hydrogenated SBCs based on isoprene are preferred, because crystallization of hydrogenated
polybutadiene blocks has to be avoided, but at the same time degradation in the engine is
undesirable.

Finally, the use of TPEs for footwear has to be mentioned, being the first commercial
application of SBCs with the invention of direct injection molding for shoe soles in the 1960ies.
It still accounts for a big share of today’s applications, benefiting of the good wet grip even at
low temperatures.

Rational Design of Sequence-Controlled TPEs

Control of the chain architecture is crucial for the development of macromolecules with
defined properties./*® Inspired by nature, the extent of biomimetic approaches increases, since
scleroproteins (e.g. proteins like collagen or silk fibroin) with perfectly controlled monomer
sequence and secondary and tertiary structure play a key role for the mechanical properties of
biological structures in living organisms.[*! However, demanding and time-consuming
strategies are mandatory for the synthesis of uniform, monodisperse (D = 1) sequence-defined
macromolecules.

In contrast, the synthesis of TPE materials usually relies on rather simple, but straightforward
processes, leading to non-uniform, disperse (usually 1 <& <1.3 for chain-growth
polymerization techniques), sequence-controlled materials.>* For example, in the living anionic
polymerization both consecutive monomer addition steps and direct copolymerization
reactions are employed to control the block sequence, enabling the resulting properties to be
tailored on an industrial scale. Variation of different parameters, e.g., monomer composition,
comonomer and block sequence, topology (linear, branched or graft copolymers) lead to a
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rather broad range of properties, which can be tailored for the final application. An overview
of their consequences for morphologies and mechanical properties will be given in the
following sections.

Choice of Monomers

Although the living anionic polymerization can be utilized to afford acrylate-based TPE
materials (e.g., KURARITY® from KurarayP?), the polymerization of 1,3-dienes (low T,
component) with styrene derivatives (high T, component) is the dominant strategy for TPEs
(e.g., Styrolux® or Styroflex® from BASF3!). While the latter typically shows full monomer
conversion in the absence of side-reactions (Tpoym. = 20-80 °C; alkyllithium initiation,
hydrocarbon solvents),®*>8 the polymerization of (meth)acrylic monomers requires specific
reaction conditions (low temperatures, less nucleophilic and sterically hindered initiators,
Lewis base and/or Lewis acid ligands), depending on the monomer, in order to avoid reaction
of the active anions with the carbonyl group.®*%% As the low nucleophilicity of the acrylate-
based anionic species impedes the controlled crossover reaction (Figure 16) to styrene or (non-
functional) 1,3-dienes, the polymerization of the acrylate has to be initiated by the more
reactive polystyryllithium or polydienyllithium species.!®® In addition, bifunctional initiators,
coupling strategies or macromonomer approaches can be used to widen the scope of
accessible block sequences (section 2.4) and chain topologies (section 2.7). However, in terms
of the resulting material properties limitations are not only set by the controlled
(co)polymerization.

a) Polydiene Microstructures:
R :)—ﬁ 2 *)u, i
— 2
"_1)_\4_|' 1 :L* z
cis1,4 trans 1,4 3,4 1,2

-73°C -58 °C 33°C 9°C
Glass Transition Temperatures for Pl (R = CH;)

b) Poly(cis 1,4-Dienes): 7
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Entanglement Molecular Weights

Figure 2: a) Stereo- and regioisomers of polydienes. b) Selection of cis-1,4-polydienes obtained by living
anionic copolymerization and their entanglement molecular weights. 646561

In the polymerization of 1,3-dienes the cis-1,4 repeating unit (Figure 2a) is preferred because
of the resulting low Tg, high thermal stability and lower entanglement molecular weight of the
respective polydienes. Consequently, functionalized heteronuclear 1,3-dienes are usually
avoided, as they tend to coordinate the lithium atom, increasing the side-chain vinyl content
and consequently the T; (so-called “randomizer effect”; section 2.6). Nevertheless it has to be
noted that a high vinyl content is sometimes targeted for further post-polymerization
modification reactions'®”! or to suppress crystallization, which is especially pronounced in
hydrogenated 1,4-polybutadiene.®® Cyclic 1,3-dienes (e.g., 1,3-cyclohexadiene!® or



Rational Design of Tapered Multiblock Copolymers for Thermoplastic Elastomers 32

benzofulvene”?) are less attractive as a rubbery component for TPE materials, as the
polymerization leads to covalently bridged backbone atoms and consequently a strong increase
of the T,"" However, depending on the microstructure composition (i.e. use of hydrocarbon
or polar solvents during the polymerization; section 3.1), they can serve as a high-T;
component.l’?

Considering these limitations, the choice of 1,3-dienes shown in Figure 2 permits structural
variation to adjust the resulting properties. B-Myrcene and B-farnesene are bio-based terpene
monomers, that are produced on large scales from turpentine oill”® or sugar cane,l’¥
respectively. The resulting polymers (Figure 2b) have been introduced for instance in tire
mixtures.!””! Another potential bio-based monomer for carbanionic polymerization represents
the 1,2-disubstituted diene B-ocimene, that so far only has been catalytically polymerized.!®
By increasing the length of the side-chain from polybutadiene to polyfarnesene, an increase of
the entanglement molecular weight from M. = 2.0 to 50 kg/mol is observed,®#%>! which can be
explained by an increase in persistence length.”” This shifts the topology stepwise from a linear
chain to a graft-type copolymer architecture, also resulting in remarkably different properties
(section 2.7).

Furthermore, the T; of the resulting polymers depends on the vinyl content to a different extent
for distinct dienes (Figure 3). The order of increase in the glass transition temperature
correlates to the length of the side chain. In case of Pl, the additional side chains of the 1,2-
and 3,4-units drastically increase the rotational energy barrier and hence limit the molecular
motion, whereas for polymyrcene (PMyr) and polyfarnesene (PFar) the influence of the vinyl
content on the free volume is considerably smaller, leading to a weaker dependence of the T,
on the incorporation mode. 77280l
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Figure 3: Glass transition temperature as a function of vinyl content for polybutadiene, polyisoprene,
polymyrcene and polyfarnesene 881,181 Copyright 2020. Adapted with permission from American
Chemical Society.

Due to their good accessibility and low entanglement molecular weight, polybutadiene and
polyisoprene are by far the most important compounds for synthetic rubbers. Compared to
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polyisoprene, the lack of merely one methyl group in butadiene leads to a considerably lower
entanglement molecular weight by a factor of more than three.[®® However, this also
contributes to its difficult handling (Thoiing = -4 °C) as well as the undesired crystallization in the
hydrogenated state.!®® Moreover, due to the growing awareness of the negative impact of
fossil resources, the demand for eco-friendly and “green” products has increased within the
last years, for which reason manufacturers harness bio-based monomers.!7%82

With respect to the choice of the styrenic monomer, besides styrene only 4-methylstyrene (4-
MS) has an industrial relevance for the synthesis of TPEs. However, implementing alkyl-
substituted styrene derivatives in copolymers with 1,3-dienes enhances the miscibility (i.e.,
lower Flory-Huggins parameter) in general, as shown for the poly(4-MS)/Pl and the poly(4-tert-
butylstyrene)/Pl systems.!®3%4 Nevertheless, by targeting high molecular weights, this reduced
segregation strength may also be desired to lower the order-disorder transition temperature
(Toor; section 2.2) and moreover, a steeper gradient is formed upon copolymerization in non-
polar solvents (section 3.1).18%! However, it is important to emphasize that alkyl-substituted
styrene derivatives contain acidic benzylic protons, whose participation in chain transfer
reactions has to be suppressed. This is achieved when the polymerization temperature is
restricted to room temperature or below. 8578889

Effect of Molecular Weight and Physical Limitations

The strong segregation of block copolymers with flexible, low-T; and high-T; blocks results in
elastomers that are thermoreversibly crosslinked by the vitrified “hard” (low-Tg) domains.
Hence, phase separation is a crucial requirement. Based on Leibler’s self-consistent mean-field
theory (SCFT) and de Gennes’ random-phase approximation it is possible to predict the
expected phase state for block copolymers (e.g., PI-b-PS).19%% The molecular weight directly
affects the segregation strength, which is quantified by the product yasN, where yas is the Flory-
Huggins interaction parameter (i.e., enthalpic interaction for the given repeating units of type
A and B) and N denotes the total degree of polymerization (entropic contributions). For the
phase behavior of symmetrical diblock copolymers, the order-disorder transition (ODT) is
predicted at (xasN)oor = 10.51°% (Figure 4a), whereas for symmetric ABA triblock copolymers the
minimum value for phase separation is calculated with (xasN)oor = 18.°% At equal volume
fractions (Figure 4c) the minimum ODT is at a volume fraction £, of 0.5, while for a ratio of the
statistical segment lengths, a,/ag, different from unity, the phase boundaries are shifted
(Figure 4d,e).!?%! Considering asymmetric triblock copolymers, a shift of the order-order phase
boundaries (OOT) accompanied by an increase in domain spacing is predicted.®® In general,
large molecular weights are desired for phase separation, depending on the magnitude of yas(T)
(typically, M, = 10 kg/mol for symmetric S/I diblock copolymers for a reasonable operating
temperature window, Figure 5).1°% In addition, high mid block molecular weights exceeding the
entanglement molecular weights by far are relevant to provide multiple entanglement per
chain, which translates to tough materials.[®®!
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a) Theoretical phase diagram for
AB diblock copolymers

b) Phase diagram for PI-b-PS diblocks

c) Theoretical phase diagram for
symmetric ABA triblock copolymers
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Figure 4: Phase diagrams for AB diblock copolymers a) calculated using the mean-field theory®” and b)
experimentally determined for PI-b-PS.[”! Phase diagram for symmetric ABA triblock copolymers
with c) equal statistical segment lengths (a, /ag = 1) or d,e) various ratios calculated with the self-
consistent field theory (SCFT).[°>?3, The phases are denoted as follows: S = bcc spheres (Im3m), S
(cp) = close packed spheres, C = cylinders, G = gyroid (Ia3d), HPL = perforated layers (believed to be
metastable), L = lamellae, DIS = disordered. The respective experimental morphologies found are
illustrated under b). The dashed-dotted line is the mean field prediction for the order-disorder
transition (ODT)[®%1,[57:92:93,97] Copyright 1995, 2006, 1999 and 1996. Adapted with permission from
American Chemical Society, John Wiley & Sons Inc and American Institute of Physics.

Thermoplastic elastomers are typically processed by high-speed melt extrusion. For this
purpose disordered melts are preferred in terms of their lower melt viscosities compared to
their phase separated analogues.®*¢%8] The vast majority of hydrocarbon polymers exhibits
pronounced miscibility at higher temperatures due to the temperature dependence of yas(7T).
The order-disorder transition temperature Topr has to be located above the highest glass
transition (or melting) temperature of the copolymer, because phase separation and
nanodomain ordering has to occur already in the melt above the glass transitions of both
components, where the movement of the chains is unhindered. Otherwise, cooling the
materials from the disordered state (i.e., T>Topr and T>Tyg) vitrifies the domains (i.e., T=Tg),
which impedes consecutive self-assembly to macrophase-separated domains at lower
temperatures (i.e., T<Topr but T<Tg). Hence, carefully adjusting N leads to a Topr located above
the T; (Toor>Tg) of the high T, component, but below the degradation temperature of the
polymer.®®! For most block copolymers this fits in the range of Topr = 100-250 °C.[%*! Taking a
volume-symmetric PS-b-PI diblock copolymer as an example (xis(Toor):N=10.5), the Topr can be
calculated in dependence of the molecular weight (Equation Set S1, Supp. Inf.). As visualized in
Figure 5, the Toprs (dotted vertical lines) increase from Topr= 130 °C to = 250 °C by increasing
M, =10 to 18 kg/mol.



35 Chapter 1

“ar —M_ = 10 kg/mol
N —M_ =12 kg/mol
30 M =14 kg/mol
= —M, =16 kg/mol
=20 < =
S M, =18 kg/mol
10 fr==="="" et i s e il ool
0 N N B g 2 A :
0 50 100 150 200 250 300

T[°C]

Figure 5: Visualization of the phase segregation strength xis(T)-N as a function of the temperature for Pl-b-PS
of different molecular weights (M. ~ N). The dashed-dotted horizontal line is the mean field
prediction for the ODT at @p = 0.5.1°°! Order-disorder transition temperatures for yis(7)-N = 10.5 are
indicated as a dotted vertical line.

As a consequence, the targeted molecular weight must be adjusted carefully to the location of
the ODT of the respective morphology and xas(T) of the respective monomer combination. Of
course, the latter is a function of several parameters, as for example the chosen monomer
combination, the comonomer sequence (section 2.5) and the polymer topology (e.g., linear- or
star-type, section 2.7).

Microdomain Morphologies

The block volume fraction (®a=1-Qg) directly determines the formed microdomain
morphology in the melt. This is visualized in the phase diagram, which assigns the morphology
to @, for a given value of yasN (Figure 4a,b). In general, the ODT shifts to larger values for
asymmetric block volume fractions (@a# 0.5) beyond the classical lamellar phase.®”! Hence, a
change of the block volume fraction can also lead to an ODT for similar molecular weights.
Usually phases are distributed asymmetrically around @®a=0.5, which is explained by
differences in the space-filling characteristics (i.e. the conformational asymmetry) that shifts
the phases beyond the value anticipated for symmetric diblock copolymers (®iam = 0.5).657:%%]

Since the microdomain morphology found in the bulk state dictates the resulting mechanical
properties, its alteration offers the potential to combine the properties of the two chemically
connected polymers.[®3 While low-T, polymers exhibit rubbery properties (i.e., large elongation
at break), high-T, polymers are stiff and hard materials (i.e., high yield point, low strain at break).
If a microdomain morphology with one continuous phase is formed, as it is the case for spheres
or cylinders, the mechanical properties of the block copolymers are usually governed by the
matrix (i.e., the continuous phase).

For example, the elastic deformation in a continuous low Tg-phase (Deastic >> 0.5, e.g., @p 2 0.7
for PI-b-PS to reach a cylindrical structure, see Figure 4b) occurs without deformation of the
high-T; phase, which leads to thermoplastic elastomers with a highly reversible elastic
deformation, whereas a continuous polystyrene matrix leads to rather brittle thermoplastic
materials that stand out with a high modulus and hence impact strength. On the other hand, if
a microdomain morphology with two continuous phases is formed (e.g., lamellae), fairly soft
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plastomers without pronounced vyield point or elastic recovery but extended plastic
deformation are obtained. Depending on monomer combination and comonomer sequence,
also bicontinuous (non-classical) morphologies are observed (e.g., the gyroid structure, space
group [a3d).5”! For these structures a comparably large elastic modulus is found, which is
explained by its bicontinuity, meaning that the interconnected continuous high-T,; phase must
deform as well, when the low-T, matrix is deformed.[*°°!

This wide spectrum of materials with differing characteristics that can be obtained from only
two building units, varying polymer architecture has been covered by numerous investigations,
showing that increasing the asymmetry in the block volumes enhances curvature of the
domains in the melt, which finally leads to phase transitions from lamellar layers via cylinders
to spheres (classical morphologies).[*°!

Effect of Block Sequence and Multiblock Copolymers

Either ABA or BAB triblock copolymers are obtained by further increasing the block number
from an AB diblock copolymer by one polymer block. This change of the block sequence
influences the microphase separation and the affiliated mechanical response. For example, the
need to locate two block junctions at the domain interface reduces the conformational entropy.
This leads to increased miscibility of an A,;;BmAn2 triblock compared to an A,B, diblock
copolymer (i.e., similar chain length).[*%103 However, compared to an A,/2Bn diblock obtained
by hypothetically snipping the triblock into half, phase separation is facilitated for the triblock
copolymer, as revealed in experimental and theoretical studies. This trend follows by further
increasing the block numbers to multiblock copolymers (see later in this section).

Vitrified PS Rubbery Pl Vitrified PS Rubbery PI Vitrified PS

Figure 6: Visualization of conformations described for SIS triblock copolymers. The bridged conformation
provides mechanical properties beyond entanglements.

In triblock copolymers, the presence of a mid block enables different chain conformations.[*%
Whereas in the bridged conformation both block junctions are tethered to different interfaces,
both end blocks reside in the similar microdomain in the looped conformation (Figure 6). The
bridging and looping fraction exert a significant influence on the equilibrium
morphologies.l5%1951061 A shown by Spontak et al., the bridging conformation leads to a
comparably larger reduction in the equilibrium domain sizes than the looping conformation. 1!

Although changes in the phase behavior are evident, they are less significant in comparison to
those observed in the mechanical properties of SIS triblock copolymers 939491071 Here the
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bridged mid blocks connect the vitrified domains in addition to entanglements and thus

5.[93:102,105,108-110] A5 3 consequence the

enhance the mechanical properties of the copolymer
fraction of bridged mid blocks (=45%) is of particular interest and has been in the focus of
several studies.[®®105111 For example, Bates et al. were able to favor the bridged (or looped)
conformation in dependence of the applied shear rate and amplitude. This resulted in an
orientation of the lamellar domains in the perpendicular or parallel orientation.[*112]
Watanabe et al. investigated the loops-to-bridges ratio in SIS triblock copolymers in
dependence on the sample history. They could show that quenched chain configurations
obtained when the samples where not annealed at T>T;** exhibit smaller number fractions of
knotted loops or bridges, which was attributed to the extra constraint for the chain motion of
the polyisoprene mid block.[*%! A comprehensive review on TPE materials emphasizing triblock

structures and typical structure property relationships is given by Mays and coworkers.[?4

Cohen et al. oriented the lamellae of a SBS triblock copolymer with 45%.: PS by roll-casting.
They investigated the mechanical properties in dependence of the lamellar orientation.[*3]
Stretching the lamellae along their axis (parallel orientation) caused the PS layers to break up
and release the rubbery layers. In contrast, the perpendicular orientation folded into a
“chevron”-like morphology with diagonal orientations. As a consequence, a comparably larger
elastic modulus was observed in case of the parallel orientation.

By comparing SIS with the inverted ISI block sequence, significant differences were found in
their elastic and rheological behavior.[°®1%7] The mechanical properties of the SIS architectures
show results comparable to Pl vulcanizates (SBR rubber), and can be considered as a recyclable,
melt-processable alternative.[*** In contrast, “crosslinking” in ISl triblock copolymers occurs via
flexible, low-T, end blocks, which undergo chain-pullout in the respective domains.[26:115]

Theoretical results of Matsen et al. indicate that even the symmetry of the triblock copolymer
(i.e., the relative size of the two end blocks) and the total composition play a crucial role for
the morphology (section 2.2, Figure 4).[°*° Comparable experimental results were obtained
by Spontak et al., who demonstrated that the Toprs of SIS triblock copolymers are also sensitive
to the individual volume fractions of the end blocks for a similar total composition.[t1¢!

A reasonable attempt to increase the number of bridges by the design of the molecular
architecture is manifested by the so-called multiblock copolymers, (AB),. Until the 1990ies
almost all multiblock copolymers were synthesized by condensation reactions.!*®!
Unfortunately, the fundamental principle of the step-growth polymerization leads to a high
dispersity (P < 2) as well as an ill-defined product (mixture of different block numbers), which
hampered the systematic investigation of the molecular architecture. Although multiblock
copolymer architectures produced by the consecutive multi-step chain-growth polymerization
method were already described in 1960, the existing examples are rather rare.**”! Synthetic
approaches for the implementation of multistep carbanionic polymerizations comprise the
break-seal or high-vacuum technique.!**® Since the 1990ies Spontak, Bates and others have
demonstrated how to capitalize on the living nature of the highly sensitive carbanionic chain
end and investigated the phase behavior and the dynamic-mechanical properties of defined
(AB), multiblock copolymers based on styrene and isoprene [°6106:119.120] Bates et g/. found an
increased immiscibility for multiblock copolymers with increasing block number and constant
block size (i.e. increasing chain length; Figure 7b).[*21 Spontak et al. investigated a series of
multiblock copolymers with a similar chain length and a series with constant block length
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(Figure 7). Although a contraction of domain sizes is expected for the series with decreasing
block sizes (Figure 7a), even the domain sizes of multiblock copolymers with a constant block
size were found to decrease with increasing block number (Figure 7b).[5%1%I This was explained
by the increased number of bridged Pl blocks caused by the multiblock architecture, which also
lead to superior mechanical properties (e.g., an increase of the Young modulus and the strain
at break). In the following years, the unique morphological and mechanical behavior of
styrene/isoprene based multiblock copolymers was the focus of numerous

studies.[53:110,119,121,122,123,124]

A commercial product taking advantage of the peculiar property profile inherent in the
multiblock structure is Styroflex® marketed by BASF (for synthesis: see section 2.6).153 This S/B
multiblock copolymer stands out for its high toughness, excellent recovery properties and
thermal stability. Furthermore, advantageous features are its high-speed processability
appropriate for extrusion and injection molding, and transparency, making Styroflex® suitable
for palette or food packaging.

In 2018 and 2019 our group introduced the synthesis of tapered multiblock copolymers based
on styrene (or 4-methylstyrene) and isoprene by consecutive copolymerization steps (a
tapered diblock is visualized in Figure 1).[548386.125] Thjs strategy avoids coupling steps as well
as demanding fractionation after polymer synthesis. In this case, the multiblock architecture
resulted in increased toughness, whereas the “multigradient” comonomer sequence lowered
xis and allowed to reduce the Topr in the accessible range for block molecular weights far
beyond the entanglement molecular weight (e.g., Toor=185°C for P(l-co-S); with
M total = 240 kg/mol).1123]
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Figure 7: Visualization of sequential (AB),» multiblock copolymers with n=1-3. a) Increasing the number of
blocks leads to a decrease of the block length. b) Increasing the number of blocks leads to an increase
of the chain molecular weight.

Tapered Copolymer Blocks — Adjusting the Phase Behavior

In theory, the consecutive living polymerization of two monomers allows to realize every
comonomer sequence by multi-step reactions. In practice, the experimental effort increases
with the number of monomer addition steps, the targeted molecular weight and the reaction
time, since every monomer addition step bears the risk of chain termination.!*?>! This translates
to limitations based on the effort and skill of the synthetic chemist.['?6! The statistical
copolymerization has been proven to offer an excellent tool to design otherwise rather
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demanding comonomer sequences in a single step. These are usually classified as block,
gradient or alternating copolymers.

Since 1958 up to now the statistical copolymerization of 1,3-dienes with styrene initiated by
alkyllithium in hydrocarbons has been of strong industrial and academic interest.[1932127,1281 The
resulting “tapered” block structure consists of a polydiene block copolymer containing a small
amount of styrene, followed by a steep gradient and a pure polystyrene block.*?® The term
“tapered block copolymer” was introduced by Geoffrey and Milkovich of Shell Co. to account
for both the gradient as well as the block-like sequence (Figure 1).[**! In the following years, the
copolymerization kinetics and the resulting comonomer sequence were in the focus of several
studies.[127:128,130-132] patjjls are given in Section 3.

In extensive work, Kraus et al. compared the influence of the comonomer sequence on thermal
and dynamic-mechanical properties of block, tapered block and random copolymers and found
an increased miscibility (e.g., single Tgs) for random and tapered copolymers.[*3%133 The groups
of Weidisch and Knoll correlated the mechanical properties of SBS triblock copolymers with
differing gradient to their morphology.*3* They observed a broadened interface for an
asymmetric tapered SBS triblock that led to a lamellar morphology instead of a cylindrical
morphology with PB cylinders, that would be the case for the counterpart with a perfect block
structure. On the contrary, the triblock with a random S/B mid block showed PS cylinders in a
PB matrix. These findings explained the decrease in yield stress with growing gradient and the
absence of a pronounced yield point in case of the triblock comprising a random mid block.
Cirlin reported that substantial interfacial mixing played a key role during mechanical failure of
TPEs.[133]

To estimate the degree of segregation and account for the reduction in the enthalpic
incompatibility by the polymer composition, the effective Flory-Huggins parameter (xas,eff) was
introduced according to the binary interaction theory.[*%13¢ This reduction of yas to yas s was
utilized in 1983 by Gronski et al., who synthesized IS diblock copolymers with varying length of
random P(l-ran-S) copolymer mid blocks (Figure 8a).
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Figure 8: Parameters that influence the effective Flory-Huggins Parameter (x.ss) for a given monomer pair. yef
was found to decrease with a) increasing copolymer mid block size and b) the copolymer gradient
profile.

This allowed the dynamic-mechanical properties to be investigated by systematically increasing
the volume fraction of the interphase.l**’33% |n contrast, Hadjichristidis et al. used tapered
copolymer mid blocks with the gradient profile visualized in Figure 1. In accordance with the
results of Gronski, the size of the copolymer mid block enhanced the compatibility in the
system. Furthermore, the stronger reduction of xesr for the inverse tapered systems in
comparison to the tapered systems (Figure 8b) was explained by the opposite block sequencing
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(i.e., the discontinuity in the gradient profile Fy s vs. polymer volume; Figure 1). Hence, beyond
the mere length, also the gradient profile (i.e. the comonomer sequence) of the copolymer
block dictates the phase behavior**® and allows to adjust the resulting thermal and mechanical
properties by another independent parameter.

Tapered multiblock copolymers with low dispersity can be formed by repeated addition of a
monomer mixture of styrene and isoprene or another diene monomer.[*?3! |n this case,
mechanical properties are correlated to the thermal and morphological properties of the
resulting multiblock copolymers. Repeated addition of a mixture of styrene and isoprene was
exploited to generate tapered multiblock copolymer architectures of the (AB), type with up to
10 blocks (1 < n £5) by our group. Thereby, the polymer chains were subdivided into alternating
flexible polyisoprene-rich (Pl) domains and rigid polystyrene (PS) segments. All multiblock
copolymers exhibited 50 %m0 of each monomer and therefore a lamellar structure if ordered.
The di-, tetra-, hexa-, octa- and decablock copolymers of 80, 240 and 400 kg/mol were
investigated. With increasing block number, the block length decreases and segregation
becomes weaker. The question was addressed, to which extent the tapered multiblock
copolymers are capable of forming ordered, nanosegregated morphologies. Detailed thermal,
structural, and rheological investigations showed that the tapered multiblock copolymers with
a molecular weight of 240 kg/mol formed ordered phases with the expected lamellar
morphology. However, X-ray scattering data and transmission electron microscopy (TEM)
images of the octablock and decablock copolymers confirmed weakly ordered structures at
ambient temperature. The domain spacing, d, was found to scale as d ~ N°®2, where N is the
total degree of polymerization, suggesting stretching of chains and nonideal configurations.
Following the structure factor, S(g), as a function of temperature revealed that the tapered
multiblock copolymers undergo a fluctuation-induced first-order transition at the respective
order-disorder transition temperature, Topr. The viscoelastic response of the tapered
copolymers was controlled by the nanodomain structure, the degree of segregation,
nanodomain-bridging configurations of blocks, and also the proximity to the glass temperature
of the vitrified PS domains. Interestingly, the tapered hexablock copolymers were found to best
combine structural integrity and mechanical toughness, while maintaining a large strain at
break (>900%) (Figure 9).
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Figure 9: Dependence of toughness on the number of blocks in tapered multiblock copolymers. Solid and
dashed arrows indicate ordered and disordered (or weakly ordered) regimes. Open symbols indicate
disordered copolymers. Measurements are made at ambient temperature, and the difference to the
respective glass transition temperature of the PS block is indicated in the diagram.*>! Copyright
2018. Adapted with permission from American Chemical Society.
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Tuning the Comonomer Gradient Profile by the Use of Modifiers

Besides the previously discussed tapered block structure that is characteristic for the statistical
copolymerization of 1,3-dienes with styrene initiated with alkyllithium in hydrocarbons, it is
possible to tailor the gradient using modifiers, which are sometimes called “randomizers”.
Although the underlying concept of affecting the copolymerization kinetics by complex
formation (section 3.1, for the proposed mechanism see Figure 17) is known since 1959[*4* and
commonly used in industry,®>42 the use of modifiers is still subject of ongoing research.

Basically, a distinction is made between Lewis bases forming so-called ¢ complexes (i.e.,
electron-donors, e.g., amines and ethers), and Lewis acids forming p complexes (i.e.,
stabilization of the living center through a strong bimetallic complex, e.g. alkoxides), and mixed
o+u and o-p complexes, the latter denoting the implementation of two functions within one
molecule, e.g. alkoxy alkoxides. The most prominent Lewis bases used are N,N,N’,N’-
tetramethylethyldiamine (TMEDA),!**3!  triethylamine (TEA),[*37-1391441  tetraghydrofuran
(THF),[36:127.2451  methy| tert-butyl ether (MTBE)!*! or 2,2-di(2-tetrahdrofuryl)propane
(DTHFP),[**31 while common Lewis acids are alkoxides with lithium,[*41 sodium!**® and
potassium counterion®3 or compounds with even heavier alkali metals**! as counterion. This
was comprehensively reviewed by Carlotti et al..['® The effect of Lewis bases on the
copolymerization kinetics is detailed in section 3.1 and the effect of varying amounts of THF on
the comonomer gradient is shown in Figure 10.

Figure 10: P(I-co-S) gradient profiles. Fs: Instantaneous styrene incorporation. An increase of the [THF]/[Li]
ratio, favors styrene incorporation in the early stage of the copolymerization. This finally inverts the
gradient from tapered PS block copolymers to tapered Pl block copolymers.3%! Copyright 2020.
Adapted with permission from American Chemical Society.

This nomenclature was first introduced by Teyssié et al. for the anionic polymerization of acrylic
monomers,[*42151 and |ater adapted to describe the influence of polar modifiers on the anionic
polymerization of dienes.*>? However, not only the gradient profile is tuned using modifiers,
what allows not only to randomize but even invert the monomer incorporation during a
statistical copolymerization, but the microstructure is altered. Kozak et al. investigated the
influence of polar modifiers on the microstructure of polybutadiene and found an enhanced

vinyl addition for all types of modifiers but in the following strength: c+u > o-pu > o > p.2

Furthermore, they reported a dependence of the cis/trans ratio on the applied complex type,

leading to a decreasing ratio from o-p > c+p = 1 > c. These findings are in line with numerous

other investigations.!*>3
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Consequently, the material properties are highly affected by the implementation of such
modifiers. As discussed in section 2.5, the increased miscibility (i.e., reduced y.r?) broadens the
interface of the microdomains, which can change the morphology or even inhibit microphase
separation: typically, single T,s, sometimes even disordered structures show large local
composition variations due to the phenomenon of self-concentration and hence two Tgs are
detectable.'>¥ On the other hand, mechanical properties like elasticity and toughness are not
only governed by the microdomain morphology, but also by the microstructure (i.e., vinyl
content in polydienes, Figure 3), which furthermore affects properties like thermal stability or
the operating temperature.

In analogy to the example in the last section, the morphology and the resulting mechanical
properties are discussed for styrene-isoprene diblock copolymers with varying amount of THF
as a randomizer (Figure 10). All diblock copolymers consist of 50 %mo of each monomer,
therefore the morphology obtained without randomizer is lamellar. Since no bridging of the PS
domains occurs in the tapered diblock copolymers, a rather brittle material is obtained. With a
ratio of [THF]/[Li]=0.5, the gradient is flattened and hence the size of the pure PS block is
decreased, resulting in hexagonally packed PS cylinders. Due to the change in morphology, the
material shows viscoelastic flow beyond the yield point. This is attributed to the isolation of
the PS cylinders, which suppresses crack propagation. A further increase in THF content
([THF]/[Li] = 2 to 20) leads to disordered states, also displayed in a single glass transition
temperature. These polymers lack mechanical properties, meaning that the stretching results
in ductile behavior even at low strain. With [THF]/[Li]=240, the gradient is inverted, and PI
cylinders are formed. The presence of the continuous PS-rich matrix results in a very hard and
brittle material. However, very high THF content does not result in lamellae again, but shows
very special structural changes. TEM and SAXS measurements indicate the formation of a
bicontinuous morphology (Figure 11). In analogy to the Pl-cylinders, the bicontinuous gyroid
morphology exhibits a comparably high yield stress and poor toughness.

[THF)/[Li] = 2500
) (I)Ps-rich . (DI PI-rict_r.
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Figure 11: TEM image of P(I-co-S) synthesized at a [THF]/[Li] ratio of 2500 and the respective polymer volume
composition profile. The PS-rich phases of the gyroid structure appear electron-opaque (i.e., dark)
because the sample was stained with Ru0a4.*®! Copyright 2020. Adapted with permission from
American Chemical Society.

Extending this work, the statistical anionic copolymerization of the biobased monomer pB-
myrcene with styrene in cyclohexane was investigated, focusing on the influence of the
modifiers (i.e., Lewis bases) tetrahydrofuran (THF) and 2,2-di(2-tetrahydrofuryl)propane
(DTHFP) on the reactivity ratios.[*** The bidentate modifier DTHFP affected the reactivity ratios
much more than THF: minute amounts (of only 0.35 equivalent relative to Li) are required to
randomize the copolymer, and one equivalent to invert the reactivity ratios. Although all
copolymers have the same composition (33%m. myrcene, corresponding to 39.6%weight and
45%.01), very similar molecular weights (about 90 kg mol™) and low dispersities (1.06 to 1.10),
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different morphologies could be obtained. Lamellar, cylindrical and gyroid structures were
identified by TEM and SAXS measurements. In conclusion, the use of modifiers is a versatile
tool to tailor the Ty and hence service temperature, but also material properties in terms of
toughness or elasticity.

This may be exemplified by the synthesis of Styroflex®,3! a flexible and tough TPE although it
contains almost 70% styrene (section 2.4), that features a triblock structure with two PS end
blocks and a random P(B-co-S) mid block. THF as randomizer was found to be inappropriate,
because the 1,2-vinyl content would rise up to 30% and hence the lower operating temperature
would increase significantly. Moreover, hampered thermal stability is often concomitant with
high vinyl contents, since gel formation or cross-linking can occur. This was circumvented
implementing potassium triethylcarboxide as randomizer in a molar ratio of [K]/[Li]=1:30,
resulting in a random mid block exhibiting a Ty of approximately -30 °C. Strictly speaking, this
random mid block is a multiblock of short PS and PB blocks (Figure 12). This is explained by a
change of the degree of aggregation of the organolithium chain ends and an expected exchange
of the counterions with the propagating chain ends.[*53!
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Figure 12: Synthesis routes to Styroflex® including a) sequential (co)polymerization of 1% styrene, 2™ a
butadiene-styrene mixture and 3" styrene, b) coupling after sequential (co)polymerization of 1°
styrene, 2" a butadiene-styrene mixture, and c) bifunctional initiation of a butadiene-styrene
mixture and subsequent polymerization of styrene. The bars indicate the chemical composition
along the polymer chain.[*®! Copyright 1998. Adapted with permission from John Wiley & Sons Inc.

Non-Linear Chain Topologies

Beyond the classical linear chain topology, also star and brush block copolymers are
successfully established TPE materials. These topologies can be obtained by coupling strategies
(“arm-first” approach), multifunctional initiators (“core-first” approach) or synthetic

approaches relying on macromonomers and can show remarkably different properties.[5%72:155-
157]

As indicated by the name, the core-first method rests on multifunctional initiators, whose
efficiency is often hampered, since retarded initiation of the different arms leads to asymmetric
structures. For this strategy, the implementation of controlled radical polymerization is favored
over living anionic polymerization, since the latter suffers from strong aggregation phenomena
1551 'Moreover, usually polar solvents are required to ensure solubility of the initiator, which is
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why the microstructure of dienes is affected, namely leading to higher vinyl contents (section
2.6).[157'158]

On the contrary, for the synthesis of star polymers via carbanionic polymerization techniques
the arm-first method relies on the polymerization of the arms and a final coupling step using
electrophilic linking agents or bifunctional monomers.[*>¢! |n 1962 Morton et al. demonstrated
the feasibility of this approach.!*>®! The implementation of benzyl halides as coupling agents
faces the problem of side reactions, e.g. lithium-halogen exchange.[**®! This can be
circumvented using reagents with multifunctional di- or trichlorosilane moieties[*58161l (je,
reduced nucleophilicity), with a few units of butadiene!*¢%:162] or jsoprenel%3-1l (j.e., reduced
steric hinderance) or by the reaction with diphenylethene (DPE)®*%® (i.e., reduced
nucleophilicity of the active centers). However, coupling in apolar solvents takes several days
and is prone to impurities, which is why often an incomplete coupling is observed. Since this
entails demanding purification steps, an acceleration is favorable. This can be achieved by the
addition of a small amount of THF!*®6! or the separation of the Si-Cl moieties by spacers.[*58
Recently, our group applied both principles with the introduction of the tetrafunctional
coupling agent tetra[3-(chloro-dimethylsilyl)propyl]silane (TCDMSPS) bearing monochlorosilyl
groups, realizing highly efficient coupling of living polystyryl chains within a few minutes (Figure
13).12671
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Figure 13: Coupling kinetics for the synthesis of PS 4-arm star polymers using the in house-synthesized tetra[3-
(chloro-dimethylsilyl)propyl]silane (TCDMSPS) and the commercially available 1,4-bis(methyl-
dichlorosilyl)butane (MDCSB). The latter shows a pronounced decrease in star functionality and
hence revealed a significantly low molecular weight shoulder arising from uncoupled arms. The
coupling efficiency benefits from spatially separated Si-Cl moieties and hence alleviated steric
constraints.[*5”] Copyright 2019. Adapted with permission from Royal Society of Chemistry.

Furthermore, a difunctional monomer, e.g., divinylbenzene (DVB), can be used as linking agent,
if it is added in latter stages of the polymerization.[*®4#18] |nformation regarding the number of
segments per arm N and the average number of arms f can be derived from viscosity
measurements, since the radius of gyration R, follows the proportionality Rgo< N°6f%2 and
Rgx M2 for constant N.I'®9! However, the main drawback of this strategy is the ill-defined
number of arms, which is why the chlorosilanes are the linking agents of choice in research.
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Nevertheless, the use of DVB is technically important, since it can be implemented on large

scale and provides the opportunity to produce asymmetric stars.[*7%

Comparing a block copolymer of an (AB), type star with the AB linear arms (cf., structure
Sl linear and (Sl)4 star in Figure 14), an increased immiscibility has been observed for the star-
type architecture in theoretical and experimental studies.!5%%5171 phase diagrams obtained by
SCFT calculations show similar microdomain morphologies as found for the diblock
analogues.’®”"121 However, the observed asymmetry in the phase diagram shows a preference
for the inner block of the arms to locate inside of the cylindrical or spherical structure.!5%72

Figure 14: Comparison of a (Sl)s-star topology with linear di-, tri- and multiblock analogous structures (grey: PS-
chain; red: Pl-chain). Symmetries which allow the use of a coupling agent are indicated by a green
diamond.

An increase of mechanical properties is observed for this kind of coupling strategies. However,
in this case the coupling reaction (i.e., formation of (Sl)4 star) increases the molecular weight
and enables bridging of the Pl mid block. Hence, the observed toughening cannot be solely
attributed to the star architecture but is also a function of the SIS block sequence (section 2.4)
and the increased molecular weight (i.e., entanglements; section 2.2).

Consequently, the linear coupled analogue ((SI-IS) linear in Figure 14) serves for a better
comparison with the (Sl); star. In contrast to theoretical expectations,!*”®! the confined star
architecture led to an increased miscibility compared to the linear analogues.!*”¥ Fetters et al.
compared the mechanical characteristics of (IS)n star block copolymers with their linear SIS type
analogues.!*® They found that these star block copolymers had superior tensile properties
compared to their linear SIS analogues, saturating when the number of arms is larger than six.
The higher tensile strength was attributed to the star topology, leading to an even distribution
of stress throughout the network formed by the multiplicity of arms crosslinked at one center
(i.e., multiple bridging by a single chain).

Additional studies were performed by our group in collaboration with Register et al. by
comprehensively comparing the mechanical properties the arms with the coupled 4-arm
tapered star copolymers of the type [PS-b-P(I-co-S)]4.1*7%! Coupling the triblock copolymers into
star copolymers resulted materials outperforming their corresponding linear analogues. This
was attributed to an elevated bridging fraction of the rubbery phases and an additional fracture
resistance by the bridging chains in the glassy domains. Furthermore, the significant changes
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in mechanical behavior are believed to originate in the altered morphology. However, there
was no obvious discontinuity going from disordered to ordered copolymers.

These studies support the conclusion that the core junction in multi-arm star topologies acts
as a permanent crosslink. An increasing number of arms leads to tough and mechanically stable
materials. Similar results are obtained for linear block junctions as present in linear multiblock
copolymer architectures (section 2.4).15556:83125126] Tg the best of our knowledge, a direct
comparison of star-block copolymers with the linear multiblock analogues has not been made.
However, this is not straightforward, as the mechanical properties are a function of several,
usually not independent parameters (phase state, entanglement behavior, molecular
conformations), which are difficult to investigate individually (compare (Sl)4 star with (Sl)4 linear
and (SI)2-(1S): linear in Figure 14). Still, it is peculiar that the increased ultimate toughness and
strain at break that are present in the before mentioned [PS-b-P(l-co-S)]s tapered star
copolymers!*’! are not evident by simply arranging these blocks in a linear multiblock
structure. 1?5

A prominent star-shaped copolymer of industrial relevance is Styrolux® by BASF; a transparent
high performance material of exceptional toughness.!®3 |t is used neatly or blended with
polystyrene for applications like packaging films and for injection molded parts. This
unsymmetric star block copolymer is prepared by sequential anionic polymerization, also
involving a second initiator feed to yield a mixture of long and short blocks, and a final coupling
step with an oligofunctional coupling agent (often multiepoxides like epoxidized lipids) giving
on average unsymmetrical star polymers with four arms (Figure 15).

1. Step 2. Step 3. Step
Buli | BulLi Il Butadiene/
¢ Styrene | ¢ Styrene |l ¢ Styrene |l

Coupling to star
I block copolymer
coupling agent

D |
)

Figure 15: Synthesis strategy of Styrolux®, giving unsymmetrical 4-arm tapered star copolymers. As a first step,
a pure PS block is formed adding butyllithium and styrene, followed by further addition of a higher
amount of butyllithium and styrene. As a third step, a mixture of styrene and butadiene is
copolymerized, leading to a tapered block transition consisting of a short, butadiene-rich and a long,
styrene-rich area. These triblock copolymers are finally coupled.®*! Copyright 1998. Adapted with
permission from John Wiley & Sons Inc.

Beyond star copolymers, graft and brush-like block copolymers are an attractive class of

materials to control the physical properties by the conformation of the macromolecular
chain.l'7¢! Key parameters, such as the length, the density and the entropic and enthalpic
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repulsion of the side-chain as well as the length and flexibility of the backbone define the
resulting morphological™®””! and mechanical properties.[76:178:179,180]

Compared to their linear analogues, the repulsive interactions of the side-chains cause the
backbone to stretch.[!®¥ Hence, with increasing side-chain length and density the
entanglement molecular weight (M.) increases. Interestingly, Hillmyer et al. observed that
lower graft densities improved mechanical performance. However, this appeared to have less
impact on polymers with rigid backbones.[*’®! Relying on this concept, Mays et al. combined
sufficiently large molecular weights with comparably low grafting densities and observed an
increase of mechanical properties in acrylate-based graft block copolymers. These elastic
materials showed an excellent high elongation at break (=1500%) and recovery (=5% residual
strain). In accordance to the results of multi-arm star block copolymers and linear multiblock
copolymers, this was explained by the high T, poly (methyl methacrylate) (PMMA) side-chains,
which allow to pin the structure in multiple vitrified domains (i.e. multiple bridging by single
chains).[182!

For both star and graft block copolymer architectures a large recovery as well a comparably
low melt viscosity is described, underlining the similarities in these highly branched

structures [176,179,180,182,183]

This influence of a side-chain is already perceivable to some extent in polyfarnesene (PFar;
section 2.1). With the increasing persistence length and hence entanglement molecular weight
from PB to PFar, a decrease in toughness, but also a reduced melt and solution viscosity is
observable, which is advantageous in high-speed melt extrusion processing.[*®¥ In a recent
review, polyfarnesene as well as other terpene-based diene monomers have been summarized
with a view to their enormous potential for partially biobased TPEs.[&!

Statistical Copolymerization - “in situ” Kinetics and “in silico” Simulations

In 1944 Mayo and Lewis solved “The Problem of Copolymerization” as they called it.[*®® In the
same year Alfrey and Goldfinger independently developed a similar equation.!*® Four
fundamental reactions for the formation of copolymers (Figure 16) are proposed for the
“terminal copolymerization model”: The homopropagation of either monomer 1 (rate constant
k11) or monomer 2 (k22) and the crossover reaction from a chain end bearing monomer 1 to
monomer 2 (ki2) and vice versa (k21). The reactivity ratios are defined by the ratio of
homopropagation to crossover rate constant ri = ki1/k12 and r> = kaa/koa.

k ) - -
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Figure 16: Fundamental reactions for the formation of a copolymer via living anionic copolymerization.[85:186]
a) Elementary reactions; b) visualization of the terminal model. The reactivity of the last repeating
unit (colored) is representative for the polymer chain.
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Three years earlier, Wall had introduced a simpler, non-terminal copolymerization model,
considering that the monomer reactivities are independent of the structure of the chain end
(k11 = ka1, ka2 = kiz, ri-r» = 1; Equation S7.4, Supp. Inf.).l*¥”! Non-terminal copolymerization
behavior applies for a range of systems, including the anionic ring-opening polymerization of
various epoxides!818190] or the monomer-activated AROP,[*8%1%0 but also some carbanionic
polymerizations.!14>184191]

In subsequent works the copolymerization models were further advanced to also account for
the repeating unit adjacent to the chain end (“penultimate copolymerization model”).[*%?

d[M,] _ [M1](r1[M1] + [M]) (1)
d[M;]  [M;]([M1] + rp[M,])

For industrial synthesis and final application, the Mayo-Lewis copolymerization equation
(Equation 1) has been proven to be of great importance. To run radical batch polymerizations
up to high conversion, the polymerization must be performed at the azeotropic point. At this
point, the compositional drift shows no significant dependence from the conversion and hence
the polymer composition resembles the monomer feed. For living polymerizations (i.e.,
absence of chain-transfer or irreversible termination reactions) such as the anionic
copolymerization of styrene and 1,3-dienes or the controlled radical copolymerization of
methyl methacrylate and n-butyl acrylate!*®3), the reactivity ratios directly translate to the
resulting comonomer sequence in the polymer backbone (e.g., flat or steep gradient), since all
chains are initiated at the same time. Consequently, the compositional heterogeneity found in
radical copolymerization is avoided. Although the principle has long been known, the interest
in sequence-controlled TPEs is in the focus of present studies, which is also due to the

increasingly developed methods for online monitoring of gradient formation (section
3.2).[125,144,194—196]

Kinetics of the Anionic Copolymerization

The (co)polymerization of styrene with dienes in non-polar, non-coordinating hydrocarbons is
usually performed by alkyllithium initiation, as the lithium counterion leads to a comparably
large content of the cis-1,4-polydiene microstructure.?®1°7.198 The initiation of 1,3-dienes and
styrene is fast,®®1% which enables chain initiation to be kinetically separated from propagation
and to prevent broadening of the molecular weight distribution.2°%

Although the propagation rates generally show a first order dependence with respect to the
monomer concentration (butadiene,*®”! isoprene,!’®” styrenel201-20311201,204,205205]) - different
dependences are found in respect to the initiator concentration. This is explained by the
peculiar reaction mechanism, where lithium-aggregated anionic polymer chain ends are in
equilibrium with the respective non-aggregated species. Only the non-aggregated “unimeric”
chains are assumed to add monomer.[33127:198,206.207] Re|ated to the aggregation number, Nagg of
the respective anionic species, the kinetic order is given by 1/Na.g, which enables a facile
treatment of the complex aggregation-deaggregation equilibria. For polystyryllithium the
formation of dimers (Na.g=2) is generally accepted.[582032052082092101 |5 cagse of
polybutadienyllithium[206:209211-2141 = gndq  polyisoprenyllithium,[60:210-212.214.2151  controversial
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results have been discussed. Worsfold and Bywater observed a gradual change from tetrameric
to dimeric PI-Li species as a result of a decreasing chain end concentration.[*?>211]

The reactivity ratios in the copolymerization of 1,3-dienes with styrene derivatives in apolar
solvents are highly disparate, rdiene >> 1, rs << 1 (Table 1). This results in steep gradients, so-
called tapered structures (see also sections 1.2 & 2.5).[548513L19L1941951 Although the
homopropagation of styrene proceeds faster than that of the polydiene, e.g. isoprene (kss > k),
the latter is preferentially incorporated (Table 1, entry 1).15412819419] Thjs is explained by the
magnitude of the cross-propagation constants, which highly favor polyisoprenyllithium (PI-Li)
chain ends (ks >> kis).>%

Rather polar, coordinating solvents (Lewis bases, section 2.6) dramatically affect the reactivity
ratios and thus also the monomer gradient in the respective copolymers (Figure 10). Taking the
copolymerization of isoprene and styrene in THF as an example, the reactivity ratios can be
adjusted to the same values (Table 1, entry 3) or even inverted (Table 1, entry 4).3521%] This
observation is explained by the coordinative interaction of lithium with the Lewis base,
exemplified for THF in Figure 17. As a consequence of the coordination, the anionic chain end
is further polarized. Hence, less associated chain ends are assumed, which is further supported
by the observed first-order dependence of the polymerization rate on the active chain end
concentration.[197:217]

Table 1: Selected copolymerization systems and their reactivity ratios in comonomer systems including the
dienes isoprene (I), B-myrcene (Myr) and B-farnesene (Far) in combination with the styrenic
monomers styrene (S) and 4-methylstyrene (4-MS). The polymerizations are carried out in
cyclohexane with tetrahydrofuran (THF), triethylamine (TEA), N,N,N’,N’-tetramethylethylene
diamine (TMEDA) or 2,2-di(2-tetrahydrofuryl)propane (DTHFP) as polar modifier. The kinetics are
examined with either ? NIR, ® *H-NMR or ¢ mid-IR measurements.

monomer monhomer

1 5 T[°C] modifier n r r-r: ref.
| S 20° - 10.03 0.015 0.15 (361
| S 60° - 9.93 0.04 0.39 (541
| 4-MS 23P - 25.4 0.007 0.18 [85]
| S 20° [THF]/[BuLi] =8 0.65 0.74 0.47 361
| S 20? [THF]/[BuLi] =2500 0.012 12.58 0.15 (36)
| S 40° 49%yol TEA 0.94 0.76 0.71 (144)
Myr s 23 - 3% 0028 1w
Myr S 20° [THF]/[BuLi] =20 0.87 1.15 1 (145]
Myr S 20° [THF]/[BuLi] =2500 0.10 10.0 1 (145]
Myr S 20° [DTHFP]/[BuLi] =1 0.067 15.3 1 [145]
Myr S 23P [TMEDA]/[BuLi] =1 0.15 17.52 1.63 [143]
Myr 4-MS 23° - 140 0.007 1 (191]

Far S 23b - 27 0.037 1 [184]
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Figure 17: Proposed reaction mechanism of the homopropagation of polystyryllithium in mixtures of a
hydrocarbon solvent and THF %], The chain-ends form inactive dimers in pure non-polar solvent,
whereas on the addition of THF, the dimers break up into mono- and dietherate complexes, both
being polymerization active.*®! Copyright 2020. Adapted with permission from American Chemical
Society.

Besides ethers like THF or DTHFP (Table 1, entry 10), amines like TEA or TMEDA are widely used
in  copolymerizations performed in hydrocarbons to modify the gradient
profile [123:127,139,141,219,220,2211 A comparable trend is observed upon the exchange of the
counterion (i.e., Lewis acid, section 2.6) with its higher homologues (e.g. sodium) or ionic

[53.2221 \While the replacement of lithium as

additives (e.g. potassium tert-butanolate).
counterion alters the coordination strength with the propagating chain end and hence the
reactivity ratios, the presence of several counterions, as is the case using ionic additives, an
exchange of the coordinating cation can take place on the timescale of propagation, leading to

varying incorporation preferences throughout chain growth.[*3!

Care should be taken, as the gradient profile (i.e., reactivity ratios) does not solely depend on
the modifier. Further reaction parameters like the [modifier]/[Li] ratio***?”! and the
temperaturel®*21¢! have to be adjusted as well with respect to the polar modifier to obtain a
certain comonomer incorporation.

Moreover, the ionization of the carbon-metal bond remarkably affects the microstructure of
the formed polydiene (section 2.6).[2830223.2241 Ap increase of the vinyl regioisomers (3,4- and
1,2-units; Figure 2) is accompanied by an increase of T,.[29153224.2252268] Therefore, this increase
is generally not desired for TPE materials, when utilizing the polydiene as soft, rubbery
component.!®3 However, there are also examples aiming at a high side-chain vinyl content in
order to facilitate subsequent post-polymerization reactions (section 2.1).[2?7

Despite the industrially highly relevant hydrogenation already discussed in section 1.3, which
enhances the polymers’ stability and increases its flexibility, prominent functionalization
reactions include the thiol-ene addition!??®! or Diels-Alder reactions like the triazolinedione
click.??®! Furthermore, the epoxidation!*” or bromination!?3! of the double bonds can be
implemented to alter the polymer properties, achieving a higher polarity or flame retardant
properties, respectively.

In Situ Monitoring Techniques

The determination of the polymer composition at different stages of the reaction is a
straightforward method to determine the comonomer gradient.[127:141,219,221,225] Aq seyeral
batches of a similar copolymerization experiment have to be quenched and analyzed at
different conversions, this leads to a comparably high experimental effort and nowadays
belongs to the more traditional approaches.

Based on recent developments, on-line methods allow the real-time monitoring of the
monomer conversion via NMR,[8>87.1892321 negr.infrared (NIR),P#19%233] mid-infrared (mid-
IR),[144194.234] or yltraviolet (UV) spectroscopy.l?03205235 These methods feature high temporal
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resolution and are able to monitor the complete course of the polymerization within one
experiment. Thus, high data resolution (depending on the measurement method up to 20,000
data points or more) within only one experiment is achievable. Hence, these on-line
experiments are currently the method of choice to monitor and analyze copolymerizations,
particularly for living copolymerizations.

In recent years, on-line NMR spectroscopy has been proven to be an efficient tool to track the
depletion of individual monomers over time. However, the time resolution is limited by the 71

times of the signals of interest (571 =1 min), and typically the polymerization conditions must
be tailored to be performed within an NMR tube (use of deuterated solvent, adjusted initiator
and monomer concentrations, sample preparation in a glove box).

Both issues can be resolved by in situ probing the reaction via UV, NIR or mid-IR spectroscopy.
The temporal resolution is much higher and since the probe is directly attached to the reaction
vessel, the progress of a reaction can be tracked on the very same batch used to investigate
material properties.®¥ This is especially useful for reactions with modifiers, the weighing of
which becomes difficult for batch sizes suitable for NMR. Furthermore, the setup becomes
important in multi-step reactions (section 2.4), where a defined polymer structure can only be
obtained by postponing the monomer addition until the majority of the previous addition step
has reacted.>

As demonstrated in a seminal publication by Fontanille et al., mid-IR spectroscopy is an efficient

method to in situ monitor the copolymerization by tracking the depletion of the well resolved
monomer absorption peaks ( ¥is = 1597 cm™! ; ¥} = 1630 cm™! ). Unfortunately, the
implementation of mid-IR spectroscopy is technically challenging because the optical fibers
require crystalline media, e.g. AgCl, or hollow waveguides resulting in mechanically less robust
and expensive conduits, which require permanent installation in a polymerization setup.[3®

This issue is solved using in situ UV spectroscopy to monitor the absorption of the monomer

and the anionic chain ends. Already in 1960 Worsfold et al. started to quantify homo- and cross
propagation rates of styrene, isoprene and butadiene via in situ measurements,.[58131,203,218,235]
As shown by Fontanille et al., this setup can also be used to probe the homo- and
copolymerization of styrene and isoprene.!*¥ As stated by Worsfold,*3! it is unfortunate that
the absorption band of polybutadienyllithium (Aps.i = 275 nm) is largely masked by that of
styrene (As= 290 nm) and of polystyrene (Aps = 260 nm). However, the absorption band of
polystyryllithium (Aes.i = 330 nm) appears at a measurable wavelength. Hence, in on-line UV
studies, the determination of cross-propagation rate constants is not achieved by tracking the
individual monomer consumption rates during the copolymerization reaction. Instead, they
were determined by the respective cross-addition step (i.e., adding isoprene to
polystyryllithium (ks)) or vice versa (kis). Also for this “model reaction”, Fontanille et al. stated
that the formation of mixed aggregates only allowed an evaluation for the first moments of the
crossover reaction. %%

Near-infrared (NIR) spectroscopy also utilizes comparably small wavelengths, enabling a facile

setup by using affordable, flexible, mineral glass or polymer based optical fibers.[®*23"] Long et
al. experienced the kinetic data evaluation to be hampered by the overlapping absorption
bands of styrene, isoprene and the respective repeating units formed during the
(co)polymerization.!*®® In 2019 our group started to utilize differences in the individual molar
attenuation coefficients, £(¥), in a part of the NIR spectrum to access the individual monomer
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and polymer concentrations at any time.3¢°¥ For this purpose, the spectra in the range ¥ =
5900 — 6250 cm™at a 1.9 cm™ data interval were recorded and used to solve a linear equation
system (184 equations) for every spectrum (typically 4 s resolution in up to 12,000 spectra;
Figure 18).°¥ This allows to determine the reactivity ratios of isoprene and styrene in
cyclohexane as a function of the temperature (T = 10-60°C). For the investigation of the effect
of ligands, e.g. THF, on the copolymerization kinetics the change of the NIR spectra with
increasing THF content has to be taken into account, which is partially due to changes of the

polydiene stereostructure. 364!
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Figure 18: Molar attenuation coefficients of the species present during the living anionic copolymerization of
styrene and isoprene.l3654

AW) = ¢~ e(V) + s es(V) + Cprgyy * EP1cyy (V) + CPipyp * EPIy (V) + Cps - eps(V)  (2)

Equation 2 shows the linear equation system for the deconvolution of the combined monomer
and polymer absorption bands of the spectra being present during the living anionic
copolymerization of isoprene and styrene. The first two terms account for the monomer
absorptions, while the latter three terms include the polymer absorptions.

Comparing all methods, NIR spectroscopy combines a facile setup, low cost, and a high
temporal resolution. Furthermore, the method enables the determination of homo- and cross-
propagation constants (i.e., reactivity ratios, which represent the gradient profile). To get
further insight into mechanistic processes, UV-probing can be used to identify the changes of

the active anionic species during polymerization.[?3®

Determination of Reactivity Ratios

Reactivity ratios are the foundation to understand the copolymerization behavior and
determine the comonomer sequence formed during the copolymerization reaction. Incipiently,
the terminal as well as the non-terminal copolymerization model and the chain end reactivities
associated thereto were discussed (Figure 16). Based on the fundamental importance of these
parameters, several methods for the evaluation of reactivity ratios were introduced. At their
time of introduction, typically graphical methods (i.e., evaluation with pen and paper) were
employed. The first prominent method was reported by Fineman and Ross in 1950 by
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linearizing the Mayo-Lewis equation (Equation Set S3).23°! The Fineman-Ross formalism
enables direct determination of reactivity ratios from the slope and intercept of the linear
graph. Kelen and Tudd&s further optimized the Fineman-Ross method by eliminating biases
introduced by the linearization using a symmetrization factor (Equation Set S4).12%0l While these
methods can be performed by hand without any computer, they rely on the differential
copolymerization equation and require both the monomer feed, f1 = [M1]/([M1]+[M:]), and the
instantaneous mole fraction of each monomer incorporated into the polymer,
F1 = d[M1]/d([M1]+[M3]), for evaluation (Equation Set S5).

Although in situ monitoring techniques enable a comparably high data resolution, the
determination of reactivity ratios is still not straightforward. To obtain the instantaneous
monomer incorporation mole fraction Fi;, the derivative of the measurement has to be
calculated. Unfortunately, this calculation is highly influenced by data noise and thus prone to
result in erroneous reactivity ratios. However, this issue can partially be solved using advanced
methods for differentiation, such as the total-variation regularization-based numerical
differentiation.4!!

As an alternative to the differential methods, the integrated form of the Mayo-Lewis equation
as reported by Meyer and Lowry can be used (Equation $6).2*?! Meyer and Lowry analytically
integrated the copolymerization equation derived by Skeist.[?*3! In contrast to “old” graphical
methods, this equation requires non-linear fitting methods.

In the particular case of an ideal copolymerization (rir; = 1, non-terminal model) the Jaacks
equation (Equation 3, Equation set S7) is most useful since the reactivity ratios ry = 1/r; are
obtained by a linear plot:

Milo _ [Malo
AP TAT

(3)

It is directly derived by integration of the differential equations for the comononomer
depletion (Equations S7.1-57.3) given by Wall. Jaacks initially introduced it for copolymerization
systems with one monomer being present in excess.[?4%

Alternatively, the Meyer-Lowry equation can be simplified for the ideal case (“ideal
integrated”, Equation S7.5).1*°% Beckingham, Sanoja and Lynd (BSL) introduced an alternative
treatment of data for the non-terminal model.[**>24] The BSL Method (Equations S7.6) needs
two non-linear fits.

An overview of the various methods to determine reactivity ratios is given in Table S1.
Ockham'’s razor recommends to use the model with the least number of parameters.?*¢! Thus,
for a new copolymerization system it is highly recommended to first check whether it is ideal
(non-terminal model) using a Jaacks plot. Only when deviations from linearity are significant
one should then use the Meyer-Lowry treatment (terminal model). This prevents overfitting of
the data set (see Flow-Scheme S1).

Copolymerization “In Silico” — Kinetic Monte Carlo Simulation

In the last decades computational power has increased remarkably. Hence calculation times
have been reduced considerably faster than the experimental time.?*”? Nowadays, computer-
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aided prediction and rational selection of experiments can significantly increase the overall
scientific throughput and thus scientific progress. Exceptional work has been performed by
introducing the Polymer Self-Consistent Field theory (PSCFT) which helped to understand the
phase-segregation behavior of block copolymers.®® Molecular dynamics (MD) simulations
have been used to predict the behavior of (co)polymer chains in bulk and solution.?*8! While
many works for the prediction of material properties have been reported, nearly all methods
are focused on polymer physics and only few methods can be regarded as practical tools for
the synthetic polymer chemist. In this context we want to highlight the kinetic Monte Carlo
(kMC) simulation.

kMC simulations of copolymerization reactions can be performed using experimentally
determined reaction rates (section 3.3, Equation Set S8). If the assumed copolymerization
reactions with their specific aggregation numbers (section 3.1) and experimentally determined
rate constants are correct, the simulation perfectly represents the experimental outcome.
Hence every single computed polymer chain and the corresponding monomer-by-monomer
sequence can be obtained and analyzed (e.g., regarding the composition distribution, the
segment length distribution as well as their drift within the molecular weight distribution as
discussed later in this section). This yields not only valuable information for the prediction of
experimental data but can also provide information that is difficult to obtain via experimental
methods (e.g., triad composition, length of uninterrupted repeating units).

For living or controlled copolymerization methods the implementation of a kMC model is quite
simple, as the nature of the mechanism excludes side reactions (e.g., irreversible termination
or chain transfer reactions to monomers) of the polymerization active species, which allows to
consider only the fundamental copolymerization equations as shown in Figure 16.

The reported kMC models for controlled and free radical copolymerizations are extremely
comprehensive and even specialized methods for, e.g., electrochemically mediated ATRP?*?! or
laser-induced free-radical polymerizations'?*®! have been developed. Complicated features (e.g.
branching) were considered by Broadbelt, D’Hooge and others.?>¥ Especially the chemical
composition-chain length distribution (CC-CLD or CoC-CLD; i.e. the copolymer composition
distribution as a function of the chain length) was thoroughly investigated.?>?!

In contrast to radical copolymerization, comprehensive kMC models for the living anionic
copolymerization have rarely been reported to date. To the best of our knowledge, only the
chain length distribution of multiblock copolymers prepared via continuous flow,*?*! the slow
crossover reaction from alkynyl-functionalized 1,1-diphenylethylene to styrene,>*3 and several
works in our group have been published up to date.®>'?>25%1 As shown by the following
examples, kMC simulations based on the kinetics of the living anionic polymerization of 1,3-
dienes and styrene can facilitate synthesis and understanding of TPEs. In contrast to the CC-
CLD, the compositional drift resembles the change in the mean composition of copolymer
chains as a function of the chain length (Figure 19a) and can be experimentally accessed via
SEC (e.g., analyzing the responses of Rl and UV detector) or MALDI-ToF mass
spectrometry.®25! As an example, in a recent work, the copolymerization of isoprene and
styrene derivatives produced a compositional drift in dependence of the molecular weight,
resulting in a broadening of the molecular weight distribution. However, a prediction of the
molecular weight distribution (and SEC curve) via kMC confirmed that indeed a broadened
molecular weight distribution was to be expected (Figure S1).
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Figure 19: Red and blue spheres represent different monomer units. a) Visualization of a compositional drift

for increasing molecular weight (M,). With increasing M, the content of red spheres increases. b)
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a similar chain length. The black area in the bars below visualizes the area in the chains where red
and blue spheres are present.
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Nonetheless, copolymers with a narrow molecular weight distribution and similar composition
with respect to the molecular weight can still show different compositions on the per-chain
level (Figure 19b). For this purpose, the sequence length distribution (SLD) affords the per-chain
microstructure, enabling a detailed comparison of the monomer sequence of individual
polymer chains. These results are not accessible via conventional experimental methods,
where always an average value of multiple chains is obtained. As an example, the degradation
products of the ozonolysis of a tapered P(l-co-S) multiblock were predicted via kMC. The SLD
of the copolymer accurately described the resulting PS segment distribution after cleavage of
all isoprene repeating units and verified the desired tapered multiblock architecture.*?* |n
addition, the kMC model was also used to reduce reaction times in multi-step syntheses
(Figure S2).

Both parameters, the CoC-CLD and SLD, precisely reflect the microstructure of copolymers and
hence are of great interest for the prediction and evaluation of copolymerization experiments
in the rational design of TPEs.!2°%

Conclusions

The progress in synthetic polymer chemistry enables to access numerous parameters for
copolymerizations. It is a challenge for the synthetic chemist to rationally design and control
the monomer sequence resulting from copolymerization statistics to obtain a tailor-made
material for a targeted application. Here, we review recent developments in the field of
sequence-controlled TPEs to permit an in-depth understanding of the effect of comonomer
sequencing on morphological and the corresponding mechanical properties. In recent years,
the multi-step living anionic (co)polymerization has been proven to be an efficient tool to
design, synthesize and investigate complex tapered block copolymer architectures in a defined
manner. The precise quantification of fundamental kinetic processes in the statistical
copolymerization is crucial to secure the formation of the desired comonomer gradient along
the polymer backbone. On-line monitoring techniques are established as the method of choice
to determine rate constants. To generate an in-depth insight into the (co)polymerization
behavior, the kinetic Monte Carlo simulation can be used to reproduce the copolymerization
in silico, based on the experimentally determined rate constants. This allows a precise
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calculation of reaction times and a comparison of individual chains in terms of their
composition and sequence. Hence, in situ measurements and in silico simulations have been
proven to be an effective combination to understand the statistical living copolymerization,
which is employed to directly generate tapered block copolymers and also complex sequences
in a single reaction vessel, merely adding suitable monomer mixtures.
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Supporting Information
Calculation of the Order-Disorder Transition Temperature

According to equation S1.1, the Flory-Huggins interaction parameter, x, can be calculated for a
given temperature T.[!! According to Leibler, the order-disorder transition for volume-
symmetric diblock copolymers is given by equation S1.2. This enables to calculate the order-
disorder transition temperature (Toor) as a function of the degree of polymerization N
(equation S1.3). To calculate the degree of polymerization for a volume-symmetric diblock
copolymer (equations S.1.4- S1.9), the densities p and the molecular weights M of the isoprene
and styrene repeating units need to be considered:!?

Mpi.unit = 68.12 g/mol; ppi(140 °C) = 0.830 g/cm?;

Mps_unit = 104.15 g/mol; pps(140 °C) = 0.969 g/cm?3

71.4
x1s(T) = ——— 0.0857 (51.1)
71.
oDT
T 71.4
opT = 3nc S1.3
%'5 + 0.0857 ( )
Vps = Vpr (51.4)
Mps Mp,
Nps'_zNPI'_ (515)
Pps PpI
Mp,
NPS _ pPI _ 821 (S]_ 6)
NPI MPS 108 )
Pps
N = NPS + NPI (517)
Nps Np;
Maverage = T *Mps_ynit + T * Mpi_unit
o821 L 108 e (51.8)
T 82.1+108 ~ PSTunit Tgpq1 4108 & plmumit T O
M
N =—"21— (S1.9)

Maverage
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Methods for the Determination of Reactivity Ratios
Terminal model

The Mayo-Lewis equation (Eq. S2.1) as well as its rearranged form (Eq. S2.5) describe the
instantaneous monomer incorporation, F, in dependence of the monomer feed, f, for the
terminal copolymerization model B!. The reactivity ratios r1 and r, can be determined by least
square fitting of a corresponding data set.

d[Mi]  [Mq](r.[M] + [M.])

— (S2.1)
d[M;]  [Mz]([M1] + rp[M,])
Introducing the monomer feed, f, and the instantaneous monomer incorporation F,
[M,]
- v (52.2)
= T+ 4]
fo=1-f (52.3)
d[M,]
F, = (52.4)
Y d(Mq] + [M2])
leads to
(52.5)

Fineman and Ross introduced a linearization of the Mayo-Lewis equation. The reactivity ratios
can be determined from the intercept (rz) and slope (r1) when H is plotted versus G.[*]

(53.1)

(S3.2)

(53.3)

Kelen and Tudos introduced a correction factor a, which is determined based on the smallest
and highest value H of the Fineman-Ross formalism and used to account for biases introduced
by the linearization. The reactivity ratios can be determined from the slope and the intercept
when p is plotted versus n.[®!

(54.1)

(54.2)
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(54.3)

(S4.4)

As an alternative to the differential methods, the integrated form of the Mayo-Lewis equation
(Equation S6).°! Meyer and Lowry analytically integrated the copolymerization equation
derived by Skeist.!”) The reactivity ratios r; and r, can be obtained via least square fitting of this
equation to a corresponding data set based on versus 1 — total monomer conversion X
(Equation S5.3).1!

The individual monomer conversions are defined as

_ 1 IMy]
X, = il (S5.1)
Xy = 1-— X1 (55.2)
and the total monomer conversion is defined as
[M4]+[M,] [M]
X=1-———=1-—= :
[M1]o+[M2]0o [M]o (55.3)
Using the monomer feeds
S _ M) [MaJo+[Ma]o _ 1%
fro  Mado  [Ma)+[M) | 1-X (55.4)
So 1%
fo - 1ox (S5.5)

Meyer and Lowry derived an integrated form of the Mayo-Lewis equation,

1-1r17p

2 1 N =L .
M] _ (f_1>1—r2 ] (f_2>1—r1 . <M)(1 D12 6)

Mo f1,0 f2,0 fl_(z—lr_lr—zrz)

where the reactivity ratios can be obtained by non-linear fitting.

Non-Terminal Model (Ideal Polymerization)

For the non-terminal copolymerization model we assume that ki1 = k21 = k1 and ka2 = ka1 = ka.
Then, r1 = ki/k> = 1/r>. By definition, the nature of the active chain end is not relevant, i.e., chain
ends [M1*] and [M;*] can be regarded as [M*].The differential equations for the consumption
of the comonomers are

d[Mq]
dt

= k1[M*][M,] (57.1)
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d[M .
%2l = ky [M7][M,) (57.2)
d[M,] [M]
=r 7.
d[Mz] 1 [My] (57.3)
This equation was first derived by Wall.!® It is easily linearized by integration:
[Mq]o [M3]o
In—7==1r In—== .
n [Mq]: rin [M;]¢ (57.4)

Much later, the same equation was derived by Jaacks for the terminal model and the special

case that one comonomer is in large excess of the other one.!® The reactivity ratio can be

obtained from the slope of the linear fit.

Alternatively, the Meyer-Lowry equation S6 can be simplified by setting r1'r, = 1, leading to Eq.

S7.5:

1
fl r1—1
x=1-(L&
(f1,o> (

1
1-f1 )1_T1
1-fi0

(57.5)

The Meyer-Lowry treatment for ideal polymerizations is also named “ideal integrated”.*®

Beckingham, Sanoja and Lynd (BSL) introduced an alternative treatment of data for the non-

terminal model.*¥ The BSL Method uses the two equations S7.6 and also needs non-linear

fitting.

X=1- fi0(1—xy)— (1 _fl,O)(l —x1)"2

(57.6)
X=1- f0(1—2x)2— (1 - fz,o)(l — X3)
Table S1: Comparison of the selected methods for evaluation of the reactivity ratios.
. Data . . Fittin
Formalism Model . Prerequisites g Recommended
foundation method
Mayo-Lewis [3! terminal differential Fi1, f1 non-linear no
Fineman-Ross 4 terminal differential Fi, f1 linear no
-y . . . Fineman- .
Kelen-Tiidos %! terminal differential linear no
Ross
Mayer-Lowr . . .
y 6] y terminal integrated X, f1,f1,0 non-linear yes
-y=
. . M1, M>, .
Jaacks [® non-terminal integrated L v linear yes
M1,0,M>,0
Integrated Ideal . . .
. non-terminal integrated X, f1, f1, non-linear es
(M-L ideal) 120 g fu, fro 4
. . M1, M>, .
BSL [ non-terminal integrated LIV non-linear yes

M1,0,M2,0
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Real time
measurement

Monomer 1 Monomer 2
consumption consumption
M, M>

Jaacks

no

Y Y W
7~ Monomer %
= Monomer feed [ : \|
Conversion ® | incorporation |
T
wopooer
!
!
A4 .
|
| ]
Meyer-Lowry |[€—MMM——————————-] )} Mayo-Lewis |
[ ]

i
I I 1

Kelen-Tiidds {(—1] Fineman-Ross :
]

Figure S1: Overview of the common methods for determination of reactivity ratios. Methods based on the
differential copolymer equation are marked by dashed lines and are not recommended for
evaluation of copolymerization kinetics. Recommend methods are highlighted in bold.

Kinetic Monte Carlo Simulations

The basic principle of every MC simulation relies on stochastics. While each individual
calculation is very simple, and only the available brute-force computational power renders this
method suitable to accurately predict copolymerization experiments.

The foundation to perform kMC simulations was built up by Gillespie.*?! A typical kMC process
is based on the reported equations by Gillespie and the conversion of the continuum-based
reaction rates to number-based probabilities. Equation Set S8 summarizes the equations
needed to perform a kinetic Monte Carlo (kMC) simulation of a living anionic copolymerization.
The homopropagation (ki1, kz2) and crosspropagation (kiz, k21) rate constants are transformed
to number-based probabilities (kMC11, kMCi2, kMCy2, kMC21) (Equations $8.1-8.4). Here, A; and
A, denote the corresponding aggregation number (e.g., 2 in case of dimers and 4 in case of
tetramers). Based on the cumulative probabilities P, (Eq. S8.5) and a by a uniformly distributed
random number rn;=[0...1] (Eg. S8.6), these number-based probabilities are then used to
determine which reaction is performed next. The corresponding time step is calculated by a
second random number rn,=[0...1] (Eq. S8.7). After selection of the reaction step by a random
number, the reaction is applied, and the number of residual molecules is adjusted. Then the
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process is repeated. Specifically, for the prediction of chain growth polymerizations like a living
anionic copolymerization, a virtual flask is created (10*° L to 10%® L volume), in which chain
ends (typically 100 000 or more) are placed and reacted with monomers. The reaction is chosen
and simulated based on their reaction probability, which scales with the kinetic rate constants.
Like in a real reaction flask, each addition of a monomer to a chain end alters the overall
concentration of the monomers.

k11

kMC11 = (NV)—l/Al (581)
k

kMCZZ = (NV)+2/AZ (582)
k

kMC12 = (1\][/);12/141 (583)
k

kMC,, = (Nv)+1/Az (58.4)

R
Py = soipe ($8.5)
S P <tny <ZyP, (58.6)
1 1

Reaction conditions
(Monomer concentration)

Adjust
Simulation Volume Number of molecules

Continuum-based \
experimental rate CONSIaNtS fm m—— m— N;Tmber'b:::iﬁ“
reaction pro es
(LSPRL PPN 3
Random number > Select reaction :

Virtual flask
containing
polymer chains

Figure S2: Simplified scheme of the process of performing a kMC simulation.
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kMC Example: SEC Distributions — Failed polymerization or not?

When performing a living anionic polymerization, a monomodal narrow molecular weight
distribution is typically expected. Hence, to determine if a copolymerization was successful,
typically the molecular weight distribution (e.g., the dispersity) via SEC is used as the first proxy
for evaluation. Prediction of the dispersity of homopolymers prepared via living anionic
copolymerization is straightforward based on the Poisson distribution (B =1 + 1/DP,— 1/DP,?).
In contrast, the dispersity of a copolymerization cannot be predicted in a trivial manner.*34

In two of our previous works, we synthesized statistical copolymers of styrene derivatives and
isoprene.>14 All low molecular weight polymers (< 5000 g mol?) showed broadening of the
molecular weight distribution and thus were first regarded as failed polymerizations due to
experimental problems. The low molecular weight fraction of the molecular weight distribution
was found to exhibit an increased isoprene content. This was ascribed to the rather slow
crossover from a PI-Li chain end to 4-methyl styrene (4MS) compared to the homopropagation
of 4MS.[*3 However, a prediction of the molecular weight distribution (and SEC curve) via kMC

showed that no experimental error was present, and indeed a broadened molecular weight
distribution was to be expected (Figure S1).

i r — kMC Si ion7 1
/\rLI s G i
i 40.9
. 'l 40.8
* Poisson distribution v L
| 1 :
S P g
p : 0.6 Em
4 {052
J Experiment . loa®
1| 40.3
e} 1
. £>1+(1/DP.) - (1/DP ) : 1 ..
40.1
%\( L 0
10° 10° 10°
M [g mol™]

Figure S3: The copolymerization of 4-methyl styrene (4MS) and isoprene to obtain statistical P(l-co-4MS)
copolymers leads to a broad molecular weight distribution (red dashed line), exceeding the

dispersity of an ideal Poisson distribution. kMC simulation (blue solid line) confirmed that this

molecular weight distribution is based on kinetic peculiarities and not on experimental errors.

kMC example: Optimization of the reaction time!*’!

Due to the high sensitivity of the chain ends towards termination by impurities, the
polymerization must be contained in a closed system.!*> Hence, sampling of the polymerization

is exceptionally difficult and comprises the risk of irreversible termination by introducing
impurities.

In previous works, we employed the living anionic copolymerization to synthesize tapered
multiblock copolymers by multiple additions of a monomer mixture to the living polymer
solution.[*>*] To obtain defined polymer structures it is crucial to postpone the monomer
addition until the majority of the monomer of the previous addition step has reacted. Thus, a
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single value parameter such as the reaction time to the desired threshold conversion (e.g., 99.5
%) becomes a crucial parameter in optimizing the polymer synthesis.

By feeding all reaction parameters to the kMC model the time-dependent monomer conversion
and reaction time can be predicted within less than one minute of calculation effort. The
simulation via kMC also accounts for aggregation effects of the chain ends that are present in
the living anionic copolymerization of styrene and isoprene in hydrocarbons. This consideration
typically leads to errors, when this calculation is performed via solving the ordinary differential
equation set based on the Mayo-Lewis equations. Hence, the overall synthesis throughput is
optimized by utilizing kMC simulations by knowing the exact waiting time that is required until
the polymerization of added monomers is completed (Figure S2).

Sampling (@ 08

impOSSible _clsopmne
T 0.5 - cSty rene
iy

2
'
T

c[mol L]
L=
w

kMC
axl Simulation
-Living anionic o4}
polymerization
UU' 5.0 160 150

Time [min]

Figure S4: lllustration of the use of kMC simulations to predict the time-dependent monomer conversion of a
living anionic copolymerization of styrene and isoprene. Based on the actual reaction rates, the kMC
simulation enables a prediction of the monomer concentration in the flask at any given time.
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Medical applications like the manufacture of blood bags
represent only a niche product of poly(vinyl chloride) (PVC),
whose properties are tailored for this purpose using

" 4

¥oi &

¥ PLASTICIZED

PVC

considerable amounts of plasticizers. Nevertheless, this
matter is a cause of major concern because the migration

: of plasticizers is related to health issues. In consequence of
062 &‘g@ ? the classification of several commonly used PVC-plasticizers
as carcinogenic, mutagenic and a reproductive toxic,
stronger legislation was adopted, restricting its use for most
»< applications. However, for the scope of medical devices, the
development of alternatives to plasticized PVC is progressing, but alternatives especially for
red blood cell storage are not available yet. This review focuses on material alternatives to
plasticized PVC for healthcare applications, addressing reasons and risks of the exposure to
plasticizers and also comparing the implementation of less harmful plasticizers with potential
alternative polymer materials, also discussing concerns related to PVC. A major focus lies on

the material performance and the quality of the stored blood reserves.

Introduction

The early days of blood transfusion trace back to the 16th century, however first attempts
failed due to the lack of knowledge in angiology.l! With the revolutionary publication of
William Harvey’s experiments on the blood circulation in 1628, research into blood transfusion
became sounder.!? Nonetheless, transfusions involving humans often gave fatal results.

Observing potential agglutination of sera taken from “healthy” humans motivated Karl
Landsteiner to examine its agglutination reaction in depth.® He identified three different
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isoagglutinines!® and together with the proof of a fourth blood type without any
isoagglutinines,® the antigen-antibody reaction upon mixing incompatible blood samples
could be correlated with the antigen characteristics A, B, AB and 0. This deductions are
milestone in history, laying the scientific foundation of blood transfusion, for which Landsteiner
was awarded with the Nobel Prize in Physiology and Medicine in 1930. Another breakthrough
was achieved in 1940 with the work of Karl Landsteiner, Alexander S. Wiener and Philip Levine
discovering the Rhesus blood group system,® which to that date caused most adverse
transfusion reactions.

Around 1950, plastic bags for blood collection replaced the bulky and breakable glass bottles
used until then. Two more crucial drawbacks associated with the use of glass bottles are
inadequate sterility leading to blood contamination, and potential air bubbles causing
embolism during transfusion. Up until the 1980ies, almost all blood bags were fabricated from
poly(vinyl chloride) (PVC).!"!

PVC is a rather rigid and brittle polymer, for which reason plasticizers have to be added to
facilitate processing and to tune the materials’ final properties in terms of softness, flexibility,
and toughness.!® Usually di-(2-ethylhexyl)phthalate (DEHP) is utilized as plasticizer in large
amounts, which accounts for 30-40% by weight for PVC bags for intravenous administration
and medical tubings.[*®! Despite the toxicity of DEHP and the awareness of migration of DEHP
from medical devices made from PVC resulting in ultimate deposition in tissue (vide infra),
which is well known since the 1970ies,® DEHP-plasticized PVC has been hard to replace.
DEHP/PVC fulfills all requirements including mechanical (stability in terms of kinking, flexibility
and resilience), optical (transparency) and barrier performance criteria, is easily processed and
welded and furthermore is suitable for steam sterilization — all this at low cost.!”"#% Besides all
these specific material properties, the major reason to stick with this system is DEHP’s
stabilizing effect on red blood cells, allowing for a longer storage time of blood reserves.[!

In consequence of the addition of DEHP to the CMR list in the EU (carcinogenic, mutagenic and
reproductive toxicant substances), its use in European countries is restricted for most
applications, e.g., cosmetics or toys.['*'?! Despite emphasizing the risks in medical devices,
especially for sensitive patient groups, a general prohibition of DEHP-containing medical
devices has not been demanded, which is explained by the necessity to maintain established
health and life support.*® Yet, one may evaluate the use of plasticized PVC critically, and it is
important to consider alternatives, since the European Union only allows the use of materials
when justified in a benefit-risk analysis.'¥ In 2016, the annual use of plasticized PVC for medical
applications in Europe was estimated to approximate 3-10* tons, especially including
containers, flexible tubing and medical gloves.[*!! Still, to date no acceptable alternatives for
blood bags intended for red blood cell storage are available. Potential replacement of DEHP or
implementation of PVC-free materials will be discussed below.

Exposure to DEHP

Plasticizers, e.g., DEHP, are not chemically bound to a polymer matrix, for which reason they
may leach upon heating or in contact with fluids like blood reserves. The migration into blood
depends on temperature, the lipid content, the stabilizer solution and also storage time.[®*"!
The degree of leaching can vary from 10-15% of the available plasticizer.[#1®71 However,
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migration of DEHP and the resulting incorporation into the interior and membrane fractions of
erythrocytes also has a stabilizing effect of the erythrocyte membrane due to the reduction of
osmotic fragility, thus reducing hemolysis.[*>!8 As a result, series of studies have identified
DEHP and its metabolites in human tissue and sera of patients.

In addition to exposure to DEHP in the medical setting, also environmental sources, e.g., food,
lead to an ambient daily exposure. Based on the measurement of primary and secondary
excreted DEHP metabolites, the range of the daily body burden can be calculated. In 2016, it
has been estimated to 1-3 pg/kg bw/d for adults and 6-17 pg/kg bw/d for infants and children,
excluding medical and occupational exposure, with bw/d standing for body weight per day.
Depending on the respective medical treatment and its duration, the use of DEHP-plasticized
PVC may increase the exposure drastically. Highest extents of exposures for adults as well as
infants are 3 orders of magnitude larger than the usual daily exposure (see Table 1). These
values exceed the tolerable daily intake (TDI) of DEHP considerably, which is established at 48

ug/kg bw/d.0M

Table 1: Human exposure to DEHP without medical exposure (entries 1,2) as well as following medical
treatment with DEHP/PVC medical devices (entries 3-5). The examples given refer to treatments
resulting in the highest extent of exposure. (values taken from 1)

Exposure in pg/kg

A T - Time Peri
ge Group reatment - Time Period body weight per day
adults median exposure in daily life 1-3
infants and children median exposure in daily life 6-17
blood transfusion (trauma or ECMOQ? patients) - short term 8.000-10.000
adults
hemodialysis - chronic 2.200
neonates parenteral nutrition - weeks — months 6.000

a EMCO: extracorporeal membrane oxygenation

Metabolism of DEHP

DEHP is classified as a reproductive toxin (category 1B) impairing fertility and its carcinogenicity
cannot be ruled out (category 2B). However, the metabolic profile of DEHP differs in humans
and animals, such as rats.

At first, DEHP is hydrolyzed in the intestine by lipases to (mono(-2-ethylhexyl) phthalate)
(MEHP), which is rapidly absorbed together with DEHP.®°! This initial metabolism step is
qualitatively similar for all species, although hydrolysis is more effective in rodents than in
higher mammals or humans because of higher lipase concentrations.[?” Once absorbed, the
metabolites are distributed throughout the body, above all to fat, the lungs, the
gastrointestinal tract, liver, and kidney. This spreading resembles each other across species.?!!
Besides the intestine, liver, kidney, lungs pancreas and plasma also contain enzymes
hydrolyzing DEHP. However, since hydrolysis occurs more readily in the intestinal tract,
ingestion may be more hazardous than intravenous exposure.?? Finally, MEHP and other
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primary metabolites are further converted in the liver to secondary metabolites.?*! The crucial
point is, that these pathways differ across species. Rodents largely metabolize via oxidative
pathways, while primates and humans predominantly glucuronidate the metabolites before
excretion (see Figure 1).123:24

In conclusion, rats excrete unconjugated forms of DEHP and its metabolites, which are
biologically active. On the contrary, humans mostly excrete DEHP as glucuronides not having
toxic effects.''” The ratio between the glucuronides and the free, non-conjugated metabolites
is 0.13 for rats, but 3.5-5.3 for humans. In other words, while the major part (77.6% in males
and 84.2% in females) of DEHP’s metabolites are excreted as non-toxic conjugates in case of
humans/®®, rats excrete only 11.5% of the metabolites in a non-toxic form.1?¢! In particular,
alcohol and ketone metabolites are excreted mainly as glucuronic acid conjugates, while
carboxylic acid metabolites are only partially glucuronidated.?®! This is of high relevance when

©¢ |:> Humans
DEHP ‘ Mice

interpreting toxicological studies.

@f} Cﬁm“@?"

Figure 1: Major metabolic pathways and resulting metabolites of DEHP. White and black arrows assign the
probability, which correlates to the arrows’ size, of these pathways in mice and humans,
respectively. adapted from [24]

DEHP Toxicity and Carcinogenicity

Since the focus of this work lies on alternative polymer materials for blood bags, detailed
specification on toxicity and carcinogenicity studies goes beyond the scope. Reviews
comprising overviews on mainly rodent animal studies can be found elsewhere.’®! In the
following, most concerning conclusions from animal testings or in vitro studies are briefly
discussed in the context of human health risks.

Long term DEHP exposure of rodents shows that the plasticizer induces toxicity; most of all in
the kidney, liver, and testis. In order to investigate the impact of blood transfusions on
primates, rhesus monkeys were subjected to repeated blood transfusions through DEHP/PVC
tubing over one year, leading to hepatic dysfunctions and cholestasis.”"?”! The reproductive
and developmental toxicity is highly species-dependent, with rodents being most susceptible
to effects on the testicular function.*¥ Although the testes of cynomolgus monkeys were not
affected after high DEHP exposure?®, in vitro studies using human specimens are alarming. For
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instance, an in vitro study using human adult testis tissue showed a suppressed testosterone
production.?®! Furthermore, some indication for alteration in fetal germ cells were found.3"

The mode of action for carcinogenicity in rodents is ascribed to peroxisome proliferation, which
is mediated by the activation of a certain receptor (PPAPa).**3! This mechanism is not
considered to be relevant in the human liver because the level of PPAPo expression is lower,
thus not exceeding the threshold for this pathway.®? Yet, multiple molecular signals and
pathways in several cell types in the liver may be involved in hepatic tumor induction, which is
why a potential carcinogenicity of DEHP cannot be ruled out.!*

Besides these results, epidemiological studies can be analyzed for human risk assessment.
However, cause-effect deductions are weak, since for instance also a specific diet is associated
with many disorders. Furthermore, often single samples representative for a short term
exposure are taken and limited number of metabolites are measured. Nonetheless,
epidemiological studies associated with DEHP exposure of adult men found a small decrease in
testosterone levels in their blood. However, the decrease of this reproductive hormone level is
not biologically significant. On the other side, alteration in sperm concentration, morphology
and motility indicated a significant deterioration in semen quality.®3 Furthermore, a weak

association of DEHP with breast tumors was found.34

Summarizing, it is difficult to extrapolate the toxicity and carcinogenicity from animal studies
to humans, because not every tested species can be considered as a suitable model for studies
relevant to humans. Moreover, the meaning of studies on human cells has not been elucidated
completely, for which reason further investigation is necessary.

Nevertheless, the effects of DEHP and its metabolites shown so far identify male fetuses and
male neonates as well as patients with chronical illnesses to be most vulnerable. Consequently,
the safest solution would be the use of DEHP/PVC-free medical devices, especially for groups
at high risk, and hence the investigation of potential substitutes for PVC should be promoted.

Alternative Plasticizers

Because of the stabilizing effect of DEHP on erythrocytes and the optimum performance of
PVC, one way to address the health problems correlated with DEHP is to find non-toxic
plasticizers with similar advantages for storage time of blood reserves.

Huge efforts to classify potential alternative plasticizers for healthcare applications have been
made by, e.g., the Danish Environmental Protection Agency (EPA)B3 and the Scientific
Committee on Emerging and Newly-ldentified Health Risks (SCENIHR)!Y, who evaluated
migration and health effects of 10 and 8 alternative plasticizers, respectively (see Table 2).
These potential alternatives include phthalates, terephthalates, citrates, adipates,
trimellitates, cyclohexanes, sulfonates and vegetable oil derivatives (for chemical structure and
full name see Figure 2).

The first indication for the suitability of a potential substitute is its extent of leaching into liquids
used to simulate blood reserves. Oftentimes, human blood is simulated by water/ethanol
mixtures. From the plasticizers tested (for explanation of the abbreviations see Figure 2),
especially TOTM, DINCH and BTHC showed lower tendency to migration compared to DEHP.
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Furthermore, the exposure of patients to DEHP, TOTM and DEHA via plasticized tubings was
calculated, showing that the tolerable daily intake (TDI) of DEHP is far overshot, whereas the
critical thresholds for TOTM and DEHA were not exceeded. 3!

Figure 2: Chemical structures of the plasticizers for PVC discussed in this section. The corresponding substance
classes are circled.

Next, health issues caused by the uptake have to be assessed. Detailed information on the
toxicity can be found elsewhere.® Table 2 gives a condensed classification of toxicity obtained
from studies with animals. As discussed in the previous sections, deduction from animal studies
to human risks should be interpreted with caution because of differing metabolism
mechanisms and carcinogenic pathways. Regardless of the validity of the results for human
hazards, plasticizers with generally low toxicity would be favorable. From that point of view,
DEHT, BTHC and ESBO could be promising alternatives to DEHP. ESBO only shows subchronic
toxicity, mostly affecting liver and kidney, which applies to all substances tested.

Another important consideration is the uptake of the plasticizers in the body. For instance,
TOTM and DEHT are poorly absorbed via the gastrointestinal tract, however data concerning
intravenous uptake are still required.®® For DINCH, a subacute intravenous toxicity study did
not indicate irreversible, but reversible effects on hematological parameters.”!

Besides these health aspects, the stabilizing effect for red blood cells is of great interest, since
comparable storage times are essential for the use of other plasticizers in PVC blood bags. For
this purpose, three characteristic values can be measured over time, namely hemolysis, the
2,3-DPG level (2,3-diphosphoglycerate) and the ATP level (adenosine triphosphate) of the
stored blood. Comparisons between studies have to be drawn with caution, since these values
depend not only on the plasticizer used, but also on the additive solution implemented or
eventual mixing protocols during storage.*® Blood collections are always stabilized with an
additive solution, including substances to prevent coagulation (e.g., citrates), a buffer to
prevent a pH drop caused by lactic acid produced during anaerobic glycolysis (e.g., phosphate
buffers), sugars that can be metabolized (e.g., dextrose, glucose, mannitol), and adenine, which
promotes ATP and 2,3-DPG synthesis.5
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Table 2: Summary of the migration, toxicity and carcinogenicity of alternative plasticizers listed by the
Danish EPA®®! and SCENIHR[!], adapted from [36]

Alternative Migration Endocrine Reproduction  (Sub)chronic Carcino-
PVC Plasticizer compared to DEHP Activity Toxicity Toxicity genicity
DEHP reference v v v v
DINP g oy no specific v v v
data
1
DEHT <& (in oil and hexane)3" x x v uncertain
& (in soapy water)3%!
ATBC 1 (133 x v v x
BTHC g no specific % v no specific
data data
o v v v
DEHA 4 63 x
DINA NS no specific v v v
data
af[11] .
TOT™ 4 < v v no specific
4 (25-300x)! data
o v v v
DINCH x
4 (3-10x)B5)
ASE 1 (in water)B no specific v v no specific
4 (in ethanol)B data data
i
ESBO low volatility no speatic x v x
data

The arrows 1, &, and < indicate a higher, lower, or similar migration of the plasticizer in comparison to DEHP, respectively.
a much lower migration was reported, but TOTM-based materials contain significant DEHP and DEHT impurities.

In the following, the red blood cell (RBC) concentrate quality during storage is evaluated for
PVC blood bags plasticized with DEHP, DINCH and BTHC.“”) The temporal development of the
characteristic values for the three different blood bag systems is shown in Figure 3. The
concentrates were stabilized with a saline-adenine-glucose-mannitol (SAG-M) additive
solution, a hypertonic additive without a buffer, for which reason the pH value can be
interpreted as well.

Hemolysis describes the rupturing of red blood cells and can be back calculated from the
hemoglobin concentration. The European maximum limit of hemolysis is defined at 0.8%. The
amount of hemolysis is significantly higher in BTHC/PVC bags than in DINCH/PVC or DEHP/PVC
bags, exceeding the limit on day 43 (Figure 3a).

Besides, the extracellular pH value over time was evaluated, showing a continuous decrease
for all three systems, yet remaining above 6.5 until day 43. During the latter half of the storing
period, BTHC/PVC bags exhibited the lowest pH Figure 3c). These alteration in pH are driven by
the metabolic changes. Glucose consumption and lactate production correlate with metabolic
rates, being highest in BTHC/PVC blood bags (Figure 3d). The rate of 2,3-diphosphoglycerate
(2,3-DPG) production, a molecule that can bind to desoxyhemoglobin, is an indicator for the
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intracellular red blood cell pH value. The 2,3-DPG concentration decreased for all three systems
from day 5 to day 21, with BTHC/PVC bags showing higher values than DEHP/PVC and
DINCH/PVC bags. With 1.1+0.5 mol/mol Hb, 0.5+0.4 mol/mol Hb, and 0.4+0.4 mol/mol Hb,
respectively, all values are in the same range, giving no additional information.

Figure 3: a) Percent hemolysis, b) ATP concentration, c) pH values at 22 °C, and d) glucose and lactate
concentration in red cell concentrates stored in pediatric bags with SAG-M additive solution. The
bags were composed of either DEHP/PVC (solid, grey line/diamonds), DINCH/PVC (dashed, dark grey
line/squares), or BTHC/PVC (dotted, light grey line/triangles).2d2pted from [40]

Finally, the concentration of adenosine triphosphate (ATP), an energy-carrying molecule, are
compared. ATP levels correlate with in vivo recovery. Negative consequences in terms of red
blood cell recovery are found below 2-3 umol/g Hb in 75% of the units tested. The ATP content
showed a characteristic decrease, but no significant differences among the three systems
investigated could be detected (Figure 3b). Yet, only DINCH met the accepted ATP level of
2.7 umol/g Hb.[4Y

In conclusion, DINCH is a promising alternative for DEHP, whereas the concentrate quality is
deteriorated when using BTHC as plasticizer. Since the migration of DEHP is an order of
magnitude higher in DEHP/PVC systems than in DINCH/PVC but the characteristic values
discussed do not differ remarkably, these results suggest a different interaction of the non-
aromatic DINCH with PVC, but also the red blood cell membrane.

Within this framework, it should be mentioned that other plasticizers like BTHC were already
introduced for commercial products, especially for platelet storage. Since the storage
conditions and material requirements like high oxygen permeability differ from those for red
blood cells, on which the focus is laid in this review, their discussion is omitted. Surprisingly,
BTHC/PVC bags are FDA approved due to its slower leaching and stated lower toxicity and
hence available on the US, Canadian and Scandinavian market.!”#?! This is argued with its
metabolites hexanol, butyric acid, and citric acid, which are unlikely to accumulate in the
body.*3! However, due to the higher price, bad smell and skin irritation in some medical
employees, BTHC has not been widely adopted.!”!
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Although most alternative plasticizers show a better toxicological profile with higher margins
of safety, missing toxicological data for humans or endocrine activities in animal studies give
reason for health concerns. Since these plasticizers are used in other products such as food
contact materials and toys as well, future risk assessment is mandatory.

Lifecycle Impacts of PVC

Another reason for which it would be judicious to consider alternative non-PVC materials are
the hazards related to poly(vinyl chloride). Even though mass streams of PVC for healthcare
applications are small, with approximately 25% of all plastics, PVC is the most widely used
polymer in medical devices.!'”

Figure 4: Lifecycle Hazards of PVC.

The lifecycle of PVC (see Figure 4) starts with ethylene dichloride (EDC), which is produced by
an iron(lll) catalyzed reaction of ethylene and chlorine. In 2002, the annual quantity produced
was estimated to be nearly 20 million tons.!** EDC is possibly carcinogenic and moreover toxic
especially when inhaled, the latter also applying to its starting material chlorine. Approximately
95% of the world’s production of EDC is converted to vinyl chloride by thermal decomposition;
again, a chemical being toxic and carcinogenic. After polymerization of vinyl chloride, the
material properties of PVC are tuned by processing PVC together with additives, e.g., by
extrusion or injection molding. Additives comprise plasticizers such as DEHP discussed so far,
whose amounts range around 40%.1*°! On top, the most crucial additives are heat stabilizers,
because PVC degrades above 70 °C and is sensitive to light and heat. For rigid PVC, up to 15%
of thermal stabilizers need to be added to trap the hydrogen chloride released upon
degradation.'®%! Barium-zinc additives are very effective heat stabilizers but restricted for
medical applications in some countries, which is why calcium-zinc formulations are often used
for healthcare application.[*%%] Other additives like fillers, flame retardants, impact modifiers
or pigments account for a relatively small proportion.[4°]

After use, post-consumer waste of PVC is either incinerated or landfilled. The proportion of
post-consumer waste PVC recycling is very low around 3%. Although the amount rises steadily,
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obstacles concerning methods for separation or reprocessing of mixed PVC waste or composite
materials have to be overcome. In contrast, with 80% most pre-consumer waste, i.e., waste
generated during production or from the handling or installation of PVC products, is recycled,
since it can easily be collected separately in defined qualities.!*>4°!

Upon incineration, energy can be recovered from the combustion heat, but the gas and liquid
effluent have to be treated. Most additives can be burned to form carbon dioxide and water,
but the release of heavy metals and emission of dioxins and greenhouse gases cause global
problems.[*>471 Yet, state-of-the-art technologies for waste incineration are capable of
suppressing HCl and dioxin emissions.** When the waste is landfilled under soil buried
conditions, additives like stabilizers and plasticizers are released from PVC, but also dioxins and
aromatic hydrocarbons are formed if carbon, chlorine and metal components are present, and
leach into the landfill water, contaminating local ground water.!4>48]

The recycling processes include mechanical and chemical recycling. For mechanical recycling,
first pure fractions of PVC are separated from other materials, which are shredded and finally
converted into re-granulates by afterwards using mills and extruders.[*! Few high quality
mechanical recycling processes exist for single product groups like bottles, pipes or window
frames. For example, the Vinyloop® mechanical recycling processes developed by Solvay shows
best performance and can already compete with landfilling in terms of costs.[*] On the
contrary, for chemical recycling of mixed PVC waste, the processes are still in the research
phase. Most aim at the production of liquid organics and gases which can replace primary oil-
or gas-based resources.[*”! Nevertheless, recycling processes are still limited and energy
recovery by incineration is too low, which is why landfilling dominates. Together with the
benefits coming along with the disuse of harmful plasticizers, a successful phase out of PVC
would improve environmental pollution and health issues.

Alternative Polymer Materials

In order to prevent leaching of plasticizers from the polymer material used in medical devices,
two approaches are possible. On one hand, the PVC could be co-extruded or non-plasticized
PVC could be blended. For the first approach, an inner layer of unplasticized material is used as
a barrier.”] Alternatively, non-plasticized PVC itself is blended with another polymer to tailor
its properties without facing the issue of plasticizer leaching. For this purpose, especially
polyethylene vinyl acetate (EVA) has been used successfully. EVA itself cannot replace PVC due
to its tackiness and poor kinking resistance. However, blends of PVC and EVA are appropriate,
with higher EVA contents resulting in an increased flexibility, impact strength and
transparency.!*”

On the other hand, plasticized PVC might be replaced completely by a polymer material with a
similar property profile without the addition of plasticizers. Several polymers theoretically
fulfilling the basic prerequisites for the use in medical devices have been identified (see Table
3).["131 The application of plasticized PVC in the construction sector, e.g., for pipes or flooring,
is beyond the scope of this review. Criteria which have to be taken into consideration when
targeting healthcare applications are not only the physical and mechanical properties, but also
chemical and sterilization resistance as well as welding capabilities. !
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Table 3: Overview of the physical and mechanical properties, transparency, welding capability and
sterilization resistance of potential alternative polymer materials to PVC.[10:4%50]
Alternative Welding Sterilization
. Physical and Mechanical Properties Transparenc I .
Polymer Material ¥ P P v Capability Resistance
- good kinking resistance
- wide temperature application radio- EO, steam
Poly(vinyl window frequency, and
. e transparent L
chloride) (PVC) - flexibility, impact strength and and thermal radiation
toughness achieved using welding sterilization
plasticizers
- chemically resistant
Polyolefins - flexibility, impact strength and ultrasonic,
. transparent,
(ethylene- toughness adjustable by ot dependent hot gas and EO
propylene comonomer ratio y P . friction sterilization
- . on crystallinity .
copolymers) - reduced gas permeability with PP welding
content
- thermal and oxidative stability after
hydrogenation EO, gamma,
Hydrogenated - flexibility, impact strength and ultrasonic UV and
styrene-diene toughness adjustable by and electron
; transparent ) .
copolymers (SEBS comonomer ratio vibration beam
/ SEPS TPEs) - permeability expected due to welding radiation
segmental motion of non-vitrified sterilization
rubbery phase
- flexibility, impact strength and
transparent, .
. toughness dependent on the ultrasonic EO
Polyamides . yet dependent . e s
number of methylene units on crvstallinit welding sterilization
- swelling in water (except PA 12) ¥ ¥
- low-temperature flexibility transparent radio
- flexibility, impact strength and P Y EO and high-
. but brownish frequency,
Polyurethanes toughness, as well as hydrolytic . . . energy
- discoloration ultrasonic L
(TPUSs) stability dependent on the soft . radiation
upon high UV and thermal I
segments - e . sterilization
. . irradiation welding
- poor kinking resistance
- wide temperature application EO, steam,
ind - toclave,
window . difficult to autociave
- low-temperature flexibility .. gamma, and
s . . weld or join,
Silicones - high gas permeability transparent . electron
. . L adhesives
- high biocompatibility beam
. needed .
- wide range of hardness radiation
- chemically resistant sterilization
- flexibility, impact strength and IR welding
Fl i- E E
uoropolymers tou'ghness tuna'ble by copolymeri transparent, (PTF ),' o,
(PTFE or zation of TFE with ethylene ultrasonic autoclave,
. . . yet dependent
copolymers with - permeation resistant on crvstallinit and hot gas and steam
ethylene (ETFE)) - chemically inert, unless exposed to ¥ y welding sterilization
gamma or electron beam radiation (ETFE)
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- flexibility, impact strength and

Copolyesters . ultrasonic
POy toughness tunable by second diol ’
(e.g., . transparent, laser, and
implemented ) EO
polyethylene - yet dependent radio- -
- low-temperature flexibility . sterilization
terephthalate low eas permeabilit on crystallinity frequency
glycol (PET-G)) gasp ¥ welding

- limited by processing constraints

Disadvantages rendering a material inadequate for complete PVC replacement are highlighted by italic letters.

Besides these general aspects of transparency, weldability and sterilizability, material
requirements change with the intended healthcare application. While skin contact devices like
wound aids are soft-touch materials with a high flexibility, medical tubes are rather hard
materials allowing bending but preventing kinking. Medical bags have to be flexible when they
are squeezed (Young’s modulus should be less than 0.1 GPa), but at the same time rigid and
resilient in order to withstand high g-forces because of centrifugation up to 5000 xg (tensile
strength should be greater than 40 MPa).P!

Moreover, medical bags for blood collections face special requirements regarding gas
permeability and temperature application window. The collection of the whole blood occurs at
physiological temperatures of around 37 °C, but plasma is stored at temperatures of -40 °C,
whereas red blood cells are stored at 2-6 °C. On top, the material used for platelet storage must
be permeable to gases such as oxygen and carbon dioxide to maintain viability (oxygen flow of
10-20 pumol-h?).BY If oxygen tensions are low, metabolization of glucose by glycolysis is
enhanced (Pasteur effect), leading to an increased rate of lactate production and thus a low
pH, which impairs viability.®? Consequently, the material has to allow an easy entry of oxygen
to favor aerobic metabolism.>>>* Furthermore, the efflux of carbon dioxide is important, since
it corrects the pH of the storage medium by shifting the equilibrium of bicarbonate protonation
towards the products, namely water and carbon dioxide (Le Chatelier).l>¥

Among the summarized materials, polyolefins and hydrogenated styrene-diene copolymers
should be emphasized, since they are easily processed, sterilized, and can compete with DEHP-
plasticized PVC in terms of material performance. For instance, copolymer resins of ethylene
and octene with less than 20% of octene show appropriate toughness and elasticity, are
transparent and sealable.’® Even though the use of other alternative polymers is limited,
oftentimes coextrusion of several non-PVC polymers can solve the issue.

This approach has been tested with polyolefin as a barrier layer, e.g., polypropylene (PP) or
linear low-density polyethylene (LLDPE), and a second layer made of polyamides,? styrenic
block copolymers (SEBS),*® ethylene vinyl acetate copolymers (EVA),*”) or blends of
polyurethanes and polyesters®®. Although these films mostly fulfill the requirements like good
physical properties, barrier properties, weldability and in some cases also autoclaving, they are

not successfully commercialized because of their high cost.”

The implementation of polyolefin medical bags for platelet containers and pre-mixed drugs for
intravenous injection has progressed a lot now having a considerable market share, since they
exhibit improved storage conditions and shelf-life due to their oxygen permeability.>%>!

Attempts to use polyolefin blood bags for red blood cell storage have been made as well,
however facing opposite effects. The storage of red blood cells stabilized with a saline-adenine-
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glucose-mannitol (SAG-M) additive solution with phosphate buffer was compared in the
polyolefin blood bags produced by Baxter and DEHP-plasticized PVC blood bags in 2001.15%

The absence of the plasticizer DEHP and the stabilizing effect of the erythrocyte membranes
coming along with its migration resulted in a 4 times higher hemolysis in case of the polyolefin
bags. Besides, lower ATP concentration were observed in case of the polyolefin bags, while the
rates of glucose consumption and lactate formation was comparable. This was attributed to
the high gas permeability, leading to higher oxygen partial pressures and lower carbon dioxide
partial pressures throughout the whole storage time. High oxygen levels may have caused
oxidative stress, whereas the loss of carbon dioxide affected the intracellular buffer system.

A recent project funded by the European Commission evaluated the storage of red blood cells
in novel polyolefin blood bags.[”’ The bags are made of a three-layered film of polypropylene
with the inner layer designed for blood contact, the middle layer modified to allow sealing and
the outer layer providing a certain durability.!*> Red blood cell concentrates were stabilized
with either phosphate-adenine-guanosine-glucose-saline-mannitol (PAGGS-M) or phosphate-
adenine-guanosine-glucose-sodium gluconate-mannitol (PAGGG-M) additive solutions, which
are isotonic and associated with low levels of hemolysis (Figure 5).[6%

The extracellular pH decreased during storage for both additive solution, which is less
pronounced for PAGGS-M due to a slower glucose consumption and lactate production.
However, with pH values of 6.3 and 6.2 for PAGGS-M and PAGGG-M after 6 weeks, respectively,
the decrease in pH is much more pronounced in comparison to DEHP-plasticized PVC (see
Figure 3, pH>6.5). Beyond that, increased hemolysis with levels exceeding the European
maximum limit of 0.8% were reached even after 3 weeks (Figure 5a), thus not being
competitive against DEHP-plasticized PVC (see Figure 3, hemolysis <0.4% after 6 weeks). At
least, sufficient ATP levels could be observed for PAGGG-M solutions (Figure 5b), with
4.6 umol/g Hb even outperforming plasticized PVC (see Figure 3, c(ATP)~2.7 umol/g Hb).[*"!
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Figure 5: a) Percent hemolysis, and b) ATP concentration in red cell concetrates stored in polyolefin bags with
PAGGS-M (filled symbols) or PAGGG-M (opened symbols) additive solution, 2#apted from [15]

In conclusion, although ATP levels are superior compared to plasticized PVC or to polyolefin
bags tested before,!®® the inability to prevent excessive hemolysis does not make them an
appropriate PVC-substitute. Above that, technical challenges in meeting the performance
standards of PVC still need to be overcome, due to the lower mechanical stability of polyolefin
plastics.[7:10

Recent development of styrenic thermoplastic elastomers for healthcare applications was
promoted by Ineos Styrolution, centering huge knowledge by the joint venture and later
buyout of BASF and the acquisition of a product line from Chevron Philips.[®253! Their materials
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find application for instance for intravenous tubings, bags and drip champers, but also soft
applications like wound aids.*¥ The underlying concept is based on the coupling of Styroflex®
to star-shaped architectures (Figure 6a).1%!

Styroflex® is a flexible and tough TPE featuring a triblock structure with two polystyrene end
blocks and a random, hydrogenated butadiene-styrene mid block (Figure 6a, top). The
formation of the random mid block is achieved implementing a sterically hindered tertiary
alkoxide like potassium triethylcarbinolate as a randomizer./®! Using this randomizer, low 1,2-
vinyl contents preserving high thermal stability, and at the same time outstanding material
properties (Young’s Modulus = 120 MPa and elongation at break > 650%) are achieved.®?
Furthermore, Styroflex® is easily processed and exhibits high oxygen permeability.

The hardness of the respective material is fine-tuned by coupling of this triblock copolymer into
star-shaped architectures and subsequent plasticizing with food-approved plasticizers, e.g.,
mixtures of mineral oils and vegetable oils like low-aromatic paraffinic or naphthenic oils and
rapeseed oil, respectively./®® Epoxidized soybean oil is preferentially chosen as coupling agent,
which gives star-shaped structures with commonly four branches due to two epoxy groups in
combination with one ester group, which reacts with two living chain ends. The efficiency of
this coupling step ranges around 70% consequently giving also 30% of linear chains, which
become terminated during the coupling step.!®3 Low contents of the plasticizing oil mixture,
which is metered in during the extrusion of the star-shaped multiblock copolymer, lead to a
rather hard material finding application for tubings and bags, whereas higher contents result
in soft-touch materials (see Figure 6b).1%%

a) Coupling approach to star-shaped architectures b) Fine-tuning of the material‘s
hardness using a plasticizing oil
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Figure 6: Concept for a control over the hardness of styrenic thermoplastic elastomers. a) Schematic
visualization of the block copolymer structure of Styroflex® and the star-shaped architecture
obtained by coupling with epoxidized soybean oil. b) Plot of the material’s hardness against the
content of mixture of a mineral and a vegetable oil used for plasticizing. 2d2pted from [62]
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In pronounced contrast to plasticized PVC, only small amounts of comparably non-polar
plasticizers have to be introduced, which together with the star-shaped architecture results in
negligible bleeding.[®® Furthermore, drug absorption below levels of plasticized PVC are
reported.[®?l However, studies on the red blood cell quality upon storage in styrenic block
copolymer blood bags are currently not accessible.

Currently, TPEs are comparably high priced, but they are available in uniform grades and can
easily and rapidly be processed by injection molding or extrusion on standard equipment.
Furthermore, TPEs are suitable for chemical and mechanical recycling, thus contributing to a
circular economy.®¥ Market analyses determine the market size of medical styrenic block
copolymers to 535.5 million USS and anticipate an average annual growth rate of 8%.%! This is
reasoned on one side in its material properties with regard to performance (strength, flexibility)
and safety (non-allergic, non-toxic, easily sterilizable by ultraviolet radiation) and on the other
side due to rapid evolution in medical technologies.

In conclusion, styrenic thermoplastic elastomers are a very promising material class, for which
further research has to be pursued in order to identify acceptable alternatives to plasticized
PVC for red blood cell storage, so that precautions especially for the treatment of vulnerable
patient groups can be taken.

Conclusions

Every year, 16 million blood bags are used in Europe alone, which equals about 1.7 million
kilograms of PVC and 1 million kilograms of phthalate plasticizers, causing a massive burden on
the environment.!”! Besides blood bags, also other intravenous bags should be manufactured
of PVC-free materials in the future, since in the European Union about 150.000 people depend
on frequent dialysis, equaling 21 million tons of PVC and over 6 million tons of plasticizer every
year.

The amount of this material is one reason to push the replacement of PVC by a material of
lower density, which can ideally be recycled in a large proportion. Moreover, the negative
impacts of plasticizers on patients but also on the environment is huge. Therefore, the use of
alternative plasticizers for PVC might minimize patient exposure to potentially toxic
substances. However, it would not solve the environmental problems of PVC itself.

Fortunately, alternative intravenous bags based on polyolefins or styrenic thermoplastic
elastomers are available on the market. Both polymer classes are easily processable,
sterilizable and possess a similar property profile to DEHP-plasticized PVC. Though, evaluation
of the red blood cell viability in blood bags made of polyolefins revealed high hemolysis levels.
Concerning the discussed bags made of styrenic thermoplastic elastomers, plasticizers, albeit
less polar and not prone to migration, have to be introduced to tune the material’s hardness.
In addition, studies on the blood quality upon storage are currently not accessible. Therefore,
at present no alternative polymer materials to DEHP-plasticized PVC intended for red blood cell
storage have been introduced to the market.

In spite of higher cost, especially sensitive groups, should have access to a treatment with
medical devices fabricated without harmful substances for precautionary reasons. These
include neonates and infants prone to high exposure levels because of their low body weights,
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pregnant women, and people with chronic diseases. Furthermore, developing manufacturing
processes and gaining market share of materials with a life-cycle perspective offers the
opportunity of lowering cost for waste handling and the purification of exhaust gases. Another
outcome could be a minor contribution to climate change by the emission of greenhouse gases.
In consequence, ongoing research and development of alternatives to plasticized PVC is
essential.
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€l% 400 kg:mol?* and block numbers
ranging from 3—13 with either a sharp or tapered composition were investigated by small angle
x-ray scattering and tensile tests. While the sequential multiblock copolymers exhibited strong
segregation into lamellar morphologies, their tapered counterparts showed only weak ordering
to perforated layers. On the other hand, the tapered structures exhibited accessible order-
disorder transition temperatures for low molar masses and high block numbers. The domain
spacing was found to scale as d~N°®. In the sequential multiblock copolymers, S was in general

higher than in the corresponding tapered copolymers suggesting higher chain stretching and
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non-Gaussian conformations. In addition, the domain spacing was found to scale with the
number of blocks in (AB),A type copolymers revealing predominant bridged (looped) chain
configurations in the sequential (tapered) multiblock copolymers. Generally, tensile tests
revealed high toughness (20—70 MJ-m3) for the multiblock copolymers with at least two rigid,
i.e., hard, polystyrene blocks, with the tapered structures being softer and more flexible.
Stiffness increased with increasing block number, reflecting their smaller domain sizes.
Moreover, the maximum deformation was found to increase with overall molar mass. With
their soft, albeit resilient properties, these materials are promising for the replacement of
plasticized polymers, e.g., pol(vinyl chloride), avoiding release of plasticizer.

Introduction

Block copolymers stand out due to the chemical linkage between different polymer chains,
which in contrast to blends of homopolymers allows the desired nanophase separation at
sufficiently high molar masses.!*) This formation of different domains consisting of the
individual polymers gives access to “new” materials with optimized mechanical properties
which excel the individual components.?

A common approach is the combination of a rather brittle and stiff polymer exhibiting a high
glass-transition temperature (high-Tg), e.g., polystyrene (PS), with a soft and rubbery polymer
with a low glass-transition temperature (low-Tg), e.g., polyisoprene (P1).3! In this way, either
elastically as well as plastically deformable thermoplastic elastomers®! or high impact
materials® with an operating window from roughly -65 °C (T(P1)) up to 100 °C (T,(PS)) are
obtained, depending on the ratio of both comonomers. However, a simple AB diblock
architecture cannot impart the required mechanical properties. The architecture has to be
extended to an ABA triblock structure to ensure high mechanical stability, with A being the
high-T; component forming vitrified domains.®

Primarily, the properties are governed by the molar mass, the incompatibility, and the volume
fraction of the constituent polymers, dictating the morphology formed upon nanophase
separation.”®° Beyond this, chain conformation strongly affect the mechanics, with bridged
mid blocks mainly being responsible for elasticity.!*”) With the vitrification of the high-T, phase,
chain pullout is impeded, thus providing resilience. Apart from that, the domain orientation
affects the mechanical response, with randomly oriented fingerprint morphologies possessing
higher ductility and toughness compared to oriented lamellar morphologies.** However,
without external strain application during processing, defect-free block copolymer phases are

improbable.[*?

AB diblock as well as ABA triblock copolymers have been investigated most extensively,
providing a deep understanding of their bulk behavior.®! Further extension of the block
sequences towards multiblock copolymers offers new potential for structure and rheology
control. However, most studies focus on the realization of very tough and resilient materials,
which is why structures with two polystyrene end blocks (S1)»S (with n=1) or multiblock
copolymers with an even number of blocks (SI), (with n>1) were emphasized.®*3-"] Regarding
structures with two polyisoprene end blocks (IS)al, only ISI triblock copolymers have been
investigated and compared to its SIS and IS counterparts, with most studies focusing on high
impact polystyrene.[7:1819]
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However, the introduction of two polyisoprene end blocks in tri- and multiblock copolymers
shortens the individual Pl block length compared to a structure with an even block number at
constant comonomer ratio. This can be expected to influence the Pl domain sizes. Moreover,
the two flexible end block leading to dangling chains might cause an internal plasticizer effect
and further restrict the chain conformation of the polystyrene mid blocks by forcing both block
junctions to be located at the domain interface.

Apart from the fundamental question of the effect of two flexible end blocks on the materials’
properties, the design of the polymers is driven by the intended application for blood bags,
leading to a non-bleeding and chlorine-free alternative to plasticized poly(vinyl chloride). The
latter causes major concern because of migration of the plasticizer, which is linked to health
issues. Besides general aspects like transparency, weldability and sterilizability, special
requirements have to be met for a certain medical application. Medical bags need to be flexible
when they are squeezed (elastically deformable, Young’s modulus Emoduiuis<100 MPa), but at the
same time have to withstand g-forces because of centrifugation (rigid and resilient, toughness
U>40 MPa).? With the combination of two flexible end blocks with several polystyrene mid
blocks, both high flexibility and resilience are targeted. The development of alternatives to
plasticized poly(vinyl chloride) (PVC) is progressing, with Ineos Styrolution providing
thermoplastic elastomer-based (TPE) approaches.l?*??l Their materials are based on
hydrogenated PS-b-P(B-ran-S)-b-PS triblock copolymers,?) which are coupled to star
architectures using epoxidized soybean oil.?*) However, the TPE’s softness is again fine-tuned
metering in a plasticizer, endowing properties for intravenous tubings, bags and drip champers
(5% of the plasticizer), but also very soft materials for wound aids (30% of the plasticizer).?”
Yet, only small amounts of comparably non-polar, food-approved plasticizers, e.g., mixtures of
a of mineral oils and vegetable oils, are sufficient, which in contrast to plasticizers used in PVC
do not tend to migrate into the polar medium of the reserve.??

Within this work, we present the first systematic investigation of (IS)nl type multiblock
copolymers covering a wide range of molar masses and block numbers. These well-defined
structures are synthesized by living carbanionic polymerization, which offers high precision in
terms of dispersity, molar mass, compositional and structural homogeneity.?26271 The
influence of the polymer chain structure, i.e., the presence of two flexible polyisoprene end
blocks and moreover a systematically varied number of vitrifying polystyrene mid blocks on the
mechanical properties will be characterized and discussed in context of the respective
morphologies. In addition, for each chain composition polymer structures with varying
segregation strength are compared. For this purpose, both tapered and sequential block
structures differing in their block profile were synthesized. Tapered block copolymers are
gradient copolymers with gradual transition between the polyisoprene and the polystyrene
block. This broadened interface increases miscibility and at the same time shortens the
effective polystyrene block length by the incorporation of several styrene repeating units
within the polyisoprene-rich block.
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Experimental Section
Materials and General Polymerization Procedure

The solvent cyclohexane (Fisher Science, 299.8%) was dried over sodium with benzophenone
as an indicator. Methanol (MeOH, Fisher Science, 299.9%) was used as purchased. The
stabilizer of isoprene (I, Acros Organics, 98%) and styrene (S, Acros Organics, 99%) was
removed by filtering the monomers through a column containing basic aluminum oxide and
purified hereafter by degassing and distillation over calcium hydride (Acros Organics, 93%) and
trioctylaluminium (Sigma Aldrich, 25 wt% in hexanes). Sec-Butyllithium (sec-Buli, Acros
Organics, 1.3 M in cyclohexane/hexane (92/8)) was used as supplied.

All purification and reaction steps were conducted under Schlenk condition, meaning that all
glassware was flame-dried three times prior to use and all manipulations were carried out
either under high-vacuum (1103 mbar) or an argon atmosphere. First, the monomers were
dried under reduced pressure and room temperature over ground calcium hydride over night
after degassing by three freeze-thaw-cycles. On the next day, the monomers were distilled into
a flask containing trioctylaluminum obtained by evaporation of the solvent under reduced
pressure. Again, purification was performed over night at room temperature and reduced
pressure. Then, the monomers were distilled into a graduated ampoule, which was flooded
with argon after thawing. Cyclohexane was freshly distilled under normal pressure and drained
into an evacuated glass reactor with a Nd stirring bar. The reaction flask was flushed with argon
after cooling cyclohexane to room temperature. The ampoules were mounted to the reaction
flask with transition pieces connected to the Schlenk line.

The initiator sec-BuLi was added to the solvent in an argon counterflow. Subsequently, the
whole glass apparatus was sealed, and the solvent was heated to either 40 °C or 60 °C for the
preparation of tapered or sequential block copolymers, respectively. Then, the first monomer
feed was added under vigorous stirring. The reaction time for each pure block or tapered
diblock was calculated using a kinetic Monte-Carlo simulation. Typical reaction times per block
or tapered diblock sequence ranged between 30 min and 5 hours, depending on the
concentration and temperature. Details can be found in the Supp. Inf. of previous
publications.®?®! To guarantee full monomer conversion, the calculated reaction times were
extended by 10%. After all monomer feeds and their consumption, the living chain ends were
terminated by addition of methanol in an argon counterflow. The polymers were precipitated
pouring the reaction solution into a 5-10-fold excess of methanol, dried at reduced pressure
for at least one week and stored in the absence of light at -20 °C under argon atmosphere.

Small-Angle X-Ray Scattering

SAXS measurements were recorded using CuKa radiation (Rigaku Micro Max 007 x-ray
generator, Osmic Confocal Max-Flux curved multilayer optics). 2D diffraction patterns were
recorded on an Mar345 image plate detector at a sample-detector distance of 2060 mm.
Intensity distributions as a function of the modulus of the total scattering vector,
g=(47/21)-sin(26/2), where 20 is the scattering angle and 1=0.154 nm is the wavelength, were
obtained by radial averaging of the 2D datasets. Samples in the form of films with a thickness
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of 0.25-0.45mm were prepared by slow solvent casting. Temperature-dependent
measurements of 1 hour long with 1 hour of equilibration at each temperature were made by
heating the films from 303 K—423 K in 30 K steps and subsequent cooling.

Tensile Testing

Tensile tests were performed using either an EZ-LX HS universal testing machine (Shimadzu) or
a Z005 materials testing machine (Zwick/Roell) both having pneumatic grips (pressure 5-7 bar).
All films were prepared by dissolving 1.50 g of the azeotropically dried polymer in 22 mL
chloroform with one grain of BHT to prevent crosslinking, casting the solution into a teflon
mold, followed by slow evaporation (3-7 days) at room temperature and normal pressure and
finally full removal of the solvent under reduced pressure. Dogbone shaped specimens
(60 mm full length x 4.5 mm notch width x 0.25-0.45 mm thickness) were stamped out of the
films without prior thermal annealing. With this, the thickness is at least 2-3 times the domain
spacing (d max=123 nm), eliminating the probability of a dependence of the elastic moduli on
the film thickness.?®! The specimens were clamped with a distance of 32 mm and uniaxially
stretched with a rate of 10 mm-mint at room temperature. A pre-load of 0.1 N was applied to
take sample deflection into account. Characteristic parameters were determined averaging
over 3-6 independent experiments.

Some extraordinarily resilient specimens did not rupture but slid out of the grip. Therefore, for
the determination of ultimate parameters like stress and strain at break as well as toughness,
only ruptured specimens were taken into account. If all measured specimens slid out, the
values are marked with an asterisk and are most likely underestimated.
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Results and Discussion

Polymer Characterization

Various previous works showed that the statistical copolymerization of isoprene and styrene
in nonpolar solvents like cyclohexane results in the formation of a tapered diblock structure
with a gradual transition from polyisoprene to polystyrene.l®?! Repeating this statistical
copolymerization steps permits the synthesis of tapered multiblock copolymers. Figure 1
visualizes the tri- and multiblock copolymers studied in this work exemplified for one overall
molar mass. Furthermore, the volume fractions of every polyisoprene and polystyrene block
are denoted for the sequential multiblock copolymers. The tapered structures (Figure 1, left)
are simulated based on the reactivity ratios of isoprene and styrene ad 40 °C in cyclohexane
(rn=10.9 and rs=0.029).[2%!

tapered multiblock copolymers sequential multiblock copolymers

/ triblock 32 vol% PI B6 vol% P§

= 7{_,_f L 7_,_,.—/ pentablock 21% 18%
7_,-f | 7_,_,,/> | heptablock 16% |12%

w w nonablock 13%  |9%

undecablock N% 7%

tredecablock 9% 6%

total 70 mol% isoprene, 30 mol% styrene total 70 mol% isoprene, 30 mol% styrene

total 64 vol% polyisoprene, 36 vol% polystyrene total 64 vol% polyisoprene, 36 vol% polystyrene

Figure 1: Visualization of the distribution of the comonomers isoprene (orange) and styrene (cyan) along the
polymer chain exemplified for one molar mass, but varying block number. A molar-based
composition diagram is plotted, showing the mean incorporation (y axis) at every conversion (x
axis).

Within this work, several polymer series with an odd number of blocks (two polyisoprene end
blocks), =70 mol% isoprene and =30 mol% styrene (=39 wt%) are investigated, with the
polyisoprene exhibiting almost exclusively 1,4 units (>293%). The polymers differ in their overall
molar mass (120, 160, 240, and 320 kg-mol?) and feature systematically varied block numbers
(tri-, penta-, hepta-, nona-, undeca- and tredecablock copolymers). Besides, selected examples
of polymers with 400 kg-mol* were synthesized due to the high synthetic effort caused by high
viscosities. Moreover, each polymer is synthesized with a tapered and a sequential block
structure, implementing repetitive copolymerizations of a mixture of isoprene and styrene, or
iterative stepwise polymerizations of isoprene and styrene, respectively. All polymerizations
were carried out in cyclohexane and initiated with sec-butyllithium, which affords the above
visualized tapered block structures (Figure 1, left) due to the highly disparate reactivity ratios
and further guarantees a high 1,4-stereoselectivity of polyisoprene. The inherent low glass
temperature (T,4(1,4-Pl) < -60 °C) enables a wide temperature range application window.3

In pronounced contrast to previous works from our group and others,®*3'7) uneven block
numbers with two flexible polyisoprene end blocks were synthesized in order to design
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comparably soft materials and furthermore to study the effect of flexible end blocks on
morphologies and mechanical properties. Well-defined polymers could be obtained. SEC
measurements show monomodal, narrow molar mass distributions with low dispersity (Figure
2, Figure S1). The molar masses listed in Table 1 are overestimated because of the use of
polystyrene standards.

Figure 2: SEC traces (THF, PS calibration standard, Rl detector) of the tapered (left) and sequential (right)
multiblock copolymers with 160 kg-mol™. The SEC traces of the other molar mass series are given in
Figure S1.

Table 1: Number-average molar mass M, and dispersity ® (SEC in THF, PS calibration standard, RI detector)
of the tapered multiblock copolymers P(I-co-S)a-b-PI (tap) and sequentially polymerized multiblock
copolymers (Pl-b-PS)n-b-Pl (seq). For additional information about the molar fraction of the
comonomer isoprene Py(l) and its 1,4-content @1,4(l), see Table S1.

block number target M (I1S)nl block Mn? pa (I1S)nl block Mn? pa
#=2n+1 [kg-mol?] type [kg-mol?] type [kg-mol?]
3 120 133.5 1.04 120.9 1.07
5 120 tap 130.8 1.04 seq 132.4 1.09
7 120 131.1 1.06 136.3 1.08
3 160 163.2 1.07 155.9 1.07
5 160 158.9 1.08 151.0 1.09
tap seq
7 160 170.2 1.08 168.6 1.09
9 160 158.6 1.09 151.1 1.10
3 240 277.5 1.08 268.7 1.14
5 240 273.9 1.14 306.1 1.18
7 240 303.5 1.14 246.9 1.06
tap seq
9 240 324.9 1.17 304.5 1.15
11 240 257.9 1.15 254.8 1.13
13 240 272.8 1.17 275.1 1.14
3 320 376.1 1.05 400.5 1.06
5 320 361.7 1.12 387.8 1.08
tap seq
7 320 369.9 1.09
9 320 373.6 1.07
3 400 556.0 1.07 558.6 1.08
tap seq
5 400 476.9 1.07
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Morphological Investigation

The SAXS results for the tapered as well as the sequential multiblock copolymers with a molar
mass of 160 kg-mol™ obtained at 363 K are shown in Figure 3. The pattern of the other samples
with molar masses ranging between 120 and 400 kg:-mol™ can be found in the Supp. Inf. (see
Figure S2-S6).

The sequential block copolymers are well ordered and show Bragg reflections with relative g
values of 1:2:3:4 relative to the first reflection, corresponding to a lamellar morphology
(LAM). In contrast, the tapered 160 kg-mol? triblock and pentablock copolymers exhibit
reflections with relative g values of 1:3%2:2: 7Y/2: 3 suggesting a weakly ordered cylindrical
(CYL) structure in the absence of long-range order. In the case of the tapered heptablock and
nonablock copolymers the single peak is very broad indicative of correlation hole scattering in
the disordered phase (DIS). 31

tapered 160 kg:mol ! polymers sequential 160 kg-mol* polymers
© © A
_ P(l-co-S),-b-PI = 1 (P1-b-PS),-b-PI
o o 2
o o
z 2l A8
2 2|1\
2 g 2 (PI-b-PS),-b-PI
= 112 P(l-co-S),-b-PI =
! 2 A
27,4 P(l-co-S),-b-PI 3 4 (P1-b-PS),-b-PI
02 04 06 08 1 02 04 06 08 1

1 1

wave vector g / nm’ wave vector g / nm’

Figure 3: SAXS patterns of the tapered (left) and sequential (right) multiblock copolymers (blue: triblock,
green: pentablock, orange: heptablock, red: nonablock) with a molar mass of 160 kg-mol™ at 363 K
(except tap. 160 kg-:mol™ nonablock, T=333 K). The arrows give the positions of the Bragg reflections
corresponding to a lamellar (darker color), or a cylindrical (lighter color, italic letters) morphology.
The patterns are shifted vertically for clarity.

In order to locate the order-disorder transition temperature Topr, temperature-dependent
SAXS measurements were performed in the temperature range of 303—423 K (see Supp. Inf.,
Figure S7-S41). The inverse intensity of the first Bragg reflection plotted vs. the inverse
temperature allows to determine the Topr from the abrupt discontinuity in the structure factor.
The obtained order-disorder transition temperatures coincide with the results from
independent rheological investigation (see Supporting Information, Figures S42-544).

Table 2 summarizes the obtained order-disorder transition temperatures and the respective
morphologies. The polymers without an assigned Topr did not exhibit an accessible disordered
state up to 423 K. Accessible order-disorder temperatures play a key role for processing of the
materials, for instance by injection molding.
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Table 2: Morphologies and the order-disorder transition temperatures Topr's of the tapered multiblock
copolymers P(l-co-S)n-b-PI and analogous sequentially polymerized multiblock copolymers
(PI-b-PS)n-b-PI determined at 363 K. CYL: cylindrical structure in the absence of long-range order,
LAM: lamellar structure, and DIS: disordered state.

polymer characteristics tapered P(l-co-S)a-b-Pl sequential (Pl-b-PS)a-b-PI

bIocI;:r;n ber ;zg::oll\ﬁ']‘ Morphology ® Toor?/ [K] Morphology ® Toor?/ [K]

3 120 CYL/LAM - LAM -

5 120 CYL (weak) ~393 LAM -

7 120 DIS ~363 LAM -

3 160 CYL A L_ A_I\_/I ______________ : ________

5 160 CYL/DIS (weak) - LAM -

7 160 DIS ~423 LAM -

9 160 DIS ~363 LAM ~423

3 240 LAM/CYL I I._ ATI\_/I ______________ : ________

5 240 LAM/CYL - LAM -

7 240 LAM/CYL - LAM -

9 240 CYL/LAM - CYL/LAM -

11 240 LAM - LAM -

13 240 DIS 363-393 LAM -

3 320 CYL/LAM - Conam -

5 320 CYL/LAM -

7 320 LAM - LAM -

9 320 LAM -

3 400 CYL/LAM I L_ ATI\_/I ______________ : ________

5 400 LAM -

a SAXS measurements were performed in a temperature regime between 303-423 K with temperature intervals of 30 K. If no
order-disorder transition temperature is assigned, Topr ranges higher than 423 K.

For the sequential triblock copolymer, the product of the Flory-Huggins interaction parameter
and the degree of polymerization yN can be calculated with the literature known y—parameter
of polyisoprene and polystyrene yeips=71.4K/T[K]-0.0857.132 For the lowest molar mass triblock
copolymer (M=120 kg-mol?, N=1520, yN(363 K)=169), the magnitude of yN at a volume
fraction of fa=64% is significantly above the theoretical value for an order-disorder transition.?!
This explains the predominance of well-ordered lamellar morphologies in the case of the
sequential multiblock copolymers.

In the case of tapered copolymers, the degree of segregation is reduced due to the gradual
comonomer transition. In order to account for the reduced enthalpic incompatibility, an
effective Flory-Huggins parameter is introduced with yer<y.!*3% Steube et al. reported a 10-
fold reduction in y for a tapered octablock relative to a sequential diblock.!? Assuming a 10-
fold reduction of y for multiblock copolymers with 4 diblock sequences compared to y for
triblock copolymers with one diblock sequence, one can get an idea of the order-disorder
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transition of the tapered nonablock copolymers. With approximated magnitudes of
ZN(363 K)=22 (M=160 kg-mol?, N=2026) and yN(363 K)=34 (M=240 kg-mol, N=3040) for the
tapered nonablock copolymers with 160 and 240 kg-mol?, this agrees quite well with the
observation of a disordered phase in the case of the nonablock with 160 kg-mol?, but an
ordered state for the nonablock with 240 kg:-mol?. Since the minimum value for phase
separation for symmetric ABA triblock copolymers with identical segment length is simulated
to range at yN=18 at equal volume fractions fa=fs, an order-disorder transition at slightly higher
magnitudes of yN is reasonable and hence validates the assumption with respect to the
reduction of the Flory-Huggins interaction parameter.!®® The substantial decrease in yN for the
tapered structures explains the formation of perforated layers or weakly ordered cylindrical
morphologies in case of the tapered structures and also highlights lowering of the order-
disorder temperatures for tapered copolymers with low molar masses or high block
numbers. 3¢

The domain spacing do represents the periodicity of the respective morphology. For polymers
with a lamellar structure, the domain spacing is calculated from the modulus of the scattering
vector g* of the first maximum as diam=do=21/g*. For the polymers exhibiting a cylindrical
morphology, the inter-cylinder distance can be further obtained as dcyi=do(4/3)Y?. Figure 4
presents the domain spacing doat 363 K as a function of the number of blocks for the tapered
and sequential multiblock copolymers with molar masses between 120—-400 kg-moll. The
dashed line separates the ordered from the disordered (DIS) morphologies. Deviation from the
common morphology (tap.: perforated layers (PL), seq.: lamellae (LAM)) are denoted next to
the respective polymer in italic.

tapered polymers sequential polymers
120 | 120 k 120 f O 120k
- 160 k O 160 k
£ 240 k £ O 240k
i | 320 k —~ 100} O 320k
° 400 k -} 400 k
2 8o} 2 80 ©
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E £
E 40 g 40 |
o y<
20F __ _OSSB=3 DIS 20
3 5 if; 9 11 13 3 5 7 9 11 13
block number 2n+1 block number 2n+1

Figure 4: Domain spacing do in dependence of the block number 2n+1 of the tapered (left) and sequential
(right) multiblock copolymers obtained by SAXS measurements at 363 K (except seq. 240k triblock:
393 K, and tap. 160k nonablock: 333 K). The different domain spacings of a copolymer series are
connected by a line to guide the eye.

For polymers of the same molar mass series exhibiting the same morphology, the domain
spacing decreases with increasing block number of the multiblock copolymers. For both the
tapered and the sequential multiblock copolymers, the decrease in do with increasing block
number is stronger for higher molar masses (e.g., the decrease in the domain spacings
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comparing triblock with pentablock copolymers reveals reductions by @%@ 32%%=69%,
@' 2%%=67% for the tapered structures, and @*% *%*=77%, @*% 24%=74%, @**% 1*%=60% in the
case of the sequential structures). Interestingly, polymers with the same degree of
polymerization N per polystyrene block exhibit comparable domain spacings (e.g., sequential
multiblock copolymers with 16 kg:-mol* per PS block: do**%°=29 nm, do?**%’=28 nm,
do32%°=32 nm; sequential multiblock copolymers with 32 kg-mol™* per PS block: do*?®*7=22 nm,
d0160k,9=18 nm, d0240k,13=21 nm).

In addition, the domain spacing increases with the overall molar mass for identical block
numbers. The comparison of the domain spacing of the tapered multiblock copolymers with
their sequential counterparts reveals, in general, a higher do for the sequential copolymers,
which is very pronounced for the copolymers with the lower block numbers. For the higher
block numbers domain spacings become comparable.

Figure 5 depicts the dependence of the domain spacing on the overall number-average molar
mass in a double-logarithmic representation. From the scaling of the domain spacing with the
overall degree of polymerization do~N?, it is possible to draw conclusions on the chain
conformation. In the case of unperturbed, i.e., Gaussian chains, 6=1/2, whereas copolymers in
the strong segregation limit (SSL, i.e., yN>>10) with an extended chain conformation exhibit
6~2/3.

Note that solely polymers with the same morphology were correlated (tapered: PL, sequential:
LAM). In the case of the tapered polymers, 8>1/2 (8"'=5P"®~0.6) indicating an extended chain
conformation away from Gaussian coils. This is in line with earlier findings in tapered P(l-co-S).
without the Pl end block (6x0.62).! For the sequential multiblock copolymers, Sis, in general,
higher than in the corresponding tapered copolymers suggesting higher chain stretching and
non-Gaussian conformations. This is more evident for the lower number of block as 6"'~0.7.
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Figure 5: Domain spacing do in dependence of the number-average molar mass M, obtained by SEC
measurements of the tapered (left) and sequential (right) multiblock copolymers obtained by SAXS
measurements at 363 K in a double-logarithmic representation (except seq. 240k triblock: 393 K,
and tap. 160k nonablock: 333 K). Polymers with morphologies deviating from the common ones
(tap.: PL, seq.: LAM) are excluded for the linear regression and are marked with a cross or a point
(DIS).
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The reduced domain spacing with increasing number of blocks in the multiblock copolymers can be
discussed with respect to the formation of loops and bridges of the mid blocks. The looping statistics
of sequential (AB), multiblock copolymers suggest two extreme conformational cases: fully extended
(bridged) chains where the domain spacing scales as do~n"".13”! For an average number of loops
the predicted scaling is do~n%. We can compare the current multiblock copolymers with
respect to their looped/bridged conformations by plotting the domain spacing vs. the number
of blocks in the corresponding (AB),A (Figure 6). The domain spacing for the sequential and the
tapered multiblock copolymers were found to scale as do~n®’! and do~n®> for the
160 kg-mol*series, respectively. Somewhat lower exponents were found for the 240 kg-mol*
series. Nevertheless, results indicate a higher propensity for bridged (looped) configurations in
the sequential (tapered) copolymers. Entangled loops in the tapered multiblock copolymers
could enhance mechanical strength (vide infra).

100
tap. 160 k
c 80 O seq.160 k
c tap. 240 k
~ 60 O seq.240 k
o
T
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=
o 40,
©
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‘©
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© 20}
1 2 3 4 56 8

diblock sequence number n

Figure 6: Domain spacing do of ordered specimens in dependence of the number of diblock sequences n of
the (IS)nl type tapered and sequential multiblock copolymers with 160 and 240 kg:mol™ in a log-log
representation. Lines with slopes of -0.5 and -1 are shown for comparison.

Mechanical Properties

The viscoelastic properties of block copolymers result from the phase separation into different
domains of the high-T; polymer, i.e., polystyrene (PS), and the low-T; component, i.e.,
polyisoprene (Pl). Crosslinked Pl exhibits elastic properties, such as large elongation (high &)
but is very ductile (low o), whereas PS leads to a certain stiffness resulting in a high yield point
(high o) but lower elongation (low &). The combined material properties are governed by the
fraction of the individual polymers and the arrangement of the blocks along the block
copolymer chain, i.e., the block profile. On a molecular level the properties are controlled by
(i) the morphology formed upon nanophase separation, (ii) the segregation strength, and (iii)
the bridged, looped and entangled conformations of chains. To discuss the mechanical
properties measured, the following general trends should be taken into consideration.

(i) Morphologies with one continuous phase (S, CYL) of the minority polymer feature
properties governed by the continuous phase. Consequently, a continuous Pl phase leads
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to materials which can be deformed elastically to a large extent (high &ield point).
Morphologies with two continuous phases which are interconnected (G, PL) have to
deform together under stress, which results in comparably high elastic moduli (Emoduius) and
comparably high yield stress (Gyieid point).28) Lamellae also exhibit two continuous phases
leading to a certain strength, but they are not interconnected. Without bridging (vide
infra), this reduces the materials’ resilience. Therefore, the elastic recovery of the
materials is rather poor, but large plastic deformation due to the displacement along the
interfaces are possible.

(ii) At a given degree of polymerization N, composition and block number, the segregation
strength depends on the Flory-Huggins interaction parameter y between the constituent
polymers., whose magnitude is higher for sequential block copolymers than tapered
analogous structures due to the broadened interface.?!

(iii) In general, elasticity and mechanical strength are strongly influenced by chain
entanglements until chain pull-out. Entanglement molecular weights of cis-1,4-PI
(5.4 kg-mol™?) and polystyrene (13.3 kg-mol?) are exceeded for all polymers studied (see
theoretical values in Table S1, M(Pl)min/block =~ 4-Mc(P1); M(PS)min/block = Me(PS)),
however increasing the block number shortens the individual block length.®? Previous
works predicted that loops are more favored at higher block numbers.2”! As a consequence
of an increasing bridging fraction, the microstructural periodicities are also affected by the
block number since the stretched bridging block limits the dimension of the Pl domain.

Figure 7 shows representative stress-strain curves obtained by uniaxial stretching.

A key objective of this work was the difference between sequential and tapered block
copolymers with respect to mechanical properties. The first, most striking difference between
the stress-strain curves is that all sequential multiblock copolymers experience stronger strain
hardening than their tapered counterparts. This is evidenced by the higher increase in force
that is required to achieve the same plastic deformation (see Figure 7, AcGtap<A0seq). The effect
is most pronounced for lower molar masses (120 & 160 kg-mol?) or high block humbers
(240 kg-mol™* with 2n+1=11 & 13 blocks). This originates directly from the weakened
segregation strength in tapered multiblock copolymers, reflecting a more diffuse phase
boundary and is most pronounced for the polymers near the order-disorder transition (see
Figure 7, note that the denoted phase state corresponds to the data determined by SAXS at
363 K, whereas the tensile tests were performed at ambient temperatures).

Secondly, tapered and sequential block copolymers also differ in their flexibility upon elastic
deformation, represented by the Young’s moduli (Figure 8). The elastic moduli of the sequential
block copolymers are higher, and hence the material is stiffer than the values of tapered block
copolymers  (Emodulustap<Emodulusseq ~ resulting  from Syield point tap™&yield pointseq  bUt
Oyield point,tap<Oyield point,seq, S€€ Figure S45). The formed nanodomain morphology does not explain
the large differences, since both tapered and sequential structures commonly feature a
morphology with two continuous phases (PL and LAM). On the contrary, this general
observation results from the increased interfacial width especially for the higher number of
blocks. The tapered structures exhibit a shortened effective PS block length and an extended
effective Pl block due to the incorporation of styrene repeating units within the polyisoprene
block.
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Figure 7: Representative stress-strain (o-&) curves for all polymers investigated, sorted by molar mass (top
left: 120, top right: 160, middle: 240, bottom left: 320, bottom right: 400 kg-mol). Sequential: solid
lines; tapered: dashed lines; curves marked with an asterisk: specimens did not break but slid out of

a clamp.

Another key question of the current work is the effect of two flexible end blocks. In comparison
to tapered (IS), multiblock copolymers with an odd block number and hence only one
polyisoprene end block, the herein presented tapered structures possess drastically decreased
elastic moduli (for the 240 & 400 kg-mol! multiblock copolymers (1S), with n=1-5, Emodulus=300-
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400 MPa).’! This reflects the influence of the molar fraction of isoprene (50 vs. 70 mol% for
(IS)n and (IS)nl, respectively) and maybe also of the two flexible chain ends.
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Figure 8:  Elastic moduli of the tapered (left) and sequential (right) block copolymers in dependence of their

block number.

Comparing the ultimate properties of the polymer series with respect to their molar mass (see
Supp. Inf., Figure S45 & S46) and number of blocks (see Supp. Inf., Figure S47 & S48), a generally
valid difference of triblock copolymers with respect to the other multiblock copolymers is
visible. Triblock copolymers break shortly after the yield point, showing a brittle behavior,
clearly due to the lack of domain bridging. In contrast, the multiblock copolymers with more
than one vitrifying polystyrene block show much higher strain at break.
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Figure 9: Toughness of the tapered (left) and sequential (right) block copolymers in dependence of their block
number. The asterisks mark specimens which slid out of the clamps before rupture.

The triblock copolymers of lower molar mass do not even feature a pronounced yield point and
hence a separated elastic and viscous region. This indicates that with a molar mass of
polyisoprene per block lower than 10 times the entanglement molecular weight (i.e., for the
120 & 160 kg-mol? triblock copolymers), chain entanglements of the two polyisoprene end
blocks are not sufficient to provide at least low resilience. Therefore, the materials flow even
at low strains. Comparing the ultimate properties (&reak & Obreak) Of the sequential triblock
copolymers of 320 and 400 kg-mol? (see Figure 7, bottom left and right graph, blue traces),
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higher values and hence a higher toughness U (Figure 9) of the lower molar mass triblock with
a perforated layer morphology demonstrate the influence of the nanodomain morphology.
Without domain bridging, the interconnectivity present in perforated layers results in a higher
resilience compared to a lamellar structure.

While the elastic modulus is a measure of the material’s stiffness, toughness describes the
ability of the material to absorb deformation energy. Therefore, materials with a combination
of strength and ductility exhibit high toughness. Since the toughness equals the area under a
tensile curve, this correlates with both the maximum strain and strength. Generally, the
maximum elongation at break &yreak increases with the overall molar mass, while the maximum
strain at break obreak depends only weakly on the molar mass (see Supp. Inf., Figure 5$46).

Comparing the polymers with respect to their block profile, it is remarkable that the sequential
multiblock copolymers exhibit the highest toughness at a block number of 7, whereas tapered
structures with 5 blocks are commonly the toughest (Figure 9). As discussed at the beginning
of this section, this results from the balance between segregation strength, which decreases
with the block number, and the block connectivity, with the bridge/loop ratio (see Figure 6)
being higher for sequential copolymers. For this certain composition, the molecular weight of
polyisoprene per block approaches the tenfold of the entanglement molecular weight.
Therefore, it can be supposed that at that point the chain entanglements of the two
polyisoprene end blocks further enhance the material properties.

The observation for the tapered structures indicates that the weaker segregation strength
together with reduced entanglements have a stronger impact on the deformability (higher
elongation at break &yreak) and at the same time toughness (U). Weak segregation results in the
collapse of the physical crosslinks. For the sequential multiblock copolymers, the stronger
segregation compensates the reduced Pl entanglements with increasing block number, thus
resulting in a higher resilience and maximum toughness (U) for the heptablock copolymers.
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Figure 10: Characteristics of the yield point (left: &jield point — dark red: sequential, red: tapered, and Gyield point —
orange: sequential, yellow: tapered) and the break point (right: gureak — dark blue: sequential, blue:
tapered, and owreak — dark green: sequential, pale green: tapered) of the polymers with a degree of
polymerization of 300 polystyrene units per PS block in dependence of their overall molar mass
(160 kg:mol™ pentablock, 240 kg-mol?! heptablock, 320 kg:mol™? nonablock).

Beyond this, the elongation at break is improved with increasing the molar mass at a given
block number, which is explained by the higher individual block length and hence more
entanglements (see Supp. Inf., Figure S48). However, after an initial increase of the overall
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material properties with the molar mass at a given block number, they approach each other or
are even worsened, most probably resulting from an impeded ordering of the long polymer
chains.

Finally, polymers with increasing block number and molar mass, but equal block length of the
individual polystyrene blocks are compared. While the materials can generally be stretched to
a larger extent (&reak) With increasing block number, resulting from increased bridging, the
softness (&yield point & Oyield point) Of the material is almost unaltered (see Figure 10), which
originates from the comparable domain spacings (vide supra).

Comparison to similar literature-known structures are drawn in order to place these findings
into context. Wahlen et al. investigated a tapered SIS triblock copolymer (120 kg-mol?, 68 vol%
Pl, CYL with do=36.7 nm) with a similar composition to the tapered 120 kg-mol? ISISI pentablock
(CYL with do=20.9 nm), both featuring one PI mid block.*” The smaller domain spacing in case
of the pentablock copolymer results from the prescribed localization of both polystyrene block
ends at the domain interface. Slightly more energy is required to deform the tapered SIS
triblock than the tapered ISISI pentablock (osis,600%=3.8 MPa vs. Oisisi,s00%= 2.5 MPa), which can
tentatively be explained by the higher amount of entanglements in the case of the triblock
because of a longer individual Pl block.

Furthermore, Winey and coworkers investigated sequential SIS and ISI triblock copolymers
(=100 kg-mol?, 38-39 wt% PS), which featured different morphologies in dependence of the
solvent they were cast from (SIS(cyclohexane): CYL, SIS(toluene): LAM, ISI(cyclohexane): CYL,
ISI(toluene): gyroid).[**! Comparison to the sequential ISI triblock and ISISI pentablock
copolymers of 120 kg-mol? presented in this work (LAM) evidences considerably higher
Young’s moduli for the copolymers with a lamellar morphology (Emodulussis,cvi=69 MPa,
Emodulus,isi,cvt=34 MPa & Emodulus,is,cyrR=97 MPa VS. Emodulus,sis,.am=138 MPa, Emodulus,isi,.am=159 MPa
& Emodulus,isisi,.am=152 MPa). Conclusively, the material’s stiffness is only weakly affected by the
block sequence, but strongly depends on the nanodomain morphology.

Conclusion

In this work, the mechanical properties of (IS)nl type multiblock copolymers covering a broad
range of molar masses (120—400 kg-mol?) and block numbers (3—13) with both defined
(sequential) and gradient (tapered) block profile have been investigated with respect to
segregation into ordered morphologies and resulting mechanical properties. The volume
fractions of the constituent polymers were held constant at 64 vol% polyisoprene and 36 vol%
polystyrene.

Small angle x-ray scattering (SAXS) experiments revealed strong segregation of the sequential
multiblock copolymers into mainly lamellar morphologies, whereas the tapered analogues
exhibited weak ordering, commonly in perforated layers. As a result, the tapered copolymers
of low molar masses and high block numbers featured accessible order-disorder transition
temperatures required for several applications. The domain spacing was found to scale as
do~N?. In the sequential multiblock copolymers, & was, in general, higher than in the
corresponding tapered copolymers suggesting higher chain stretching and non-Gaussian
conformations. This was more evident for the lower number of blocks, where 6=0.7. In
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addition, the domain spacing of the 160 kg-mol™? multiblock copolymers was found to scale
with the number of diblock sequences n in (IS)al as do~n"®7"* and do~n"%5% for the sequential and
tapered multiblock copolymers, respectively. Results suggest a higher propensity for bridged
(looped) configurations in the sequential (tapered) copolymers with significance to the
mechanical properties.

The viscoelastic responses of the multiblock copolymers are related to composition,
segregation strength, the final morphology and the bridged/looped chain conformations of the
mid blocks. All triblock copolymers are rather brittle, while the multiblock copolymers with at
least two PS blocks forming bridges connecting the different vitrified polystyrene domains, can
endure much higher strains. Here, the tapered structures show a weaker strain hardening and
a lower elastic modulus due to the lower segregation strength and the broader interface
between the polyisoprene and the polystyrene blocks. Polymers close to the order-disorder
transition even flow at low strains, meaning that they do not feature separated elastic and
viscous regions.

Besides, the toughness is a function of the multiblock structure. In terms of toughness and
stiffness, sequential heptablock copolymers of either 240 or 320 kg-mol™ best combine bridged
chain configurations and segregation strength, which result in superior mechanical properties
(U=70 & 68 MJ-m3, respectively). However, to obtain a material of comparable toughness
(U=58 MJ-m3), which is softer and more flexible, the heptablock of 320 kg-mol*with a tapered
interface between the PS and Pl diblock sequences is most suitable (Emodulus,tap=53 MPa vs.
Emodulus,seq=175 MPa). In the latter, entangled loops are likely responsible for the improved
toughness.

With the potential application as a plasticized PVC substitute for medical bags in mind, the
tapered penta- and heptablock of 320 kg-mol™ as well as the tapered pentablock copolymer of
240 kg:mol?* perfectly fulfill the mechanical prerequisites in terms of flexibility
(Emodulus<100 MPa, with the heptablock being softer) and at the same time rigidity as well as
resilience, which is necessary to withstand centrifugation forces (U>40 MJ-m3).[20
Furthermore, the implementation of tapered structures is favorable due to the better
processability originating from lower order-disorder transition temperatures. With respect to
an accessible Topr, the 240 kg-mol™? tapered pentablock appears to be most suitable. Another
advantage of the accessible Topr of the (1S).I multiblock copolymers relates to their recyclability.
Multiple “crosslinking” achieved here not by chemical coupling, but by mere physical crosslinks,
enhances their reprocessability from the melt state.
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Figure S1: SEC traces (THF, PS calibration standard, Rl detector) of the series with different molar masses (top
left: 120, top right: 160, middle left: 240, middle right: 300, bottom left: 400 kg-mol™). Derived
number average molar masses and dispersities are comprised in Table S1.
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Table S1: Overview of the characteristics of the statistically copolymerized multiblock copolymers
P(l-co-S)n-b-PI with a tapered interface (tap) and the sequentially polymerized multiblock
copolymers (PI-b-PS)a-b-PI (seq). The corresponding SEC traces are given in the Sl (see Figure S1).

(1S)al block number target Mn | M(PI)/#  M(PS)/# M,? b Pa(l)®  a@na(l)®
block type #=2n+1 [kg:-mol™] | [kg:mol?] [kg-mol?] | [kg:mol™] [%] [%]
3 120 36 47 133.5 1.04 68.7 94
tap 5 120 24 24 130.8 1.04 69.7 94
7 120 18 16 131.1 1.06 70.4 94
__________________?:_____ 120 36 47 120.9 1.07 69.0 94
seq 5 120 24 24 132.4 1.09 69.4 94
7 120 18 16 136.3 1.08 69.8 94
3 160 48 63 163.2 1.07 69.9 94
5 160 32 32 158.9 1.08 70.9 94
tap 7 160 24 21 170.2 1.08 70.0 95
9 160 19 16 158.6 1.09 68.9 94
__________________3______ 160 48 63 155.9 1.07 69.1 93
5 160 32 32 151.0 1.09 70.2 93
> 7 160 24 21 168.6 1.09 70.0 93
9 160 19 16 151.1 1.10 71.6 94
3 240 72 95 277.5 1.08 69.2 94
5 240 48 47 273.9 1.14 68.7 94
7 240 36 32 303.5 1.14 68.9 94
tap 9 240 29 24 324.9 1.17 69.4 94
11 240 24 19 257.9 1.15 69.4 94
13 240 21 16 272.8 1.17 69.6 94
__________________3______ 240 72 95 268.7 1.14 69.3 94
5 240 48 47 306.1 1.18 69.6 93
7 240 36 32 246.9 1.06 68.9 93
> 9 240 29 24 304.5 1.15 70.0 93
11 240 24 19 254.8 1.13 68.7 93
13 240 21 16 275.1 1.14 69.2 93
3 320 97 127 376.1 1.05 69.8 94
tap 5 320 64 63 361.7 1.12 68.6 95
7 320 48 42 369.9 1.09 69.2 94
__________________3______ 320 97 127 400.5 1.06 69.9 93
seq 7 320 48 42 387.8 1.08 69.1 94
9 320 39 32 373.6 1.07 68.4 93
tap 3 400 121 158 556.0 1.07 70.3 94
__________________?:_____ 400 121 158 558.6 1.08 70.0 94
> 5 400 81 79 476.9 1.07 69.6 94

a Determined by SEC (THF, PS calibration standard, Rl detector). The number average molar masses are overestimated
because of the incorporation of 70 mol% isoprene. ® determined by 'H NMR (400 MHz, CDCl3) integrating on the
1,4-polyisoprene (6=4.8-5.4 ppm), 3,4-polyisoprene (8=4.5-4.8 ppm), and polystyrene signals (6=6.2-7.4 ppm).
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Small-Angle X-Ray Scattering
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Figure S2: SAXS patterns of the tapered (left) and sequential (right) multiblock copolymers with a molar mass
of 120 kg-mol* at 90 °C. The color code denotes the different block numbers (blue: triblock, green:
pentablock, orange: heptablock), with the lighter colors corresponding to the tapered structures.
The arrows give the positions of the Bragg reflections corresponding to a lamellar (darker color), or
a cylindrical (lighter color, italic letters) morphology. The curves are shifted vertically for clarity.
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Figure S3: SAXS patterns of the tapered (left) and sequential (right) multiblock copolymers with a molar mass
of 160 kg:mol™ at 90 °C (except tap. 160 kg:mol™* nonablock, T=60 °C). The color code denotes the
different block numbers (blue: triblock, green: pentablock, orange: heptablock, red: nonablock),
with the lighter colors corresponding to the tapered structures. The arrows give the positions of the
Bragg reflections corresponding to a lamellar (darker color), or a cylindrical (lighter color, italic
letters) morphology. The curves are shifted vertically for clarity.
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Figure S4: SAXS patterns of the tapered (left) and sequential (right) multiblock copolymers with a molar mass
of 240 kg-mol™* at 90 °C (except seq. 240 kg-mol? triblock, T=120 °C). The color code denotes the
different block numbers (blue: triblock, green: pentablock, orange: heptablock, red: nonablock,
violet: undecablock, dark blue: tredecablock), with the lighter colors corresponding to the tapered
structures. The arrows give the positions of the Bragg reflections corresponding to a lamellar (darker
color), or a cylindrical (lighter color, italic letters) morphology. The curves are shifted vertically for
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clarity.
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Figure S5: SAXS patterns of the tapered (left) and sequential (right) multiblock copolymers with a molar mass
of 320 kg-mol™ at 90 °C. The color code denotes the different block numbers (blue: triblock, green:
pentablock, orange: heptablock, red: nonablock), with the lighter colors corresponding to the
tapered structures. The arrows give the positions of the Bragg reflections corresponding to a
lamellar (darker color), or a cylindrical (lighter color, italic letters) morphology. The curves are

shifted vertically for clarity.
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Figure S6: SAXS patterns of the tapered (left) and sequential (right) multiblock copolymers with a molar mass
of 400 kg-mol™ at 90 °C. The color code denotes the different block numbers (blue: triblock, green:
pentablock), with the lighter colors corresponding to the tapered structures. The arrows give the
positions of the Bragg reflections corresponding to a lamellar (darker color), or a cylindrical (lighter
color, italic letters) morphology. The curves are shifted vertically for clarity.
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Figure S8: Temperature-dependent SAXS measurements of the sequential pentablock with 120 kg-mol™.
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Figure S9: Temperature-dependent SAXS measurements of the sequential heptablock with 120 kg-mol™.
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Figure S10: Temperature-dependent SAXS measurements of the tapered triblock with 120 kg-mol™.
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Figure S11: Temperature-dependent SAXS measurements of the tapered pentablock with 120 kg-mol™.
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Figure S14: Temperature-dependent SAXS measurements of the sequential pentablock with 160 kg-mol™.
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Figure S15: Temperature-dependent SAXS measurements of the sequential heptablock with 160 kg-mol™.
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Figure S16: Temperature-dependent SAXS measurements of the sequential nonablock with 160 kg-mol™.
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Figure S17: Temperature-dependent SAXS measurements of the tapered triblock with 160 kg-mol™.
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Figure S18: Temperature-dependent SAXS measurements of the tapered pentablock with 160 kg-mol™.
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Figure S19: Temperature-dependent SAXS measurements of the tapered heptablock with 160 kg-mol™.
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Figure S20: Temperature-dependent SAXS measurements of the tapered nonablock with 160 kg-mol.

3,76

282

1.88

s
q (nm')
Figure S21: Temperature-dependent SAXS measurements of the sequential triblock with 240 kg-mol.
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Figure S22: Temperature-dependent SAXS measurements of the sequential pentablock with 240 kg-mol™.
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Figure S23: Temperature-dependent SAXS measurements of the sequential heptablock with 240 kg-mol.
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Figure S24: Temperature-dependent SAXS measurements of the sequential nonablock with 240 kg-mol™.
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Figure S25: Temperature-dependent SAXS measurements of the sequential undecablock with 240 kg-mol™.
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Figure S26: Temperature-dependent SAXS measurements of the sequential tredecablock with 240 kg-mol™.
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Figure S27: Temperature-dependent SAXS measurements of the tapered triblock with 240 kg-mol™.
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Figure S28: Temperature-dependent SAXS measurements of the tapered pentablock with 240 kg-mol™.
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Figure S29: Temperature-dependent SAXS measurements of the tapered heptablock with 240 kg-mol™.
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Figure S30: Temperature-dependent SAXS measurements of the tapered nonablock with 240 kg-mol.
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Figure S31: Temperature-dependent SAXS measurements of the tapered undecablock with 240 kg-mol.
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Figure $S32: Temperature-dependent SAXS measurements of the tapered tredecablock with 240 kg-mol.
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Figure S33: Temperature-dependent SAXS measurements of the sequential triblock with 320 kg-mol™.
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Figure S34: Temperature-dependent SAXS measurements of the sequential heptablock with 320 kg-mol™.
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Figure S35: Temperature-dependent SAXS measurements of the sequential nonablock with 320 kg-mol™.
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Figure S36: Temperature-dependent SAXS measurements of the tapered triblock with 320 kg-mol™.
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Figure S37: Temperature-dependent SAXS measurements of the tapered pentablock with 320 kg-mol™.
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Figure S40: Temperature-dependent SAXS measurements of the sequential pentablock with 400 kg-mol™.
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Figure S41: Temperature-dependent SAXS measurements of the tapered triblock with 400 kg-mol™.

Rheological Measurements

Dynamic mechanical measurements were performed on rotational rheometer (Modular
Compact Rheometer MCR 702e, Anton Paar, Graz, Austria) using parallel plate geometry
measuring system with a diameter of 15 mm. The samples were placed on the lower plate of
the temperature control device, the upper plate was brought into contact, and the sample was
heated to a convenient temperature to form a solid piece. The gap thickness was adjusted at
the loading temperature, which was chosen equal to maximum softening temperature. The
amplitude sweep test was used to determine the linear viscoelastic region. The constant
plateau values at low strain indicate that samples exhibit a primarily solid-like elastic response
in this strain range. Subsequent frequency and temperature sweep tests were performed in
the linear viscoelastic regime. The temperature sweep tests were recorded at angular
frequencies, amplitudes, and heating rates of @w=0.01 rad-s?, 0.01% and 3 °C-min’%, in the case
of the polymers with 160 kg-mol?, and w=1rad-s?, 1% and 5 °C-min’ for the polymers with
120 kg-mol™. The frequency sweep tests were carried out in a temperature regime around the
order-disorder temperature Topr. performed in the linear viscoelastic regime. If necessary, a
normal force up to F=1 N (0.25 N for soft or liquid samples) was applied to keep the upper plate
in contact with the sample during the measurement.

Rheological Properties

Isochronal measurements of the storage modulus G’ and loss modulus G”” were performed at
low frequencies with low strain amplitude by slowly heating the specimens. It is important to
note that a normal force of 1 N was applied to keep the upper plate in contact with the
specimen.

In general, rheology is a sensitive method to locate the order-disorder as well as order-order
transitions between different morphologies.'¥! Under isochronal conditions, a fluctuation
induced first-order transition is evident by the drop in the shear storage modulus G’(T) at the
order-disorder transition temperature Topr. As mentioned above, the applied normal force kept
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the upper plate in contact with the specimen, which is why this drop might be less pronounced
than expected. Together with the insights gained by temperature-dependent SAXS
measurements (see Supp. Inf., Figure S7-41 and in the main paper, Table 2), a rough estimation
of the Topr's is possible. Note that the assigned phase states in Figure S42 and S43 originate
from the morphological investigation by SAXS (see main paper) and cannot be concluded from
the rheological measurements itself.
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Figure S42 shows the isochronal measurements of the storage moduli G’ and loss moduli G
for the polymers with 120 kg-molt. While the sequential penta- and heptablock remain
ordered over the temperature range of 20-120 °C, the tapered penta- and heptablock are
known from SAXS to undergo a phase transition from an ordered state to the disordered state
at 95-100 °Cand 75 °C, respectively. Below the order-disorder transition, the copolymers show
viscoelastic response. However, the discontinuity in the shear storage modulus G’(T) is not very

pronounced.
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Figure S42: Rheological measurements of the tapered (left) and sequential (right) multiblock copolymers with
an overall molar mass of 120 kg-mol™. The storage moduli G’ (filled symbols) and the loss moduli
G” (open symbols) are plotted in dependence of the temperature. The strain amplitude was held
constant at 1 %, the angular frequency was held constant at 1 rad-s™ and the heat rate was set to
5 °C-min,

In Figure S43, the storage moduli G’ and loss moduli G” at isochronal conditions for the
polymers with 160 kg-mol™* are depicted as an example. For a high number of blocks, order-
disorder transitions can be observed for both the tapered and the sequential multiblock
copolymers. Note that the moduli are shifted horizontally for a clarification. Still, the storage
and loss moduli of the different polymers range at comparable magnitudes, as can be seen in
Figure S44.

The sequential multiblock copolymers are well ordered over the whole temperature range
studied up to 150 °C, with the exception of the sequential nonablock, which features a phase
transition from an ordered state to the disordered state at 176—179 °C. The tapered tri- and
pentablock copolymers remain ordered during the temperature sweep test, while the tapered
hepta- and nonablock exhibit order-disorder transitions at 112-115°C and 75-80 °C,
respectively. In the ordered state, all polymers display viscoelastic responses, with the
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sequential polymers exhibiting a pronounced plateau, in which the storage modulus G’ is larger
than the loss modulus G”.

Comparing the order-disorder transition temperatures derived from the isochronal rheological
measurements with the values deduced from temperature-dependent SAXS measurements
(main paper, Table 2) reveals an excellent agreement within the temperature intervals of the
measurements.
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Figure S43: Rheological measurements of the tapered (left) and sequential (right) multiblock copolymers with
an overall molar mass of 160 kg-mol™. The storage moduli G’ (filled symbols) and the loss moduli
G” (open symbols) are plotted in dependence of the temperature. The strain amplitude was held
constant at 0.01 %, the angular frequency at 1 rad-s* and the heat rate was set to 3 °C-min™* or

5 °C-min.
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Figure S44: Rheological measurements of the tapered (left) and sequential (right) multiblock copolymers with
an overall molar mass of 160 kg-mol™. The storage moduli G’ (filled symbols) and the loss moduli
G” (open symbols) are plotted in dependence of the temperature. Different colors denote varying
block numbers. The color code denotes the different block numbers (blue: triblock, green:
pentablock, orange: heptablock, red: nonablock), with the lighter colors corresponding to the
tapered structures. The strain amplitude was held constant at 0.01 %, the angular frequency was
held constant at 1 rad-s™ and the heat rate was set to 3 °C-min™! or 5 °C:min.
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Table S2: Mean values and and its errors (maximum deviation) based on 3-6 repetitions of uniaxial tensile
tests. Young’s moduli (Emodulus): slope of the initial linear increase; yield point: maximum stress ( Gyield
point) and strain (&yield point) before permanent deformation (typically, a drop in stress is observed due
to necking followed by strain hardening in case of well-separated multiblock copolymers); break
point: maximum stress (Obreak) and strain (&ureak); toughness (U): integral of the stress-strain curve.
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3 120 | 9046 1.77 - - - 0.17 0.02 7.68 0.75 2.05 0.19
tap 5 120 | 3194 0.72 6.39 006 1.39 001 | 11.56 086 667.03  27.22 2.59 0.05
7 120 15.80 0.30 9.52 056 0.78 0.01 14.35 0.00 836.10 118.55 2.58 0.22
3 120 | 15929 235 - - - - 008 0.01 3.76 0.14 2.66 0.04
seq 5 120 | 15213 2.6 2.93 008 3.12 005 | 3115 0.0 772.00 0.00 6.00 0.00
7 120 | 13747 o091 3.23 001 3.06 004 | 2303 361 607.00 63.47 5.24 0.30
3 160 | 38.20 3.70 - - - - 009 0.05 8.78 4.22 1.10 0.19
5 160 | 3044 0.64 6.45 004 1.28 002 | 1701 140 879.40 29.13 2.99 0.04
tap
7 160 | 3538 1.63 5.83 0.15 1.31 001 | 1352 061 737.50 10 50 2.15 0.03
9 160 | 37.91 0.69 6.22 005 1.24 0.02 758 0.54 536.43 17 89 1.60 0.10
3 160 | 150.89 10.25 - - - - 0.14 0.02 6.32 0.84 2.22 0.24
5 160 | 14831  3.01 3.59 0.10 3.09 0.07 | 2150  0.60 610.57 10.44 4.79 0.01
seq
7 160 | 15009 471 3.85 007 3.46 001 | 5536 285 | 1049.33 2956 9.49 0.25
9 160 | 11444  3.76 473 004 3.36 002 | 4816 113 | 1019.33  13.78 8.40 0.06
3 240 | s4.77 7.49 3.40 0.17 1.45 0.18 034 0.06 26.16 3.85 0.98 0.09
5 240 | 97.02 2.01 3.80 0.13 2.51 002 | 4630 162 | 1273.75  16.75 7.58 0.38
7 240 | 8636 2.94 3.88 005 2.40 007 | 3613 198 | 1169.00 3400 5.73 0.17
tap
9 240 | 4360 0.86 6.03 0.12 1.70 001 | 3320 536 | 1031.03 77.96 6.83 0.80
11 240 | 46.78 1.82 5.08 007 1.53 006 | 1862  0.56 883.47 2429 3.17 0.01
13 240 | 33.73 1.16 6.61 035 1.22 001 | 2332 037 | 1103.00 159.69 2.75 0.08
240 | 220.08 9.8 2.55 0.11 3.92 0.02 102 0.19 35 54 8.30 2.48 0.08
240 | 24296 1162 2.73 035 4.08 019 | 4187 249 911.92 36 58 7.92 0.32
240 | 18520 5.48 3.42 0.16 3.93 0.06 | 7030 0.3 | 1118.00 0.00 1381 0.08
seq
240 | 15425  2.02 3.76 039 3.75 010 | 5001 743 962.87  54.70 11.48 1.82
11 240 | 11764 490 3.58 004 2.78 010 | 3721 239 826.97 3589 7.54 0.23
13 240 | 179.92  5.06 3.31 001 4.18 006 | 39.75 186 80530  29.07 7.44 0.47
3 320 | 17311 3.32 3.30 007 3.89 0.14 1.15 0.27 46 92 1292 2.15 0.10
tap 5 320 | 89.17 3.26 3.85 007 2.32 003 | 5279 231 | 1384.00 2133 9.24 0.49
7 320 | 5251 3.52 5.60 0.62 1.92 000 | 5812 045 | 1345.00 2.00 1058 0.04
3 320 | 30351 2413 2.50 000 4.28 0.02 9.14 1.48 259.07 38.44 3.81 0.16
seq 7 320 | 17479 110 3.39 0.16 4.11 009 | 6820 131 | 1290.00 9.00 12.10 0.07
9 320 | 14941 454 3.91 030 4.05 0.10 | 61.77 0.16 | 1191.00 4.00 11.62 0.39
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tap 3 400 | 3142 428 | 878 122 123 o003 | 28 032 | 23853 3378 107 0.10
3 400 | 19704 397 289 021 394 009 | 112 o044 | 4541 1665 234 0.03
seq
5 400 | 17185 362 327 019 361 004 | 3210 617 | 98265 10035 551 0.82

“seq” denotes the sequentially polymerized multiblock copolymers (P1-b-PS),-b-Pl; “tap” denotes the iteratively statistically
copolymerized multiblock copolymers P(l-co-S),-b-Pl with a tapered interface. The values indicated by an italic front are to
be interpreted with caution, because all specimens of this polymer did not break but slid out of one grip. Hence, the maximum
deformation and the toughness might be higher than reported. These values are marked in plots with an asterisk. The triblock
copolymers of the 120 and 160 kg-mol™ series showed a gradual transition from elastic to plastic deformation, which is why
no yield point was determined.
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Figure S45: Characteristics of the yield point of the polymers sorted by molar mass (top left: 120, top right:
160, middle left: 240, middle right: 320, bottom left: 400 kg-mol™). Plot of the strain (&ietd point; dark

red: sequential, red: tapered) and stress (Gyield point; Orange: sequential, yellow: tapered) at the yield
point in dependence of the block number.
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Figure S46: Characteristics of the break point of the multiblock copolymer series of differing molar (top left:
120, top right: 160, middle left: 240, middle right: 320, bottom left: 400 kg-mol™) in dependence
of their block number. Strain (&break; dark blue: sequential, blue: tapered) and stress (Obreak; dark
green: sequential, pale green: tapered) at the break point are plotted with varying block number.
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Figure S47: Characteristics of the yield point of the multiblock copolymer series of differing block number (top
left: tri-, top right: penta-, middle left: hepta-, middle right: nona-, bottom left: undecablock
copolymers) in dependence of their overall molar mass. Plot of the strain (&jield point; dark red:
sequential, red: tapered) and stress (Gyield point; Orange: sequential, yellow: tapered) at the yield
point in dependence of the molar mass.
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Figure $49: Characteristics of the yield and the break point of the polymers with a degree of polymerization
of 150 polystyrene units per PS block in dependence of their overall molar mass (120 kg-mol*
heptablock, 160 kg-mol™* nonablock, 200 kg-mol™* undecablock, 240 kg-mol™* tredecablock). Left:
Plot of the strain (&jield point; dark red: sequential, red: tapered) and stress (Gyield point; Orange:
sequential, yellow: tapered) at the yield point for the triblock copolymers with varying molar
masses. Right: Plot of the strain (&break; dark blue: sequential, blue: tapered) and stress (Obreak; dark
green: sequential, pale green: tapered) at the break point for the triblock copolymers with varying

(1]

molar masses.

a) M. W. Matsen, F. S. Bates, J. Chem. Phys. 1997, 106, 2436; b) N. Hadjichristidis, G. Floudas, S.

Pispas, Block copolymers. Synthetic strategies, physical properties, and applications, Wiley-
Interscience, Hoboken, N.J, 2003.
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The mechanical properties of thermoplastic elastomers are compared for different chain
architectures. Tapered polystyrene-block-poly(isoprene-grad-styrene) (SIS) triblock
architectures are compared to linear (SIS), pentablock and star-shaped (SIS)s multiblock
architectures, which were synthesized by the “arm-first” coupling approach. Targeted molar
masses per SIS arm ranged from 20-60 kg-mol™?, keeping the polystyrene fraction unaltered at
60 wt%. Uniaxial tension measurements revealed superior toughness for the linear pentablock
copolymers and star-shaped multiblock copolymers for equal molar masses per arm, which
approached each other for 40 kg-mol™ per arm reaching a plateau value of U=80-85 MJ-m™3. At
this point, the covalent linkage of the star architecture does not provide further resilience. Yet,
both (SIS), and (SIS)s are tougher than SIS due to higher bridging fractions. Cyclic strain
experiments showed superior final recovery after 5 minutes of rest for the star-shaped
multiblock copolymer, which ranged around 100% for strains < 100%. However, this structure
exhibited poor rapid recovery during receding, whereas the linear architectures performed
better due to their higher chain flexibility. For high strains, initial and final recoveries converged
for all architectures. These results indicate that the covalent junction of the vitrifying core
improves recovery but cannot suppress a permanent set at large deformation.
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Introduction

The term thermoplastic elastomers (TPEs) designates a class of materials, which is unique due
to its elastomeric properties at considerable toughness, but in contrast to vulcanized
elastomers is also melt-processable.!! These inherent properties are achieved by a smart
combination of chemical and physical linkages.!”? TPEs are based on block copolymer structures
with at least two vitrifying blocks, consisting of a polymer with high glass transition
temperature (high-Tg), e.g., polystyrene (PS).[2! The chemical linkage to a soft and rubbery
polymer block with a low glass-transition temperature (low-Tg), e.g., polyisoprene (Pl), results
in combined mechanical properties upon nanophase separation.® The latter is crucial, since
the segregation results also in bridged chain conformations with the high-T; blocks of one block
copolymer being tethered in neighboring nanodomains.*” This physically cross-linked
network provides elasticity and mechanical stability.!

To realize nanophase separation in an accessible temperature range, a certain degree of
polymerization has to be employed, which is lower for block copolymers with more
pronounced incompatibility of the constituent polymers.!®! When the material is heated above
the glass-transition temperature of the vitrifying domains (T,(PS)=100 °C), both phases behave
liquid-like. However, the energy barrier for the flow in the still segregated melts is large,
resulting in high viscosities and elasticities. Only upon accessing the order-disorder transition
temperature (Toot), above which the physical crosslinks are broken, the melt is disordered.
Therefore, the demand for melt processability of TPEs is an order-disorder transition
temperature close to the higher glass transition temperature, allowing for processing at rather
low temperatures from the homogeneous melt.[**!

Therefore, the herein discussed thermoplastic elastomers have the important advantage of a
facile processability and moreover reprocessability in comparison to chemically crosslinked
elastomers, i.e., vulcanized rubbers. However, the downside of the mere physical crosslinking
in TPEs compared to chemically crosslinked rubbers is the permanent set upon plastic
deformation of the vitrified domains.[*?! Attempts to enhance the mechanical properties, such
as recovery, focus on chain architectures with multiple physical crosslinks per chain. By
increasing the connectivity between the separated domains, an improved energy distribution
is expected.” This can be achieved employing either linear multiblock copolymers or branched
chain architectures, the latter exhibiting a covalent junction at the core of the star-shaped
architecture. The effect of star-architectures has been studied extensively, however in most
cases of star-branched TPEs, the number of arms is not well-defined.[*?

Register and coworkers investigated fully hydrogenated styrene-butadiene star-shaped
architectures with 6 arms of poly(vinyl cyclohexane)-block-poly(ethylene propylene) coupled
at the rubbery end (C-EP)s and compared its mechanics to the linear counterpart (C-EP),
prepared with a bifunctional coupling agent.!*3! Both polymers had equal molar masses per
arm, comparable domain sizes, and expectedly a cylindrical morphology, albeit this could not
be verified with absolute certainty due to the lack of well-developed higher order SAXS
reflections. Therefore, the authors concluded rather limited long-range order for the samples
in question. However, they were able to demonstrate that the star-shaped polymer recovered
rapidly and finally to a larger extent than the linear analogues, although the material’s
toughness was the same. At higher applied strain levels, the recovery values approached each
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other. Further studies revealed higher strength for (Sl)x star copolymers compared to their
linear analogues.*%4

Hillmyer and coworkers focused on sustainable (AB)«x polyester TPEs with crystalline
poly(L-lactide) domains and flexible poly(y-methyl-e-caprolactone) mid blocks.[**) Star-shaped
architectures with x=4 and 6 arms were compared to linear analogues (x=2), which were
prepared using a bifunctional rather than a tetra- or hexafunctional initiator. SAXS
measurements revealed either spherical or cylindrical PLLA domains with poor long-range
order and comparable domain sizes for the (AB)x star-shaped architectures (x=4, 6).
Furthermore, for constant molar mass per arm, they demonstrated superior tensile strength,
toughness, and recovery for the star architectures. Yet, the ultimate properties of the four- and
six-armed architectures were comparable.

Concerning star-shaped (SIS)x architectures, Meyer and Widmaier investigated these polymer
structures with a polystyrene core and PS end chains for various arm numbers and compared
their mechanical properties to (Sl)x star architectures.'®! A significant increase in tensile shear
strength could be observed when implementing a covalently linked core, which was capable of
forming a glassy domain. However, the number of arms per specimen was only given as an
average value, since divinylbenzene was used as a coupling agent.

Recently, Wang et al. presented an investigation of tapered star-shaped (Sl.)x multiblock
copolymers with eight arms.[*”! The arms were synthesized by repetitive (1-3 times) statistical
anionic copolymerization of isoprene and styrene, yielding tapered di-, tetra-, and hexablock
structures. Coupling of the living polystyryllithium chain ends yielded star-shaped structures
with an outer polyisoprene end block. In consequence, bulk properties were governed by
viscous flow at moderate temperatures, the transition temperature decreasing with increasing
number of tapered blocks per arm.

Herein, we report tensile test and recovery data of linear styrene-isoprene SIS triblock
copolymers and analogues with extended architectures. These comprise both linear SIS-SIS
pentablock copolymers and star-shaped SIS multiblock copolymers with four arms. The number
of arms was precisely defined using recently published chlorosilane coupling agents.[*8!

Experimental Section
Materials and General Polymerization Procedure

The solvents cyclohexane (Fisher Science, 299.8%) and tetrahydrofuran (THF, Fisher Science,
>99.8%) were dried over sodium with benzophenone as an indicator. Methanol (MeOH, Fisher
Science, 299.9%) was used as purchased but degassed with argon for the termination of living
chain ends. The stabilizer of isoprene (I, Acros Organics, 98%) and styrene (S, Acros Organics,
99%) was removed by filtering the monomers through a column containing basic aluminum
oxide and purified hereafter by degassing and distillation over calcium hydride (Acros Organics,
93%). Sec-Butyllithium (sec-BulLi, Acros Organics, 1.3 M in cyclohexane/hexane (92/8)) was used
as supplied. The coupled chain architectures were synthesized via the “arm-first” approach. As
coupling agents chlorosilanes were chosen since they are least prone to side reactions. C3 alkyl
spacers between the chlorosilane moieties and the use of monochloro-dimethylsilyl groups for
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coupling ensured complete coupling efficiencies due to the less-dense cores compared to the
sterically hindered tetrachlorosilane, and subsequent fractionation to isolate the desired
polymer  was circumvented. Bis-3-(chloro-dimethylsilyl)propyl)dimethylsilane and
tetra(3-(chloro-dimethylsilyl)-propyl)-silane were used as bifunctional and tetrafunctional
coupling agents, respectively. Furthermore, the coupling agent was dissolved in
tetrahydrofuran prior to addition. THF is known to enhance the coupling efficiency due to the
shift of the equilibrium of the aggregated chain ends towards solvated ions. Detailed synthesis

description can be found elsewhere.[*®!

All purification and reaction steps were conducted under Schlenk condition, meaning that all
glassware was flame-dried three times prior to use and all manipulations were carried out
either under high-vacuum (1-103 mbar) or an argon atmosphere. First, the monomers were
dried under reduced pressure and room temperature over ground calcium hydride over night
after degassing by three freeze-thaw-cycles. On the next day, the monomers were distilled and
transferred into an argon-filled glovebox. Cyclohexane was freshly distilled under normal
pressure and drained into an evacuated 250 mL glass reactor sealed with a fluoropolymer
stopper.

The initiator sec-BulLi was added to the reaction flask containing cyclohexane and styrene inside
the glovebox via a syringe. The reaction time for full monomer consumption was calculated
using a kinetic Monte-Carlo simulation. Details can be found in the Supp. Inf. of previous
publications./>*®! To guarantee full monomer conversion, the calculated reaction times were
extended by 10%. Subsequently, a mixture of styrene and isoprene was added to the living
polystyryllithium solution in order to form the gradient IS diblock sequence.

The quantity of styrene was equal for both addition steps. The concentration of the final
monomer/solvent mixture was in the range of 10-15 wt% to guarantee homogeneous mixing.
After full monomer consumption, the arms were either terminated with degassed methanol to
obtain tapered SIS triblock structures or coupled to pentablock or star architectures. Therefore,
0.5 equivalents for the bifunctional coupling agent or 0.25 equivalents of the tetrafunctional
coupling agent were added dropwise as a stock solution in THF. For this purpose, 100
equivalents of THF per equivalent lithium were implemented. The coupling reaction was run
until decolorization, which required less than 1 hour. The polymers were precipitated by
pouring the reaction solution into a 5-10-fold excess of methanol containing small amounts of
the antioxidant BHT (butylated hydroxy toluene), dried at reduced pressure for at least one
week and stored in the absence of light at -20 °C under argon atmosphere.

Size Exclusion Chromatography

SEC measurements of the linear (SIS), pentablock copolymers were carried out in THF on an
instrument consisting of a Waters 717 plus autosampler, a TSP Spectra Series P 100 pump, a
set of three MZ-Gel SDplus columns based on SDV with particle sizes of 5 um (porosities of 100,
103 and 105 A for molecular weight areas <3 000, 1 000-40 000 and 10 000-2 000 000 Da,
respectively) and Rl (35 °C) as well as UV detectors (254 nm). 100 uL of the sample solution
were loaded, operating at room temperature at flow rates of 1 mL-mint. Polystyrene (PS)
standards used for calibration were provided by Polymer Standards Service GmbH. Number
average molar masses M, and dispersities D were calculated from the Rl signal. Size exclusion
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measurements of the star-shaped (SIS)s multiblock copolymers were performed using a Waters
515 pump, two 30 cm Polymer Laboratories PLgel Mixed-C columns, a Wyatt Technologies
miniDAWN TREOS light-scattering detector (658 nm) and a Wyatt Optilab T-rEX Rl detector
(25 °C). Weight average molar masses M,, were calculated from the multiangle laser light-
scattering detector signals. For this purpose, the dn/dc values were weight-fraction-weighted
with respect to the PS and Pl contents known from NMR analysis. The respective homopolymer
dn/dc values of PS=0.189 mL-gtand PI=0.130 mL-g* were measured at 25 °C and 658 nm. The
apparent dispersities ® were derived from the Rl signal using linear PS standards.

NMR Spectroscopy

H NMR spectra were using a Bruker Avance Il 400 spectrometer with 400 MHz and a 5 mm
BBFO-Smart-Probe with z-gradient. The spectra were referenced internally to residual proton
signals of deuterated chloroform (CDCIs).

Tensile and Recovery Testing

Uniaxial tensile tests as well as initial and final recovery measurements were performed using
an Instron 6865 load frame. All films were prepared by dissolving 2.5-3 g of the azeotropically
dried polymer in 2 mL chloroform, casting the solution into a glass petri dish, followed by slow
evaporation (7 days) at room temperature and normal pressure and finally full removal of the
solvent under reduced pressure. Dogbone shaped specimens were stamped out of the films
using an ASTM D1708 dogbone die. For all tensile tests, the specimens were uniaxially
stretched with a rate of 5.08 cm-min? at room temperature. Characteristic parameters were
determined averaging over at least 3 independent experiments. The ultimate strength Obreak
and strain at break &yreak Were extracted from the point of failure. The ultimate toughness U of
the materials was calculated by integration of the stress-strain curve. Recovery measurements
were performed applying cyclic strains. The specimens were strained to a preset strain & with
a crosshead speed of 5.08 cm-min. After reaching the preset strain, the crosshead was
returned to its initial position at the same rate. After the sample was allowed to rest for 5
minutes, the next cyclic strain cycle was started. The prescribed strain was continuously
increased, with values of 25, 50, 100, 150, 200, 300, 400, 500 and finally 600%. The initial
residual strain &' was taken from the point where the stress reached zero upon unloading. The
final residual strain &' corresponds to the strain at which the stress became nonzero in the
subsequent advancing cycle. The initial and final recovery was backcalculated using the
equation R=1-& & (see Figure S2 for an exemplified determination of the residual strains).
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Results and Discussion
Polymer Characterization

In this work, bulk properties of tapered multiblock copolymers are compared for different chain
architectures. For this purpose, PS-b-P(l-co-S) triblock copolymers (abbreviated as SIS) with
equal PS block length, which are capable of mid block bridging, were coupled by a bifunctional
and tetrafunctional coupling agent to linear pentablock copolymers (SIS-SIS = (SIS),) and star-
shaped copolymers with four triblock arms ((SIS)4), respectively (see Figure 1).

The tapered diblock sequence was obtained by the statistical copolymerization of isoprene and
styrene in the nonpolar solvent cyclohexane, which features a polyisoprene block with few
styrene units, followed by a rather sharp gradient transition to a pure polystyrene block. The
block profile of the tapered structures shown in Figure 1 were simulated based on the reactivity
ratios of isoprene and styrene ad 40 °C in cyclohexane (r=10.9 and rs=0.029) for equimolar
ratios of the comonomers.* The polymers synthesized differ in their overall molar masses (40-
240 kg-mol?), allowing a systematic comparison of polymers with the same molar mass per
arm but varying architecture and hence overall molar mass. Besides, conclusions on the
influence of the chain architecture at constant overall molar mass can be drawn.
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Figure 1: One-pot synthesis routes to tapered SIS triblock copolymers by protic termination (bottom), to
linear (SIS)2 pentablock copolymers via a bifunctional coupling agent (middle), and to star-shaped
(SIS)a copolymers using a tetrafunctional coupling agent (top). The distribution of the comonomers
isoprene (orange) and styrene (cyan) along the chains is visualized by bars showing the molar-based
composition diagram, i.e., the mean incorporation (y axis) at every conversion (x axis).

The polymers discussed were synthesized with a monomer ratio of 50 mol% isoprene and
50 mol% styrene. The molecular characteristics of the synthesized polymers are summarized in
Table 1. The “arm-first” approach employing chlorosilane coupling agents of high coupling
efficiency due to spatially decoupled monochloro-dimethylsilyl coupling agents and the
presence of THF allowed for the synthesis of well-defined polymer structures without the
necessity of subsequent fractionation.*® The SEC traces (Figure 2) show only minor traces of
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lower molar mass side products that are most pronounced for the higher molar mass polymers,
which can be assigned to either PS homopolymers resulting from termination upon adding the
isoprene-styrene mixture or uncoupled arms.

Based on self-consistent field theory predictions, for polymers with 50 mol% isoprene and
50 mol% styrene (=60 wt%, 57 vol% PS) lamellar (LAM) morphologies are expected for all chain
architectures.[??!) |n case of the triblock precursors and star-shaped (SIS)s multiblock
copolymers, this was proven by SAXS measurements published elsewhere.[?2

Furthermore, analogous polymers were synthesized with 70 mol% isoprene and 30 mol%
styrene (=40 wt%, 36 vol% PS). Since they exhibit different morphologies ((SIS)1: hexagonally
packed cylinders (CYL), (SIS)a: irregular bicontinuous morphology (BIC))!??, a straightforward
comparison is not possible. The molecular characteristics and recovery data of these polymers
can be found in the Supp. Inf. (see Table S1 and Figure S1 for information on polymer
characterization and Figure S3 and S4 for recovery data).

60 Wt% PS (PS-b-P(l-co-S)), 40k 60 W% PS N ,\ (PS-b-P(I-co-S)), 80k
(PS-b-P(l-co-S)), 60k e (PS-b-P(I-c0-S)), 120k
(PS-b-P(l-co-S)), 80k (PS-b-P(l-co-S)), 160k
(PS-b-P(I-co-S)), 100k = (PS-b-P(I-co-S)), 200k
(PS-0-P(I-c0-S)), 120k s (PS-b-P(l-c0-S)), 240k
L JAN .
17 18 19 20 21 22 23 24 25 9 10 11 12 13 14 15 16
elution volume [mL)] elution time [min]

Figure 2: SEC traces (THF, PS calibration standard, Rl detector) of the 60 wt% PS polymer series (left: linear
(SIS)2 pentablock copolymers, right: star-shaped (SIS)a multiblock copolymers). The derived number
average molar masses and dispersities are summarized in Table 1.

Table 1: Overview of the characteristics of the linear and star-shaped tapered multiblock copolymers
obtained by coupling. The corresponding SEC traces are given in the Sl (see Figure S1).

(SIS)x target w(S) target M target Mn/arm | M, 2 or My ® pe w(S)
block type [%] [kg-mol] [kg-mol™] [kg-mol™] [%]
60 40 20 45 1.16 57
60 60 30 75 1.09 58
(SIS)2 60 80 40 92 1.09 58
60 100 50 99 117 57
60 120 60 130 1.09 57
60 80 20 ) 80- ) 1.05 ““E»g ______
60 120 30 101 1.06 63
(SIS)a 60 160 40 141 1.06 60
60 200 50 197 1.09 62
60 240 60 235 1.05 58

2 Determined by SEC (THF, PS calibration standard, Rl detector). Number average molar masses are given for the linear (SIS)2
pentablock copolymers, which are overestimated because of the isoprene incorporation. Dispersities are derived from the RI
signal for both linear (SIS); pentablock copolymers and star-shaped (SIS)s multiblock copolymers; ® determined by SEC (THF,
MALLS detector for the star-shaped (SIS)s multiblock copolymers); ¢ determined by 1H NMR (400 MHz, CDCls) integrating on
the 1,4-polyisoprene (6=4.8-5.4 ppm), 3,4-polyisoprene (6=4.5-4.8 ppm), and polystyrene signals (6=6.2-7.4 ppm).
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Tensile Properties

The viscoelastic properties of block copolymers are ruled by manifold parameters, such the
strength of the phase separation into different domains, the morphology formed thereupon,
and the chain configurations.?>?4 The latter comprise looped, entangled loop and bridged
configurations of the polymer chains.'*”! Bridging, i.e., physical connection of adjacent
nanodomains by the location of two PS blocks in different domains, contributes most to a
material’s strength and toughness and can be improved by either employing higher block
numbers or going from linear to star-shaped architectures.!!>?421 For this purpose,
PS-b-P(l-co-S) triblock copolymers (SIS) with equal PS block length, capable of mid block
bridging, were coupled by a bifunctional and a tetrafunctional coupling agent into linear
pentablock copolymers ((SIS).) and star-shaped copolymers with four triblock arms ((SIS)4),
respectively.

In the following, the ultimate properties of the tapered multiblock copolymers are compared
for these different chain architectures. Figure 3 shows the strain as well as the stress at the
point of mechanical failure upon uniaxial deformation for the polymers containing 60 wt%
polystyrene and hence lamellar morphologies. For the SIS triblock copolymers (red) it is clearly
visible that the materials can be stretched to a larger extent (&reak) With increasing molar mass
because they can withstand higher forces ( obreak) Without breaking. This is also reflected in an
overall increase in toughness (see Figure 4) with increasing molar masses.
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Figure 3: Characteristics of the break point (left: strain at break &vreak, right: ultimate strength oObreak) of the
60 wt% PS polymer series investigated in dependence on the molar mass per arm. Red: linear
triblock copolymers SIS, blue: linear pentablock copolymers (SIS)z, green: star-shaped multiblock
copolymers (SIS)s). Polymers of equal overall molar mass are highlighted by colored boxes (blue:
40 kg-mol?, green: 80 kg:mol?, red: 100 kg-mol?).

This can be explained by their chain conformation. Besides a looped conformation where both
PS blocks are located in the same PS domain, the triblock copolymers are capable of bridged
chain conformations./>?®! Bridges are formed, when the two PS block junctions reside in
different PS domains, enhancing mechanical properties together with entangled loops.?”! One
factor contributing to the increase in ultimate properties with increasing molar masses is the
higher number of entanglements. With entanglement molecular weights of cis-1,4-PI
(5.4 kg'mol') and polystyrene (13.3 kg'mol?)8, for the lowest molar mass of
(M(SIS)=20 kg-mol*  M(P1)=8 kg:-mol? Pl), the entanglement molecular weight is not
significantly exceeded. On the contrary, for the highest molar mass (M(SIS)=80 kg-mol?
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M(P1)=32 kg-mol*Pl), the Pl mid block equals the 6-fold of the entanglement molecular weight,
further contributing to the material’s toughness.

Another factor is the extent of segregation, which is indispensable for domain bridging and
counteracts chain pullout of a PS block, thereby providing resilience. At given volume fractions
of the constituent polymers, the segregation strength depends on the product of the degree
of polymerization N and the Flory-Huggins interaction parameter y of these polymers. For
triblock copolymers, the product of N has to exceed 18 for nanophase separation into a
lamellar morphology.!?® With ypps=-0.0419+39T! (T in K)B%, this theoretical limit is just
reached for the lowest molar mass (xN(20 kg-mol?),+~20.6), which is why a certain miscibility
between the blocks within this weak segregation regime is to be expected. Segregation
becomes more pronounced with increasing molar masses (yN(30kg-mol?)..~31,
xN(40 kg:mol™?)..~41, xN(50 kg-mol?),.~52, and xN(60 kg-mol?),+~62), which reduces the
probability for PS chain pullout from the PS nanodomains. Together with the increase of chain
entanglements, both factors enhance resilience with increasing molar mass.
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Figure 4: Toughness of the 60 wt% PS polymer series investigated in dependence on the molar mass per arm.
Red: linear triblock copolymers SIS, blue: linear pentablock copolymers (SIS)2, green: star-shaped
multiblock copolymers (SIS)s). Polymers of equal overall molar mass are highlighted by colored
boxes (blue: 40 kg-mol?, green: 80 kg-mol?, red: 100 kg-mol?).

The same trend can be observed for the linear (SIS), pentablock copolymers (blue). The overall
higher ultimate properties for the pentablock copolymers with the same molar mass per arm
result from the doubled overall molar mass by coupling each SIS triblock to generate a (SIS),
pentablock architecture. On top of the considerations drawn for the triblock copolymers, the
bridging/looping ratio is a dictating parameter. Spontak and coworkers predicted an increase
in the bridging fraction with increasing block number from roughly 60% for the triblock to 75%
for a pentablock even in bulk.?®) The comparison of triblock and pentablock copolymers of the
same overall molar mass reveals a higher toughness for the SIS triblock for low molar masses
(40 kg-mol?, blue boxes), but higher toughness for the (SIS), pentablock for higher molar
masses (80 kg-mol?, green boxes). This is explained in the following manner: for the
40 kg-mol™ polymers, the individual block lengths of the pentablock result in poor segregation,
whereas the triblock exhibits well-defined domains and minor PS chain pullout. Only at higher
molar masses, the phase separation of the pentablock is sufficient, thus outperforming the
triblock due to the increased bridging.

The star-shaped (SIS)s multiblock copolymers (green) presented in this work have been
examined and discussed in depth previously.[?? Besides the mechanical performance, thermal
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and morphological properties have been investigated. DSC measurements of the polymers
revealed two glass transition temperatures, the first in the range of -33 °C and a second T; at
roughly 60 °C for low molar masses, approaching 100 °C with increasing molar mass. The higher
glass transition of the polyisoprene-rich segments (pure Pl: Tg(Pl)=-65 °C) can be explained by
the intrinsic incorporation of styrene units into the Pl-rich block due to the tapered
microstructure. However, the molar mass dependence of the glass transition of polystyrene
(pure PS: T¢(PS)=100 °C) is a first indication for a weak phase separation for short individual
block lengths, which becomes more pronounced at elevated molar masses. SAXS analysis
revealed disordered morphologies for the 80 and 120 kg-mol? star copolymers, the latter
exhibiting an order-disorder transition when cooled to 20 °C. High molar mass star copolymers
ordered into lamellae at room temperature. The 160 kg-mol* tetra-arm star showed an order-
disorder transition at 125 °C. The Topt’s of the 200 and 240 kg-mol? star-shaped multiblock
copolymers were not accessible, since they ranged above 180 °C. These findings are in line with
theoretical considerations with regard to phase diagrams of star copolymers, predicting similar
phase diagrams for (AB), star block copolymers to those of diblock copolymers.?®’ Matsen and
Schick simulated phase diagrams for three- and five-arm star copolymers, which were
topologically equivalent to the diblock copolymers, but showed larger regions of ordered
morphologies for small volume fractions and shifted boundaries of the order-order transitions
to higher volume fractions of the inner block. Consequently, the observation of two glass
transitions for the low molar mass star copolymers is due to the phenomenon of self-
concentration.Y Tensile tests again reveal an increase in toughness of the four-arm star with
increasing molar mass, however the magnitude of increase becomes smaller at higher molar
masses. No obvious discontinuity between disordered and ordered polymers can be found,
which might be a result of strain-induced ordering.

Comparing the linear (SIS), pentablock with the star-shaped (SIS)4 architecture, the values for
toughness converge with increasing molar mass, and a plateau value is reached for molar
masses of 40 kg-mol™? per arm (see Figure 4). In conclusion, at that point the star architecture
does not provide further resilience. For lower molar masses per arm, the toughness as well as
the ultimate strength (see Figure 3) of the star-shaped (SIS)4is higher than the one of the linear
(SIS)2 pentablock copolymers. Since the star-shaped polymers can be considered as two
pentablock copolymers chemically joined at their central linkages, bridging becomes more
likely. This is reasoned in the core blocks tethered in a PS domain and four PS end blocks
capable of forming a bridged chain conformation. Furthermore, backfolding can become less
likely because of the denser core.l3? Therefore, star-shaped chain architectures exhibit an
enhanced resistance to block pullout from the PS domains, which is of key importance for
weakly segregated or disordered structures.

Finally, the tensile properties of (SIS), and (SIS)4 structures of equal molar masses (80 kg-mol?,
green boxes) are compared. The linear pentablock exhibits superior ultimate mechanical
properties, because the individual block length is sufficient for strong segregation strength
preventing chain pullout, which does not hold true for the star-shaped multiblock with
comparably short individual blocks. Therefore, the increased bridging in case of the star-shaped
copolymers cannot outweigh the increased PS chain pullout out of the disordered specimen
featuring only weak self-concentration.
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Recovery Properties

Within the next section, the materials’ recoveries are evaluated. For this purpose, the
specimens were strained to a prescribed strain &, which was successively increased from 25 to
50, 100, 150, 200, 300, 400, 500 and finally 600%. After attaining the prescribed strain, the
crosshead was returned to its initial position at the same rate. Before starting the next
stretching with the increased, prescribed strain, the specimen was allowed to rest for 5
minutes.

Figure 5 shows the stress-strain curves obtained for the three polymers with 60 kg-mol™? per
arm and 60 wt% polystyrene but differing architecture. Analogous studies of the 40 wt%
polystyrene polymers with 60 kg-mol™? per arm are given in the Supp. Inf. (Figures S3 and S4).

As discussed before, for these compositions the toughness of the linear (SIS), pentablock and
the star-shaped (SIS)s multiblock does not depend on the chain architecture anymore. With a
plateau value ranging between U=80-85 MJ-m~3 (see Figure 4), the energy per unit volume of
deformed material which is required for rupture is equal. However, the SIS triblock can absorb
less energy (U=50 MJ-m3), which is also visible in the lower engineering stress necessary to
reach the prescribed deformation (see Figure 5). Nonetheless, all three polymers ought to
exhibit qualitatively similar morphologies, namely lamellae, which is why the recovery
capability is solely determined by the chain architecture.
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Figure 5: Strain hystereses for the three polymers with an equal molar mass per arm of 60 kg-mol* and
60 wt% PS. Top: linear SIS triblock copolymer with an overall molar mass of 60 kg-mol?, bottom left:
linear (SIS)2 pentablock copolymer with an overall molar mass of 120 kg-mol?, bottom right: star-
shaped (SIS)s multiblock copolymer with an overall molar mass of 240 kg-mol™.
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To quantify the recovery, the residual strain & is measured; once after the stress first dropped
to zero while receding the crosshead (initial residual strain &') and a second time when the
stress became nonzero in the subsequent advancing cycle (final residual strain &f). The initial
and final recovery was calculated by R=1-&; ! (see Figure S2 for an exemplified determination
of the residual strains). In Figure 6 the initial recovery R' as well as final recovery after 5 minutes
of resting in the initial position Rf are plotted against the applied preset strain &.
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Figure 6: Initial (left, R) and final recovery (right, RY) in dependence of the applied prescribed strain & for the
three strain hysteresis shown in Figure 5.

Interestingly, the linear (SIS), pentablock (blue) shows a superior initial recovery (R, Figure 6,
left) with up to 78% recovery at modest strain levels (£<300%), which means that the material
recovers rapidly during receding. At high strain levels (£&>300%), the recovery continuously
drops to even 70% initial recovery. However, only an additional recovery of 10-15% can be
observed during the 5 minutes rest (Rf, Figure 6, right).

The linear SIS triblock (red) shows the same initial recoveries as the (SIS), pentablock at low
strain levels (&<50%) and thereafter slightly reduced initial recoveries at higher strain levels,
continuously decreasing to finally R'=66% at 600% strain (R', Figure 6, left). On the contrary, the
material recovers strongly during resting, which even resulted in 100% final recovery at low
strain levels (£<50%) (Rf, Figure 6, right). At higher strain levels, the final recovery decreases
rapidly, approaching Rf values equal to the (SIS), pentablock copolymers at £=200%.

In pronounced contrast, the star-shaped (SIS)s multiblock copolymer (green) features a peculiar
recovery behavior. With R'~60-65% the initial recovery is very poor at modest strain levels
(£2<300%) (R', Figure 6, left). At high strain levels (&>300%), the recovery continuously
increases up to 68% initial recovery. Although recovery during receding is minor, the material
shows superior final recoveries of R'=100% at strain levels £<100% (Rf, Figure 6, right). At
higher strain levels, the final recovery decreases slightly, reaching R values of 87% at £=500%.
Hence, additional recoveries of 10-15% at high strain levels and additional recoveries of even
40% for modest strain levels are observed during 5 minutes rest.

This very different behavior can be explained by the covalent junction of the core PS block,
which allows to distribute the stress evenly and provides a certain shape memory of the
network at moderate strain levels. At higher strain levels, this feature is not able to suppress
plastic deformation of the glassy domains anymore, which is why the recovery is worse in this
case. On the contrary, the linear analogues exhibit a higher chain flexibility, enabling
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comparably fast restoration of the initial state. Since the bridging fraction and also the ultimate
toughness of the pentablock are higher than the values of the triblock, the latter shows slightly
impaired recovery behavior during receding. Yet, an easier chain diffusion in case of the SIS
triblock is a probable explanation for the superior final recovery at low strains. Still, also the
linear counterparts face substantial restructuring of the glassy domains at higher strain levels,
explaining the permanent set of all specimens upon large deformation.

Conclusion

Coupling tapered conventional SIS triblock copolymers into either linear (SIS), pentablock
copolymers or four-arm star-shaped (SIS)s multiblock copolymers has a huge impact on the
ultimate tensile properties as well as on the recovery properties. For these three different
architectures but same molar mass per SIS triblock arm, the ultimate toughness increased in
the order SIS < (SIS)2 < (SIS)4. This can be explained by the higher bridging fraction in both
pentablock copolymers and star-shaped multiblock copolymers and further by the covalent
core junction in star architectures. With increasing molar mass per arm, ultimate properties
increased for all architectures, which is grounded in a more pronounced phase separation and
increasing chain entanglements. Comparing the toughness of SIS, (SIS), and (SIS)4 for the same
overall molar mass of 80kg-mol?, the linear pentablock exhibits superior mechanical
properties. This originates from increased bridging at sufficient phase separation comparing
(SIS)2 and SIS. On the contrary, phase segregation of (SIS), is insufficient due to the comparably
short individual blocks and further potential constraints in the ordering process. Therefore, in
this case the star architecture cannot compete with the linear counterpart. The recovery
properties for SIS, (SIS), and (SIS)s with the same molar mass per SIS triblock arm of 60 kg-mol
! revealed strong dependencies on the chain architectures. The star architecture exhibits
superior final recovery compared to the linear analogues, but the recovery during receding is
minor. With respect to the initial recovery, the linear pentablock performs best. On increasing
the preset strain, the recoveries for all three architectures converge. Conclusively, the
implementation of star-shaped architectures is recommendable for applications where small
final permanent sets are important, but the material can rest between use. Complementary,
linear multiblock architectures are well-suited for applications with quick successive
mechanical deformations.
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Supporting Information

Polymer Characterization

Table S1: Overview of the characteristics of the linear and star-shaped tapered multiblock copolymers with
40 wt% polystyrene obtained by coupling. The corresponding SEC traces are given in Figure S1.

(SIS)x target w(S) target M target M/arm | M,°or My ® pe w(S) ©
block type [%] [kg-mol™] [kg-mol™] [kg-mol™] [%]
40 40 20 43 1.23 37
40 60 30 79 1.09 38
(SIS)2 40 80 40 97 1.10 37
40 100 50 121 1.07 37
40 120 60 124 111 37
40 80 20 69 1.12 38
40 120 30 111 1.04 39
(SIS)a 40 160 40 138 1.05 39
40 200 50 188 1.08 40
40 240 60 235 1.09 40

2 Determined by SEC (THF, PS calibration standard, Rl detector). Number average molar masses are given for the linear (SIS),
pentablock copolymers, which are overestimated because of the isoprene incorporation. Dispersities are derived from the Rl
signal for both linear (SIS), pentablock copolymers and star-shaped (SIS)s multiblock copolymers; ? determined by SEC (THF,
MALLS detector for the star-shaped (SIS)s multiblock copolymers); € determined by 1H NMR (400 MHz, CDCl3) integrating on
the 1,4-polyisoprene (6=4.8-5.4 ppm), 3,4-polyisoprene (8=4.5-4.8 ppm), and polystyrene signals (6=6.2-7.4 ppm).

(PS-b-P(I-co-S)), 80k

(PS-b-P(I-co-S)), 120k

(PS-b-P(I-co-S)), 160k
e (PS-b-P(l-c0-S)), 200k
e (PS-b-P(I-c0-S)), 240k

e (P8-b-P(l-C0-8)),, 40k 40 wt% PS
(PS-b-P(1-c0-5)), 60k
(PS-er(I-t.'t7-S))2 B0k

— (PS-D-P(I-:O-S)), 100k

— (F’S-b-P(I-tm-S))2 120k

— A A J L A A J
2 23 24 25 9 10 1" 12 13 14 15 16
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Figure S1: SEC traces (THF, PS calibration standard, Rl detector) of the 40 wt% PS polymer series (left: linear
(SIS)2 pentablock copolymers, right: star-shaped (SIS)a multiblock copolymers). Different colors
assign varying molar masses. Derived number average molar masses and dispersities are comprised
in Table S1.
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Exemplified Analysis of Recovery Data

applied strain &,:
— 500%
— 600%

Ril500%)=1-(160-5001)=68%
Ri(500%)=1-(85.5001)=83%

£(400%)
£,1(500%)
£,i(500%)
£,(600%)

S

(SIS)4
4 60 Il(g-mol'l1
100 200 300 400 500 600

engineering strain £/ %
Figure S2: Definition of the initial (&) and final residual strain (&), and the calculation of the initial (R) and
final recovery (Rf) thereof, exemplified for the raw cyclic strain test data for prescribed strains & of
500 (pink) and 600% (violet) from the SIS triblock copolymer with 60 kg-mol™* and 60 wt% PS.

Recovery Data of the 40 wt% PS Polymers

In addition to the polymers with 50 mol% isoprene and 50 mol% styrene (=60 wt%, 57 vol% PS)
discussed in the main manuscript, analogous series with varied monomer ratios of 70 mol%
isoprene and 30 mol% styrene (=40 wt%, 36 vol% PS) were synthesized. In the following,
recovery data for the three polymers with 60 kg-mol™ per arm and 40 wt% polystyrene but
differing architecture are shown.

However, previous studies revealed hexagonally packed cylinders with an order-disorder
transition temperature of 135 °C for the tapered SIS triblock copolymer, but a bicontinuous
morphology without accessible order-disorder transition temperature for the star-shaped
(SIS)4 multiblock copolymer.?? The morphology has a huge impact on the material properties.
Since cylinders exhibit only one continuous phase of the excess polymer, the material shows
dominating properties of the continuous phase (for SIS: polyisoprene, soft and flexible). In
bicontinuous morphologies, both phases are continuously interconnected, which is why the
polystyrene domain has to be deformed together with the polyisoprene domain, resulting in a
less elastic material. Lamellae, which were formed for all the 60 wt% PS polymers, exhibit two
continuous phases leading to a certain strength, but since they are not interconnected, poor
elastic recovery but large plastic deformations are expected.

In analogy to the previous recovery measurements, the specimens were strained to a
prescribed strain & (25, 50, 100, 150, 200, 300, 400, 500 and finally 600%) and then the
crosshead was receded. Before starting the next stretching with the increased prescribed
strain, the specimens were allowed to rest for 5 minutes.

Figure S3 shows the stress-strain curves obtained for the 40 wt% PS polymers. The stress-strain
curves reveal a significantly decreased tensile strength with 2-3.5 MPa for the SIS triblock (vs.
6-12 MPa for the SIS triblock with 60 wt%, see Figure 5), 2-5.5 MPa for the (SIS). pentablock
(vs. 6-15 MPa for the (SIS). pentablock with 60 wt%, see Figure 5), and 1.8-5.5 MPa for the star-
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shaped (SIS)s multiblock (vs. 6-14 MPa for the star-shaped (SIS), with 60 wt%, see Figure 5). In
conclusion, the triblock is less tough compared to the coupled counterparts.

4.0
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o 35F _foow 150%
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Figure S3: Strain hystereses for the three polymers with an equal molar mass per arm of 60 kg-mol™*and 40 wt%
PS. Top: linear SIS triblock copolymer with an overall molar mass of 60 kg-mol, bottom left: linear
(SIS)2 pentablock copolymer with an overall molar mass of 120 kg-mol?, bottom right: star-shaped
(S1S)s multiblock copolymer with an overall molar mass of 240 kg-mol™.

Again, recovery was quantified by the residual strains & right after receding and upon
subsequent stretching after 5 minutes (see Figure S4). In Figure 6 the initial recovery R' as well
as final recovery after 5 minutes of resting in the initial position Rf are plotted against the
applied preset strain &. In pronounced contrast to the 60 wt% PS polymers with lamellar
morphologies, all architectures of the 40 wt% PS series show comparable recoveries, which are
significantly higher than the ones of the 60 wt% PS polymers. The linear SIS triblock exhibits
highest initial recoveries at modest strain levels (£,<200%). At high strain levels (£>200%), the
star-shaped polymer recovers best during receding. The final recoveries are also qualitatively
equal for all architectures and reach levels higher than 90% R, almost independent of the
prescribed strain. On the contrary, the 60 wt% PS polymers with lamellar morphologies
exhibited higher recoveries at low strain levels (£<100%), but a strong dependence on the
applied strain resulting in a decrease to 85-90% of final recovery.

This very different behavior might be a result of the formed nanodomain morphology. As
descussed in advance, lamellae show poor elastic recovery. The continous phase and moreover
interconnectivity in case of the star-shaped (SIS)s with 40 wt% PS provides resistance to plastic



Controlling Recovery Propetties by the Chain Connectivity Comparing Linear and Star-Shaped Multiblock Copolymers 158

deformation on top to bridging. The latter have a smaller impact on the overall properties,
which is why a distinct dependence on the chain architectures cannot be observed.

100 100 | :%
2 ° P Y PR LR Stk
iy === o - i 8‘.‘"‘_‘8_ __. i-
x 90f oS g eop
> «;,,e'— - >
[ o
g 80 .;?f s 80|
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2 e
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= -G (819), £ -G (SIS),
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applied strain ¢, 1 % applied strain €, 1 %

Figure S4: Initial (left, R) and final recovery (right, Rf) in dependence of the applied prescribed strain & for the
three strain hysteresis shown in Figure S3.
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Lubricant additives are part of
continuously developing technologies
which are further improved in order to

Olefinic meet performance requirements. This
Copolymers

Polyalkyl ThiCR'Ening
Methacrylates Efficiency

article reviews viscosity modifiers, which
are additives used to mitigate the
temperature dependence of the
viscosity. Different polymer classes and
: polymer chain architectures are
Viscosity Index Shear  discussed with respect to their
' | T thickening efficiency, viscosity-

temperature relationship, and shear stability. These comprise olefinic copolymers (OCPs),
polyalkyl methacrylates (PMAs), and hydrogenated styrene-diene copolymers (HSDs), with the
hydrocarbon-based polymers exhibiting high thickening efficiencies, whereas polyalkyl
methacrylates provide better viscosity-temperature relationship. For this purpose, different
mechanisms imparting the viscosity improvement are addressed. Besides, progresses towards
new polymer classes and architectures potentially allowing to exceed the present restrictions
incisively are sighted.

Introduction

For nearly all modern machines, lubrication is necessary since they mostly rely on moving metal
parts. Contact of these elements has to be prevented, as friction causes heat generation and
wear. While the metal parts of engines are designed to be exposed to minimum contact, gears
and bearings experience massive friction.[*?) Therefore, the primary task of lubricants is the
minimization of direct metal-to-metal contact by a film between the moving parts.
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Furthermore, lubricants dissipate heat, protect surfaces against oxidation or corrosion and
ensure smooth operation by suspending deposits. In the special case of hydraulic technologies,
lubricants are further implemented for power transfer.®

Lubricants can be solid, liquid, or gaseous, but fluid-film lubrications are the most common
lubricants, which is why within this work, only liquid lubricants will be reviewed.!*! Generally,
lubricant formulations consist of a non-volatile base oil or mixtures thereof, and different
polymer additives. To meet the requirements of an intended application, both the choice of
the base oil and the lubricant additives play an important role, since the performance of the
different additives varies with the base oil. The specifications of importance for various
applications are compiled in Table 1. These comprise not only the already mentioned friction,
oxidation, and corrosion control as well as dispersancy, but also performance upon
temperature and pressure changes. The latter tribological parameters essentially influence the
oil film thickness."

Table 1: Lubricant property requirements for various applications.!

Oxidation Beneficial Beneficial
L Low . . - .
I Friction and . Viscosity- Viscosity-
Application . Dispersancy Temperature
Control Corrosion Fluidit Temperature Pressure
Control v Relationship  Relationship
Engine Oils v v v v v x
Automatic
Transmission v v v v v v
Fluids
Tra<.:tor . v v v v v v
Hydraulic Fluids
Indu§tr|al . v v v v % v
Hydraulic Fluids
Gear Oils v v x v v v
Indu§tr|al er v v . < v «
Turbine Oils

With 65-98%, the key component of lubricant formulations is the base oil, while the additives
account for 0-1% in case of pour point depressants, 0-30% of viscosity modifiers and 2-20% for
a general-purpose performance package, which usually is sold separately.!) A performance
package itself comprises manifold additives like stabilizers, oxidation and corrosion inhibitors,
deposit control agents, or film forming agents. This work outlines the different functional
principles of viscosity modifiers and relates them to the polymer classes, touching the
chemistry of pour-point depressants as well.

Base oils are categorized by the American Petroleum Institute. Five groups are classified and
Table 2 summarizes the key parameters of the groups |, Il and Ill, which are their viscosity index,
saturates content, and sulfur level. The viscosity index is a measure of the change in viscosity
relative to a temperature change. On top, the classifications group IV comprising
poly(a-olefins), which are wax-free, and group V including all other base stocks are defined.
Due to cost issues the market develops towards group Il and Il base oils, where hydrocarbons
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can be used, as represented in the change in demand and forecast demand of the different
base stocks (see Figure 1).12! This is reasoned in the improved performance characteristics such
as superior oxidative stability and by this low friction increase, with the friction being directly
related to fuel economy.

Table 2: Classification of the Base Stocks of Group I-1II.%!

Base Stock Amount of Saturates® Amount of Sulfur Range of the Viscosity Index
Group | <90% <0.03% 80-120
Group Il =90% <0.03% 80-120
Group Il >90% <0.03% >120

2During hydrocracking processes, which involve the treatment with hydrogen at high pressures in the presence of a catalyst,
olefins are converted into saturates. Furthermore, hydrocracking achieves the conversion of aromatic molecules into
naphthenes, larger molecules are cracked to compounds of molar masses suitable for use as base oils, normal paraffins are
isomerized to branched alkanes, and sulfur and nitrogen containing compounds are removed.

40
- Average annual
= 35 growth rate, %
8 30 M Other (Group 1V, 2005205
= 25 naphthenic oils) 21%
=20 M Group III 8.6%
-
- :‘5) M Group Il 3.6%
‘2 5 M Groupl 1.1%

0

2005 2010 2020 2030
Figure 1: Demand for base oils for the period of 2005-2010 as well as the forecast for 2020-2030. tken from [4]

Regardless of the type of oil, all fluids have a rapid decrease in viscosity upon increasing
temperature in common. Since the temperature application window of lubricants usually
encompasses a wide temperature range, performance might not be rendered at elevated
temperatures facing issues of surface contact. However, the use of a more viscous fluid does
not solve the problem because of viscous friction at low temperatures leading to poor
efficiencies. Therefore, the implementation of viscosity modifiers in lubricant formulations is
important to mitigate this adverse effect and to ensure a sufficient film thickness throughout
the whole temperature range.

Within this work, different polymer classes including olefinic copolymers (OCPs), polyalkyl
methacrylates (PMAs), and hydrogenated styrene-diene copolymers are presented (see Figure
2). The parameters and mechanisms influencing the viscosity and thus dictating the
performance as viscosity modifiers will be discussed.

Figure 2: Polymer classes widely used for viscosity modification.

Currently, there is no viscosity modifier available that provides optimum performance. Due to
the trade-off between the viscosity-temperature relationship quantified by the viscosity index,
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the thickening efficiency, and shear stability (see Figure 3), the different viscosity modifiers are
suitable for particular applications.® The viscosity index is a measure of the decrease in
viscosity with temperature and is known to be high for polyesters like polyalkyl methacrylates.
On the contrary, hydrocarbon-based polymers such as olefinic copolymers and hydrogenated
styrene-diene copolymers exhibit high thickening efficiencies, representing low polymer treat
rates required to achieve a certain increase in viscosity. Finally, the shear stability index
quantifies the resistance to the permanent viscosity loss upon shearing. This parameter is
influenced, for instance, by the polymer architecture, but also depends on the dispersity of the
polymer.

Therefore, different architectures and chain compositions will be addressed. Furthermore,
promising chain architectures not used in the field of lubricant additives so far will be
highlighted, giving food for thought for the design of novel viscosity modifiers. This
development is required, since effective additives meeting the challenges of lubricant
formulation for various applications are of industrial and economic interest. For instance,
legislation drives changes to fuel composition and progress towards ultralow-viscosity engine
oils for improved fuel efficiency, requiring specialized viscosity modifiers.!?

ocpsand . | TE = . OCPsand Thickening Efficiency
HSDs/ PMAs HSDs \PMAs TE = il : <vt1eos(:<:g solution>
Al nZe Vhase oil
\, /
| Viscosity Index
l/il Il\l' VI = 100 - ( U:gffegence oil, VI=0 — U?eos:gd solution >
Vi SSi ?gf:;gence o0il, VI=0 — v;}gf;(r:ence oil, VI=100

Shear Stability Index
p100°C . _glo0°C .
SSI = 100 - ( sheared solution unsheared solutnon)

100 °C e .U100 °C
unsheared solution base oil

Figure 3: Definition of the viscosity index (VI), the shear stability index (SSI) and the thickening efficiency (TE).
vi: Kinematic viscosities v of the base oil, a reference oil of prescribed kinematic viscosity, or the
polymer solution at different temperatures or after shearing experiments.

Viscosity-Temperature Relationship

The viscosity of a polymer solution is enhanced both by high molar masses and the
concentration of the dissolved polymer. In the dilute regime, the contribution of a polymer to
the viscosity increase is approximated by the Kuhn-Mark-Houwink-Sakurada power law
(equation 1), showing the dependence of the intrinsic viscosity of a polymer [7] on the average
molar masses M. K and a are constants depending on the polymer and the solvent. The
exponent o adopts 0.5 for an ideal gaussian coil at theta condition, increases for flexible coils
dissolved in better solvents to 0.5<a<0.8, and attains values >0.8 for semi-flexible polymers
with a maximum of 1.7-2 for a rigid, rodlike molecule.™% In contrast to linear polymers, o can
be <0.5 for ring or hyperbranched polymer architectures and further depends on the molar
mass in the latter case.”)

[n] =K-M* (1)
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The concentration dependence is described by the Huggins or Kraemer relation (equations 2
and 3, respectively), which allow extrapolation to infinite dilution to experimentally determine
intrinsic viscosities. Here, the 75, denotes the specific viscosity and 7- the reduced viscosity.
Both can be calculated by the difference in viscosity of a solution to the pure solvent (equation
4). The respective coefficients ky and k¢ are constant for a given polymer-solvent system. The
advantage of the Kraemer equation is the smaller concentration dependence. However, it is
only valid for a Huggins coefficient of ky=1/3, which is why in case of doubt the linear fit should
be obtained from the Huggins equation.®

2 = [n]+ky[n]%c (2)

Inn,

=1t = [n]+kg[n]*c (3)
Moy = e = e 1 @

The intrinsic viscosity is a first indication for the ability of a polymer to increase the viscosity of
a solvent and generally, higher molar masses and concentration increase the viscosity. Still, due
to the extrapolation to infinite dilution, the intrinsic viscosity is tangibly spoken a reciprocal
density of the polymer coil in solution and hence possible changes in the thickening
mechanisms (vide infra) with varying concentration such as crystallization and association
phenomena are not taken into account. Besides, the intrinsic viscosity does not provide any
insight into the viscosity-temperature relationship.

For this purpose, the viscosity index (VI) was introduced, which quantifies the temperature
dependence and is calculated according to equation 5. Here, the kinematic viscosity at 40 °C of
the tested solution is weighted against the kinematic viscosities v at 40 °C of two reference oils
with a VI of 0 and 100, which have the same kinematic viscosity at 100 °C as the tested solution.
The higher the VI, the lower the temperature dependence of the viscosity of a solution.

40°C

40 °C
v : —0—U : o o
_ . reference oil, VI=0" "tested solution : 100 °C — ,,100°C
VI =100 <v40 °C - _p40°C - ) with Ureference oils — Utested solution (5)
reference oil, VI=0 “reference oil, VI=100

The mechanisms for viscosity index improvement by a polymer additive are discussed in a later
section and in the first place depend on the polymer’s chemistry. Basically, polyalkyl
methacrylates are good viscosity index improvers, since the polymer coil expands with
temperature changes contributing increasingly to the solution viscosity, while the coil size of
hydrocarbon-based polymers such as olefinic copolymers and hydrogenated styrene-diene
copolymers is barely temperature-dependent. Yet, hydrogenated styrene-diene copolymers
are able to aggregate, thereby introducing a temperature response of the system’s viscosity.

Besides, the viscosity index is weakly correlated to the architecture of polymer chains. For
instance, two polymers of the same molar mass in the backbone of the polymer, i.e., the same
molar mass share belongs to the side chains, can differ in their radius of gyration and vice versa.
Here, for similar backbone molar mass the polymer with the larger radius of gyration has the
higher viscosity index, whereas for polymers with the same radius of gyration, the polymer with
lower molar mass of the backbone is more efficient.

Since the mechanisms for viscosity improvement, shear stability and thickening efficiency are
complexly intercorrelated, the influence of the polymer’s chemistry, chain composition and
architecture will be addressed multiple times throughout this work when appropriate.
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Shear Stability

In addition to a beneficial viscosity-temperature relationship, good performance of a viscosity
modifier critically depends on its durability. During use, lubricant formulations are subjected to
high shear stresses for many applications. This results in both a reversible and a permanent
decrease in viscosity.

The shear thinning phenomena are pictured in Figure 4. Before experiencing shear forces, the
oil containing a viscosity modifier exhibits a comparably high viscosity which behaves as a
Newtonian liquid at low shear stress levels (1°* Newtonian).

At moderate shear stress levels, the shape of the polymer coils changes from spherical to an
elongated configuration and the disassembly of associated chains takes place, leading to a
decrease in viscosity until a second plateau of a viscosity independent of the shear stress (2"
Newtonain), where the polymer chains are maximally aligned within the flow, and all
aggregates are broken up. For this case, the viscosity increases to the initial value when the
shear rates are decreased and the polymer coils return to their initial shape and reassemble,
which is why this effect is called a temporary or reversible viscosity loss (Figure 4, horizontal
shift). Normally, the temporary viscosity loss increases with the molar mass of the polymer.?

The decrease in viscosity upon shearing typically begins at strain levels above 10* 5,220

However, at high shear stress levels, where turbulent flows and cavitation become more likely,
also chain degradation can take place, leading to a decrease in the molar mass and an increase
in dispersity. The homolytic C-C bond cleavage results in free radicals, which are quickly
quenched by the oil, antioxidants, or dissolved oxygen molecules./? Therefore, not the
chemical structure but the molar mass and hence the end-to-end distance of the polymer chain
are affected. In consequence, the system faces a permanent viscosity loss (Figure 4, vertical
shift). Typically, chain scission is notable at strain levels above 10° s111% and statistically occurs
near the middle of linear polymer chains.!'¥! As a result, permanent viscosity loss is self-limiting,
reaching a plateau when the chains are degraded to a sufficiently low molar mass.[*? The
permanent shear stability is quantified by the shear stability index SSI (see Figure 3), with higher
values indicating a more pronounced viscosity loss. Conclusively, low SSl values are desirable.
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Figure 4: Reversible and permanent shear thinning upon shearing. t2ken from [5]
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In general, lower molar mass polymers are more shear stable because of an easier alignment

within the flow. Furthermore, the solubility of the viscosity modifier in the base oil plays a role,
since more extended polymer chains take more time to align, rendering chain scission more
likely. On the other side, lower molar mass polymers exhibit worse thickening efficiency (vide
infra) and a detrimental viscosity-temperature relationship, which is why the balancing of the
three parameters is challenging.

As a result, the dispersity of a polymer indirectly affects the overall performance. The broader
a molar mass distribution, the higher are the shares of comparably long and as well as short
chains. On one hand, the longer polymer chains might experience chain degradation and hence
reduce the shear stability. On the other hand, the shorter chains contribute little to the
viscosity increase. Therefore, narrow molar mass distribution improve the balance between
thickening efficiency and shear stability, allowing to target higher molar masses at minimum
permanent viscosity loss.[*¥ In consequence, the polymerization mechanism has a strong
impact on the performance as viscosity index improver, as exemplified for catalytic and anionic
polymerization in Figure 5.
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Figure 5: SEC traces of a hydrogenated styrene-diene diblock copolymer (HSD), polymerized under living
anionic conditions (solid line) and of an olefinic copolymer (OCP) polymerized by metallocene

catalysis (dashed line). Both viscosity modifiers exhibit comparable molar masses at the signal
maximum. adapted from [2]

Furthermore, the polymer architecture is important for both temporary and permanent shear
stability and thus opens up another approach for viscosity modifier improvement.!® Long chain
branching results in viscosity modifiers less prone to temporary shear loss.!**! Branching can
occur during PMA synthesis by chain transfer reactions or in case of OCPs is achieved by
implementing a terpolymerization with a non-conjugated diene. However, long chain
branching affects the thickening efficiency detrimentally (vide infra).

Comparing linear and star-shaped polymers, the more compact structure of star-shaped
polymers in solution leads to a higher permanent shear stability at similar molar masses due to
faster alignment under shear.*] However, comparing the star-shaped polymers with their
linear counterparts whose molar mass equals the molar mass of one arm, the star-shaped
polymers are less shear stable and their behavior approaches the one of the linear arm.[11.14]

Introducing a block structure into linear polymers enables self-assembly, if one block is
sufficiently insoluble. These aggregates are capable of partially disassembling under shear,
thereby increasing the temporary shear stability.*>'®) However, especially for diblock
copolymers, micellization can be restricted by chain scission, particularly disjoining the two
covalently linked blocks, this way increasing both permanent and temporary shear induced
viscosity loss.*¥! Consequently, multiblock structures might be beneficial, which will be
discussed later when reviewing advanced structures.
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Besides, the intended application determines the demands with respect to shear stability, since
the shearing severity a lubricant is subjected to varies with the application. The highest shear
forces are experienced in gear oils, followed by hydraulic fluids and automatic transmission
fluids, whereas the demands for engine oils are rather low.!?!

Thickening Efficiency

As a third key parameter, the thickening efficiency of a polymer additive is defined, and small
values are desirable since it directly translates into lower polymer treat rates sufficient for an
adequate lubrication. As discussed above (intrinsic viscosity), the thickening efficiency
correlates with the hydrodynamic volume of the polymer coil in solution. The latter scales with
the root mean-square end-to-end distance of the polymer as Vu~r®, which depends in a first
approximation on the molar mass and the polymer architecture.

Side chains as present in polyalkyl methacrylates strongly affect the hydrodynamic volume. In
this context, thickening efficiency depends linearly on the percentage of the molar mass in the
polymer backbone.” For polyalkyl methacrylates (PMAs), only about 15% of the polymer’s
molecular weight is in the backbone, whereas the fraction for olefinic copolymers (OCPs)
ranges above 80%, resulting in a higher thickening efficiency of OCPs.!? In case of hydrogenated
styrene-diene copolymers (HSDs), the methyl side group of 1,4-polyisoprene or the short side
groups of 1,2- and 3,4-diene repeating units impair the thickening efficiency only to a minimal
extent.?! Besides, long chain branching is associated with a smaller hydrodynamic volume and
hence reduced thickening. This also holds true for star-shaped architectures, which form
denser structures in solution than their linear counterparts of equal molar mass and therefore
exhibit worse thickening efficiency.

Furthermore, the solubility of the viscosity modifier in the base oil and hence its chemistry
strongly contribute to the thickening efficiency (see Figure 6). While polyalkyl methacrylates
exhibit comparably poor solubility, their thickening efficiency is significantly lower at a given
shear stability. The chemical nature of olefinic copolymers and hydrogenated styrene-diene
copolymers is similar, resulting in much closer thickening efficiencies, which are higher due to
the better solubility.?) Yet, different underlying polymerization mechanisms and hence
dispersities render HSDs less prone to a shear induced viscosity loss than OCPs (vide supra,
Shear Stability). Besides, HSDs are associative thickeners, circumventing a permanent loss by
reversible disassembly.
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Figure 6: Thickening efficiency (TE) and corresponding shear stability index (SSI) for different viscosity
modifiers in dependence of their molar mass. Polymer classes: linear diblock as well as star-shaped
hydrogenated styrene-diene copolymers (HSD), semicrystalline (sc) as well as amorphous (a) olefinic
copolymers (OCP), and polyalkyl methacrylates (PMA), adapted from [2]
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Mechanisms for Viscosity Improvement

Several mechanisms have been presented to explain the viscosity improvement by the addition
of polymeric modifiers. The most prominent concepts are coil expansion with temperature or
aggregation phenomena. The polymer coil expansion is the dominant mechanism for the
viscosity index improvement of polyalkyl methacrylates (PMAs), whereas the performance of
hydrogenated styrene-diene copolymers (HSDs) primary relies on reversible association, which
will both be discussed in the ensuing paragraphs.[*”18

Polymer Coil Expansion

The coil expansion mechanism is based on the change of solubility with temperature. At lower
temperatures, the polymer does not precipitate, but forms a rather contracted coil, which
contributes only to a small extent to the system’s viscosity. With increasing temperature, the
solubility increases, and the coils expand (see Figure 7). On a molecular level, this can be
explained by altered interaction parameters between the polymer repeating units among
themselves relative to the interaction parameters between the polymer repeating units and
the solvent molecules. Therefore, especially polar polymer structures like PMAs experience a
temperature-dependent coil expansion.*® On the contrary, nonpolar structures like olefinic
copolymers that are chemically similar to the solvent are well solvated at all temperatures.?

Solvent Quality

Temperature

low high

Figure 7: Polymer coil expansion upon solvent quality or temperature increase. 2d2pted from [18]

Figure 8 shows the change in the hydrodynamic radius with temperature of the three common
polymer classes discussed within this review. Furthermore, normal pressure as well as elevated
pressures are investigated. In case of polyalkyl methacrylates (PMAs) the hydrodynamic radius
increases with increasing temperature, although the effect is weakened at higher pressures.
On the contrary, the hydrodynamic radii of hydrogenated styrene-diene copolymers (HSDs)
and olefinic copolymers (OCPs) remain steady over the whole temperature range from

40-150 °C as well as at normal pressure and 300 MPa 12024

Since the architecture of a viscosity modifier influences the coil size and hence thickening
efficiency (vide supra), also coil expansion with temperature depends on the molar mass of the
polymer’s backbone. The radius of gyration increases faster for linear than branched PMAs with
temperature, rendering linear architectures a better viscosity index improver.[2?
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Particularly, the mechanism of polymer coil expansion causes an improved viscosity-
temperature relationship and hence is beneficial for a viscosity modifier performance.
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Figure 8: Influence of temperature and pressure on the hydrodynamic radius of different polymer classes
(left: PMAs, middle: OCPs, right: HSDs) used for viscosity index improvement. Set-up: high-pressure
falling-ball viscometer, (ru are back calculated using Einstein’s law for rigid spheres for a dilute
suspension). Polymer concentrations: 1.2%uw/w, solvent: hydrocracked mineral base oil. 2dapted from [21]

Association

A single flexible polymer chain of a homopolymer is known to form a diffuse coil in a good
solvent, whereas in a poor solvent it collapses into a dense globule. The former described
polymer chain expansion mechanism for viscosity increase relies on this principle. Going from
a homopolymer to a copolymer with a sufficient share of an insoluble block, the collapse of
these moieties can also cause a viscosity increase. This association mechanism is caused by the
interaction of multiple polymer chains and comprises the entanglement by the
interpenetration of polymer chains as well as the self-assembly of polymer chains describing
physical cross-linking (see Figure 9), both physically increasing the apparent molar mass and
hence viscosity.?®! Generally, the viscosity of a solution increases with the viscosity modifier
concentration according to equation 2 and 3. If a system is capable of association phenomena,
a nonlinearity is observed at critical concentration. These encompass the critical overlap
concentration c* as well as the critical micelle concentration c.mc. Above the critical overlap
concentration, not a dilute but a semi-dilute solution with interacting polymer chains is
obtained, whereas above the critical micelle concentration polymer chains start to aggregate.
Both critical concentration are molar mass, solvent and temperature dependent.!

Figure 9: Schematic representation of the viscosity index improvement by polymer entanglement (top) or
association (bottom) of unimers due to an apparent molar mass increase.
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As stated above, association is predominant in block copolymers in a selective solvent, meaning
that the individual blocks differ in their solubility depending on the block size of the insoluble
part.”2’ For example, hydrogenated styrene-diene block copolymers feature oil-insoluble
polystyrene segments, which tend to form a core enclosed by a soluble polydiene corona.>?%
Besides, so-called stickers which provide strong physical interaction such as hydrogen bonds
can cause the association of chains.[?”

The temperature dependence of these aggregates was extensively studied.?®?”! Figure 10
demonstrates the change of the intrinsic viscosity with temperature for a block-like linear
hydrogenated styrene-butadiene copolymer. The intrinsic viscosity increases non-
monotonically with temperature, showing a huge increase between 40 and 60 °C. Above 80 °C,
the intrinsic viscosity decreases again. Comparison with the hydrodynamic radii obtained by
dynamic light scattering experiments shows micelle formation at low temperatures, which are
broken up above 80 °C. Furthermore, below 40 °C the micelle volume does not depend on the
temperature.?®

Other studies focused on the concentration dependence of aggregates of polystyrene-block-
polydiene diblock copolymers!?”2°! and polystyrene-block-polydiene-block-polystyrene triblock
copolymers!?*#3% in polydiene-selective solvents, revealing that at high concentration even
networks are formed.!
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Figure 10: Intrinsic viscosity (filled symbols) and Huggins coefficient (open symbols) of a blocklike
hydrogenated styrene-butadiene copolymer (Mw=128 kg-mol?, P=1.4) in a base oil as a function of
temperature, t2ken from [28]

Polymer Classes for Viscosity Improvement

The commonly used polymer classes are shown in Figure 2. Generally, the polymeric
hydrocarbons such as the olefinic copolymers (OCPs), polyisobutylene but also hydrogenated
styrene-diene copolymers (HSDs) possess high thickening efficiencies, while the polyesters like
polyalkyl methacrylates (PMAs) offer a superior viscosity-temperature relationship. In the
following, the three polymer classes are discussed against the background of the implemented
polymerization techniques and the inherent mechanisms for viscosity improvement.
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Olefinic Copolymers

Olefinic copolymers comprising polyethylene and polypropylene units in the
first place are catalytically synthesized using Ziegler-Nattal®?® or
metallocene!®3 based catalyst systems.!! Due to this, the resulting copolymers

synthesized by Ziegler-Natta catalysis exhibit extremely broad molar mass
distribution (£>5). On the contrary, metallocenes allow for a better control over the molar mass
distribution.® The influence of the dispersity has been elucidated discussing the shear stability
(vide supra). Generally, narrow molar mass distribution are beneficial for high thickening
efficiencies, viscosity index improvements and shear stabilities since higher molar mass
polymers can be employed.

Another aspect affecting the overall performance as viscosity modifier is the ratio of both
comonomers ethylene and propylene. As a result of the linear structure of polyethylene, high
ethylene contents lead to a better solubility in oils and hence a superior thickening efficiency.
At the same time, long polyethylene sections are capable of crystallization or strong interaction
with the waxes in mineral oils, which cause the reverse effect by the concomitant poor
solubility® and poor flow at low temperatures.’® For ratios of 45-55% polyethylene, an
amorphous material which cold-flows at room temperature is obtained. On the contrary, if the
polyethylene share is higher than 60%, semicrystalline copolymers which do not flow under
ambient conditions are formed.!?! For a crystallinity exceeding 25%, the OCPs are unsuitable for
viscosity modification. Primarily, this relies on the poor oil solubility because the polyethylene
sequences do not longer crystallize into fringed micelles or short bundled structures.® Beyond
this, the hydrodynamic volume of the polymer shrinks with the crystallization. As long as the
OCP stays dissolved, the intrinsic viscosity drops and hence the viscosity modifier contributes
less to the viscosity at temperatures below the crystallization temperature.

For the crystallization tendency, also the catalyst chosen for polymerization plays a role.
Ethylene is more reactive in Ziegler-Natta catalyzed polymerizations, for which reason longer
polyethylene sequences are favored.? Metallocene catalysis stands out not only because of a
better control over the composition and the molar mass distribution, but also a high catalyst
efficiency. As a result, lesser amounts are needed, which makes their removal redundant.!?
Besides, also higher a-olefins are polymerizable with metallocene catalysis.

Furthermore, oxidative and thermal stability of the copolymers has to be considered, which
diminishes for high propylene contents due to the labile tertiary protons of polypropylene.!23%!
Conclusively, a random distribution of the comonomer units along the polymer chain allows
high polyethylene contents and therefore a maximum thickening efficiency and oxidative
stability without facing crystallization issues at low temperatures. However, this does not hold
true for multiblock copolymers with comparably short block length (vide infra, Advanced
Structures).

Oftentimes, terpolymers of ethylene, propylene and a third, nonconjugated diene are
employed as viscosity modifiers as well. This way, a cross-linkable moiety is introduced and
long-chain branching becomes possible. The main advantages are the reduction of tackiness
and an easier handling. However, long-chain branching has detrimental effects on the
thickening efficiency (vide supra). To date, the correlation between the diene content and the
thermal stability has not been proven.?? Further properties additionally to the viscosity
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modification can be achieved by the copolymerization with maleic anhydride and subsequent
grafting on aromatic or aliphatic nitrogen-containing moieties, providing soot-controlling,?”
antioxidant,®® and dispersant®® characteristics.

Still, due to the trade-off between thickening efficiency and shear stability OCPs perform
poorly, which makes them unsuitable for most applications. Nevertheless, they are attractive
for gasoline and diesel engines since they can be produced at low costs and possess a high
thickening efficiency.

Hydrogenated Styrene-Diene Copolymers

Styrene-diene copolymers are synthesized by the anionic
polymerization of styrene and a 1,3-diene, which is normally
butadiene or isoprene.*? Afterwards, the polydiene is hydrogenated
to guarantee oxidative stability. In case of 1,4-polybutadiene, this

results in a polyethylene structure, whereas hydrogenated 1,4-polyisoprene equals
poly(ethylene-alt-propylene). Living anionic polymerizations are quite demanding, since only
traces of impurities like protic species, oxygen or carbon dioxide impair the reaction./?
Nonetheless, highly defined polymers with narrow molar mass distribution (£<1.1) and
manifold chain architectures like multiple block or tapered block-like structures,! but also
star-shaped polymers!*?! are accessible. A variety of linear diblock copolymers,*3 triblock
copolymers,*#5 and star-shaped HSDs!*6%8 but also tapered block-like structures®® have
been introduced to the market. The tapered structures will be outlined in the section treating
advanced structures.

The performance of HSDs as viscosity modifier relies on the oil-soluble polydienes, whereas
polystyrene is insoluble in oils over most of the relevant temperature range, its solubility
increasing at higher temperatures and with shortened block lengths.”? Therefore, a greater
polydiene proportion ensures maximum thickening efficiency. Yet, polystyrene is important to
improve thermal and oxidative stability and to provide a considerable shear stability. On top,
polystyrene results in improved soot handling and piston cleanliness, since the soot surface is
largely aromatic and interacts with polystyrene domains./? In combination with the polydiene
part, agglomeration can be prevented by steric hindrance.® The effect depends on the styrene
content and the distribution of polystyrene long the polymer chain, with star architectures
contributing less to soot handling.?

The shear stability of linear HSDs can be attributed to the disassembly of associated chains with
a polystyrene core and a polydiene corona. The formed micelles provide the necessary
thickening at higher temperatures.!? To maintain good performance at low temperatures, large
blocks of hydrogenated 1,4-polybutadiene are to be avoided due to its potential crystallization.
Yet, the use of butadiene can be explained by economical means due to the inexpensive
monomer butadiene.?! Apart from polystyrene, also polyisoprene or 1,2-butadiene repeating
units are capable of disrupting undesired, large linear polyethylene segments, which resemble
polybutylene upon hydrogenation. The ratio of the different polydiene microstructures can be
adjusted by the reaction conditions, i.e., the choice of the solvent, counterion or the
implementation of polar additives.5* The polydiene segments can be selectively hydrogenated
using either a heterogeneous or a homogeneous catalyst system. The most prominent
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examples for heterogeneous catalysts are nickel on diatomaceous earth or Raney nickel, while
the preferred homogeneous catalyst is obtained by the reduction of nickel octoate with
triethylaluminum.*4%521 However, it is noteworthy that the hydrogenation of styrene-diene
copolymers with a heterogenous catalyst system can be very challenging since potential
aggregation hampers the contact between the polymer repeating units and the active sites of
the catalyst.

Besides aggregation phenomena of linear HSDs, improved shear stability can be realized with
star-shaped architectures, however at the expense of worse thickening.!*3 These structures are
easily realized by the reaction of living chains, called arms, with divinyl benzene!®® or
diisocyanates!?). These approaches typically result in a distribution of arm numbers varying
between 10-20.1464755] Star-shaped copolymers with homo-polyisoprenyl arms!*”>%!, or block
structures based on styrene, isoprene!*®%¢! and/or butadiene®”! as arms are known. For
structures with hydrogenated polybutadiene, adverse effects on the low-temperature viscosity
due to crystallization could be minimized by polymerizing butadiene at late stages, resulting in
polybutadiene segments near the core.®”’ Comparing a star-shaped HSD with hydrogenated
polyisoprene arms with stars of hydrogenated polydiene-polystyrene-polydiene triblock
copolymers, the triblock copolymers stand out due to better shear stability and higher viscosity
index.[5®

Altogether, HSDs excel in thickening efficiency at superior shear stability, which results from
the narrow molar mass distribution in combination with the particular shear alignment of
aggregates or star-shaped polymers. Due to this profitable balance between thickening
efficiency and shear stability (see Figure 6), lower polymer treat rates are sufficient. Their
relatively lower contribution to the viscosity at high shear rates at temperatures are beneficial
since better fuel efficiency can be achieved, as long as the film thickness still guarantees wear
protection.?) Consequently, linear as well as star-shaped HSDs were commercialized for
multigrade engine oils and heavy-duty diesel, which replace most of the monograde lubricants.
Furthermore, they find application in top-tier formulations of lower viscosity oils for, e.g.,
transmission fluids. Nonetheless, shear stability demands for many specialized lubricant
applications cannot be met.[*

Polyalkyl Methacrylates

Polyalkyl methacrylates are commonly polymerized using free radical
polymerization techniques, resulting in dispersities of minimally 1.5 or 2, for
chain termination by recombination or disproportionation, respectively.
Besides, chain transfer reactions by hydrogen abstraction at random sites

along the polymer chain can cause the formation of branched polymers,
impairing the thickening efficiency of the formed polymer./? Choosing a controlled radical
polymerization approach, the dispersity can be lowered (P<1.3) and gives access to block or
star architectures (vide infra), however at the expense of higher cost.!®!

The most important factor influencing the performance of PMAs as viscosity index improvers
is their solubility, which is tuned by the alkyl residue. Therefore, different alkyl methacrylates
are usually copolymerized, rendering a wide spectrum of polymers with highly adjustable
solubility and flexibility. Short side chains (<C;) are poorly soluble in oils, but have a
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considerable impact on the polymer coil size (vide supra, Thickening Efficiency), thus tuning the
thickening efficiency and the viscosity-temperature relationship.”! Since the solubility
increases with side chain length, intermediate chain lengths (Cs-Ci3) provide solubility in
hydrocarbon media. The implementation of long-chain methacrylates (>Ci4) renders a further
benefit by the interaction of the side chains with waxes present in many base oils. The pendant
side chains have been shown to co-crystallize at the edges of the growing wax plates and in this
way sterically hinders the formation of three-dimensional structures, which is summarized
under the term “pour point depressancy”. As a result, the operating temperature window is
expanded to colder regimes.[?! Furthermore, the incorporation of polar monomers containing
nitrogen (e.g., diethylaminoethyl methacrylate®®) or oxygen atoms provides dispersant
properties, which enable to suspend soot particles and small polar molecules resulting from
the oxidation of the oil or fuel.”) Besides, physical adsorption on polar surfaces forms a
boundary film, additionally decreasing friction and consequently wear.

However, only free radical copolymerization at the azeotropic monomer ratio will result in a
homogeneous material, whereas other monomer combinations result in the stronger depletion
of one monomer for comonomer pairs with diverging reactivity ratios. Due to the continuous
termination and initiation of polymer chains, a polymer blend with chains greatly varying in
composition is formed. Since the reactivity ratios of alkyl methacrylates are similar, this has not
to be taken into consideration for the copolymerization of methacrylates with varying side
chain length.!? Yet, for the incorporation of polar monomers which do not readily copolymerize
with methacrylates, controlled radical polymerization techniques or grafting strategies have to
be implemented. This way, non-methacrylates like styrenel®! increasing the shear stability,
nitrogen-containing monomers (e.g., N-vinylpyrrolidone!®® and N-vinyl imidazole!®Y) or oxygen-
containing monomers (e.g., hydroxyethyl methacrylates®? and ether-containing
methacrylates!®®) providing dispersant properties can be introduced.

The superior viscosity-temperature relationship of PMAs is based on their temperature-
dependent solubility (vide supra, Polymer Coil Expansion). At low temperatures,
poly methacrylates are poorly soluble in oils, hardly contributing to the systems’ viscosity. As
the temperature increases, the polymers become more soluble and the coils expand, now
increasing the viscosity to a significant extent.[*8]

Besides, PMAs are attractive due to their stability. Regarding thermal stability,
depolymerization and ester pyrolysis only occurs under severe conditions (7>235 °C and
T>250 °C, respectively).[? Besides, the pendant methyl group of methacrylates shields the ester
group from nucleophilic reagents. Furthermore, PMAs are not prone to oxidation reactions
since they lack allylic, benzylic, or tertiary hydrogen atoms.

In summary, PMAs lead to an outstanding viscosity index improvement and good low-
temperature performance compared to OCPs. The major drawback besides a permanent
viscosity loss upon shearing is the low thickening efficiency. Therefore, they find application
where high viscosity indices and superior low-temperature properties are required, including
hydraulic fluids for instance for aircrafts, gear oils and transmission fluids.™>*! Their use for
engine oils is limited, since higher treat rates makes them cost-disadvantageous compared to
OCPs. However, in special cases like heavy-duty engine oils, PMAs are utilized due to their
concomitant soot control.
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Advanced Structures

Besides the discussed common viscosity modifiers, more complex structures uniting the
properties of different polymer classes or exceeding the performance limits were tackled in
recent developments in this area.

Advanced Viscosity Modifiers relying on Coil Expansion

As discussed before, especially polar polymer structures like PMAs provide good viscosity-
temperature relationships, however facing the issue of high polymer treat rates due to poor
thickening efficiencies. One approach to combine both a good viscosity-temperature
relationship with high thickening efficiencies is compounding of PMAs and OCPs. To enable
blending of these immiscible polymers, compatibilizers have to be introduced, which are
grafted structures with roughly 70% PMA and 30% OCP.!%* Furthermore, comb-like PMA
structures obtained by radical copolymerization of alkyl methacrylates onto polyolefin
macromonomers are of interest, since a higher hydrodynamic volume at low temperatures
allows for lower polymer treat rates.[®®! Besides, the viscosity index is improved compared to
conventional PMAs, however at the expense of a slightly worsened permanent shear
stability.[®®

Studies on polymers from 2-oxazolines or 2-oxazines (see Figure 11, left) demonstrate another
possibility to improve friction reduction. These polymers, whose solubility can be adjusted in
analogy to PMAs by the introduction of various substituents in the side chain, show an
improved viscosity at high temperatures and shear rates.”? Although no statements
concerning the thickening efficiency have been made, the implementation of polar repeating
units with two or three methylene spacers instead of one as in case of poly(alkyl methacrylates)
most likely enhances the thickening efficiency, since the fraction of the polymer’s molecular
weight in the backbone correlates with the thickening efficiency (vide supra). Recently, the
cationic ring opening method of 2-oxazolines has been developed further towards a
combination with controlled radical polymerization techniques allowing for various brush
architectures, however at high cost (see Figure 11, right).[®®]
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Figure 11: Advanced polymer structures based on 2-oxazolines or 2-oxazines, which can be polymerized by
cationic ring opening polymerization (CROP). The polymerization of acrylates or acrylamides in case
of the brush-architectures proceeds by controlled radical polymerization techniques, namely atom
transfer radical polymerization (ATRP).
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As depicted, in a first step, a poly(2-oxazoline) backbone is formed, with some repeating units
bearing an initiator function for copper-catalyzed controlled radical polymerization. The
distribution of these monomers with an initiator function, so-called inimers, later defines the
location and density of the brushes. In a second step, acrylates or acrylamides can be
polymerized onto the initiator functions forming the brushes. To date, these structures have
not been investigated in the context of lubrication application, but the combination of a higher
backbone molar mass compared to PMAs together with the brush- or comb-like architecture
appears promising.

Advanced Viscosity Modifiers relying on Association

The introduction of block structures for viscosity modification has a beneficial effect on
permanent shear stability, since the formed aggregates partially disassemble under shear. By
this mechanism, chain degradation and hence permanent viscosity loss can be circumvented
to a large extent, however the temporary viscosity loss is pronounced at high shear rates.

To counteract this reversible viscosity loss, one approach relies on the extension of the widely
used di- and triblock copolymers to multiblock copolymers. Going from diblock to multiblock
copolymers, different insoluble blocks of the same polymer chain can participate in the
formation of different aggregated domains by intramolecular,'® but also intermolecular
association.’” The latter allows for the formation of more extended structures or even a three-
dimensional network, i.e., a gel in solution.”* All in all, the association of multiblock copolymers
in a selective solvent promises even larger aggregates, which can be expected to thicken the
oil to a larger extent and whose disassembly is more gradual, since multiple physical connection
per chain exist.

Manifold theoretical approaches have been employed to investigate self-assembled structures
of multiblock copolymers in solution. However, most works treat amphiphilic multiblock
copolymers, whose hydrophobic blocks oftentimes become less soluble upon temperature
increase, because the miscibility is entropy-driven and the hydration becomes weaker with
increasing temperature. Therefore, the definition of the temperature influence on the solvent
quality has to be examined carefully. Prominent examples are copolymers with
poly(N-isopropyl acryl amide)”? or poly(propylene oxide)”3l.

There are several intrinsic key parameters having a strong effect on the self-assembled
structures, such as block number, ratio of solvophilic to solvophobic moieties, and their
compatibility as well as rigidity. Besides, also extrinsic parameters like concentration and
solvent quality influence the self-assembly of multiblock copolymers. The nature of the
collapsed state can further change with time and the probability of chain rearrangement.!**
The self-assembly starts with the formation of clusters along the chain, meaning intramolecular
chains of micelles, which is rather fast, potentially followed by a coalescence of the clusters
and kinetic rearrangement into more compact globules, which can also cause macrophase
separation.”¥ Figure 12 shows the predicted self-assembled structures of an icosablock with a
solvophobic ratio of 50% in dilute solution, thereby neglecting intermolecular association
account. In a selective solvent, the formation of single flower-like micelles was predicted.”®
Furthermore, more extended structures with multiple bridges and higher number of cores
were obtained upon simulating multiblock copolymers with soluble A-blocks of higher rigidity.
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Figure 12: Self-assembled structures of amphiphilic (AB)10 block copolymers with 10 hydrophilic A-blocks (blue)
and 10 hydrophobic B-blocks (yellow) in dilute solution, which were predicted by Brownian
dynamics simulation. The predicted structures vary due to changes in solvent quality and A-block
flexibility. adapted from [75]

For even higher block numbers and hence longer polymer chains, a transition from single- to
multi-flower-like micelles was identified (see Figure 13). These structures of several flower-like
motifs are often referred to as pearl-necklace structures.!®”
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Figure 13: Self-assembled structures of amphiphilic (AB)n block copolymers with n hydrophilic A-blocks (blue)
and n hydrophobic B-blocks (yellow) in dilute solution, which were predicted by Brownian dynamics

simulation. The predicted structures vary due to increasing block numbers and hence polymer chain
Iength. adapted from [75]
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With respect to the ratio of solvophilic to solvophobic moieties, different intramolecular
structures were predicted, with the phase boundaries being dependent on the solvent quality.
Figure 14 shows that with decreasing solvent quality, a transition from a coil to different
intramolecular structures occurs, which are chains of micelles, also referred to as pearl-
necklaces!®, tubular and layered structures.!”®””! The higher the fraction of solvophobic units,
the earlier is the onset of the coil-to-globule transition as well as the change between the
collapsed structures. Decreasing solvent quality leads to an increase in core size, while
decreasing solvophobic ratio, i.e., increasing length of the solvophilic blocks, reinforces the
protective corona and hence tends to decrease the core size. Therefore, an increase of both
parameters keeps the structure unchanged.l’® In other words, whether micelles of pearl-
necklace structures merge depends on the balance between the attractive interaction between
the solvophobic blocks, and the excluded volume of looped solvophilic blocks.!”® An analogous
trend was predicted for varying the compatibility between the two constituent blocks of the
multiblock copolymers.[7?!

¢ hydrophilic

e hydrophobic

Interaction energy

Inverse length of hydrophilic blocks
Figure 14: Phase diagram of multiblock copolymers as a function of the solvophobic ratio (small inverse lengths
of the hydrophilic blocks correspond to a small solvophobic ratio) and the interaction energy (higher
interaction energies correspond to a worsened solvent quality). t2ken from [76]

In semi-dilute solution both intra- and intermolecular interaction come into play. Figure 15
recaps the phase diagrams of multiblock copolymers with 10 blocks but differing solvophilic to
solvophobic ratios.® The left phase diagram was simulated for decablock copolymers with
overall 20% of solvophobic moieties, while the right phase diagram corresponds to decablock
copolymers with 50% of the solvophobic units. Both phase diagrams illustrate the obtained
structure in solution as a function of concentration ¢ and interaction energy E;, which can also
be interpreted as solvent quality. Within the blue area, micelles were predicted, whereas
within the red area, gelation occurs.

For both solvophobic ratios, the blue line shows that with increasing interaction strength (i.e.,
lower interaction energy Ei values, which correspond to stronger attractive forces between the
solvophobic moieties and hence a worse solvent), critical micelle concentration denoting the
onset of self-assembly decrease. However, for the polymers of a solvophobic ratio of 50%,
micellization occurs already at weaker interaction energies (i.e., high E values, which
correspond to better solvents) at a given concentration. The decablock copolymers with 20%
of solvophobic units featured spherical micelles, whereas for the decablock copolymers with
50% of solvophobic units, core-shell structure became more elongated (see Figure 14, tubular
structure). For both systems, longer chains resulted in the corresponding extended structures,
which are pearl-necklace or worm-like structures, respectively.
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Figure 15: Phase diagrams of multiblock copolymers with 10 blocks simulated with either a short solvophobic
block and a long solvophilic block (left) or equal block length (right). The areas denote the formation
of micelles (blue) or gels (red) as a function of interaction energy Ei and concentration g. Within the
white area, neither micellization nor gelation takes place, 2dapted from [80]

The red lines feature distinct behaviors for the multiblock copolymers with either 20% or 50%
of solvophobic moieties. For a solvophobic ratio of 20%, the phase diagram reveals a
pronounced non-monotonic relationship, with the earliest onset of gelation at a concentration
of 2.6% leading to a sol-gel transition followed by a gel-sol transition upon increasing the
interaction strength. At lower concentration, no gel formation was simulated. This curvature in
the sol-gel phase boundary can be explained by increasing core size with increasing interaction
strength, which effectively shortens the chains. This prevents gelation at higher interaction
energies.®™ For 50% of solvophobic moieties, no maximum, but a slight shift of the boundary
to higher concentration with increasing interaction energy was predicted, which is ascribed to
this aforementioned increase in core size. Again, remarkably lower concentrations are
sufficient to observe gelation, what narrows the window of isolated associated structures at
the expense of a large area in which network-structures are formed.

There are few experimental studies proving the before discussed theoretically predicted
structures. For instance, for amphiphilic multiblock copolymers based on
2-(dimethylamino)ethyl methacrylate and methyl methacrylate, only a slight increase of the
hydrodynamic radii upon extending the triblock towards a pentablock structure with two
hydrophilic end blocks was observed, implying backfolding of the chains resulting in flower-like
micelles.’®¥ Besides, photoinitiated crosslinking of assembled structures of triblock copolymers
with poly(methacryloxyethyl acrylate) end blocks and a poly(ethylene oxide) mid block
evidenced flower-like micelles at low concentration and a transient network above a critical
concentration.8?

Furthermore, the influence of the block number m and the degree of polymerization per block
nin (AnBn)m multiblock copolymers on the phase separation was theoretically studied, revealing
a critical ratio, above which macrophase separation takes place.®¥ Table 3 reveals that for
equal degrees of polymerization per block n, an increase in block number m and hence overall
molar mass favors macrophase separation (data per row). However, for a fixed number of
blocks, longer individual blocks reduce the tendency for macroscopic phase separation (data
per column).
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Table 3: Microphase separation (i.e., micellization, blue) versus macrophase separation (red) for multiblock
copolymers with equal fractions of solvophilic and solvophobic units as a function of degree of
polymerization per block and number of blocks per chain, 2dapted from [83]

Diblock Tetrablock Hexablock Octablock Dodecablock
(A1B1)1 (A1B1)2 (A1B1)3 (A1B1)a (A1B1)s
(AsBs)1 (AsBs)2 (AsBs)s (A3sBs)a (AsBs)s
(AsBs)1 (AsBs)2 (AsBs)s (AsBs)a (AsBs)s

This dependency of the association behavior was also found experimentally, comparing a
hydrogenated triblock based on styrene and butadiene forming flower-like micelles,?* with
the polystyrene-polybutadiene pentablock copolymer with comparable degree of
polymerization per block and hence a higher overall molar mass, which macrophase separated
in heptane within the dilute regime.®*

Another theoretical study focused on the influence of the block number at a constant overall
composition and molar mass on the collapse upon cooling.’® For an alternating “multiblock”,
the internal energy decreases most pronouncedly at a comparably low temperature, whereas
a more gradual decrease of the internal energy with an onset at higher temperatures was
predicted as the block number decreased and hence individual block length increased. In terms
of chain collapse, the higher the block number, the later is the onset upon cooling.
Furthermore, the radius of gyration was calculated, showing that the change in structural
dimension is most dramatic for small block sizes, since the intramolecular association of the
solvophobic blocks implies a constraint of the solvophilic block.

However, further theoretical or experimental information on the influence of the block number
or individual block length has not been reported so far. Moreover, behavior of aggregates of
multiblock copolymers under shear is not well studied and, due to this, understood. Yet, two
practical examples providing insight into the applicability for viscosity modifiers shall be
highlighted.

Regarding olefinic multiblock copolymers, the former company Dow Chemicals patented a
metallocene catalysis with different catalysts of opposite reactivity towards the comonomers
in combination with a chain shuttling agent transferring the active propagating center from
one catalyst to another, leading to the formation of OCP multiblock copolymers.®s! The hard
blocks comprise 60-95 wt% of polyethylene, while the softer segments have a larger
polypropylene fraction (55-75wt% polyethylene). This way, the crystallinity of the
polyethylene moieties could be controlled. It is stated that these multiblock structures enhance
both oil solubility and clarity of this class of OCPs. However, since both hard as well as soft
blocks are readily soluble in base oils, no improved shear stability could be achieved (SSI=25-
50).

Kraton patented multiblock structures of hydrogenated styrene-diene copolymers for
improved compounding® or adhesives!®”). Linear multiblock copolymers with two polydiene
end blocks and 1-5 polystyrene mid blocks are described. The advantage of multiblock
structures lies in good tack, peel strength and shear behavior provided by polydiene end blocks
and at least two network-forming blocks. This cannot be achieved using diblock copolymers or
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blends thereof, since shear properties such as holding power are detrimental. Nevertheless, to
the best of our knowledge no implementation as lubricant additives has been reported. This
may be reasoned in an insufficient control over the molar mass distribution, since the synthesis
of these multiblock copolymers relies on sequential polymerization and/or coupling. Multiple
monomer feeds allow for accessing linear multiblock structures by sequential polymerization,
but can result in a blend of various polymers differing in their block number, if the reaction
apparatus is not sealed properly or if the monomers are not purified entirely. With respect to
coupling strategies, incomplete coupling by the implemented dibromo ethane or
nonstoichiometric amounts in analogy lead to undefined products. Although the molar mass
distributions are stated to be close to monodisperse, adverse effects on the shear stability
might be an obstacle for their use as viscosity modifier.

Advanced Viscosity Modifiers relying on Association and Polymer Coil Expansion

The ultimate goal for viscosity modification is certainly the invention of structures with an
exceptional improvement of the viscosity index, which at the same time exhibit good shear
stability and thickening efficiency. For this purpose, both mechanisms of coil expansion and
association ought to be unified in polymers with a narrow molar mass distribution. On this
aspect, the potential of gradient structures shall be outlined.

As described before, polymer coil expansion with temperature renders a pronounced viscosity
increase, which is well known for poly(alkyl methacrylates), while the molecular dimensions of
hydrocarbon-based polymers are constant with temperature.?”! The viscosity increase of
hydrogenated styrene-diene copolymers only relies on the interaction of multiple polymer
chains.? However, the introduction of gradient structures bears the potential to introduce a
temperature responsiveness to the polymer’s coil size of hydrogenated styrene-diene
copolymers.

Gradient copolymers slightly differ from block copolymers in their chain composition, i.e., block
profile. Such structures are formed by the copolymerization of two monomers with highly
disparate reactivity ratios. The resulting so-called tapered or gradient copolymers exhibit a
block-like structure, but the interface between the two adjacent blocks is diffuse, since the less
reactive monomer forming the second block is also incorporated within the first block of the
more reactive monomer, yet to a much lesser extent.!“”) Basically, gradient copolymers show a
similar micellization behavior to block copolymers, however few works reported special
characteristics, which will be summarized in the following. 8!

Upon reaching a critical temperature, concentration, and solvent quality, unimers aggregate
into micelles, as depicted in Figure 16. The key difference between block copolymer micelles
and gradient copolymer micelles is the interface. While block copolymer micelles exhibit a
sharp interface between core and corona, gradient copolymers possess a more diffuse
transition between non-solvated core and dissolved corona. This can be explained by the
interaction parameters between the polymer’s repeating units and the solvent molecules. For
the core-forming block, the interaction of the repeating units among themselves is favored
over the interaction with the solvent. By the presence of both soluble and insoluble repeating
units within the interface between the two blocks, loop formation in the interfacial region due
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to association of solvophobic repeating units is likely.’®®! As a result, the interface of gradient
copolymer micelles is swollen by solvent molecules.!®”

Three predictions concerning differences between gradient and block copolymer micelles have
been made and are also captured in Figure 16: gradient copolymers exhibit a weaker
association compared to corresponding block copolymers with the same composition. %992
This is attributed to the shorter effective length of the solvophobic block, leading to better
solubility of gradient copolymers. Therefore, the onset of micellization is slower in gradient
copolymers. Furthermore, the aggregation number of gradient copolymer micelles is smaller
leading to smaller aggregate sizes, which is explained by the larger occupied interface area due
to loop formation.®¥°1 Lastly, the so-called reel-in effect describing the thermoresponsive
properties of gradient copolymer micelles is stated.!®¥ It characterizes the reverse stretching
or shrinkage of the diffuse interface induced by altering temperature or solvent quality. This
effect is reasoned in solubility changes of the solvophobic repeating units, resulting in a

dissolution or collapse of the gradual chain segments near the interface.!®?

S

HSD diblock HSD gradient diblock

%f;;apa unimers
o

micelles
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deteriorated solvent quality

Figure 16: Schematic illustration of the structural transitions of block copolymers (left) and gradient block-like
copolymers (right) upon micelle formation. The micelles of gradient copolymers are smaller due to
a decreased aggregation number and exhibit a diffuse core-corona interface of the gradual chain
segments which forms loops, the latter being temperature dependent.

For hydrogenated styrene-diene copolymers, the increasing solubility of polystyrene with
increasing temperature leads to the assumption, that gradual chain segments become more
drained by solvent with increasing temperature and hence the chains become more stretched,
by this means inducing a significant change in hydrodynamic volume and hence viscosity.
However, to date, the reel-in effect has only be reported for other, mostly amphiphilic or pH-
responsive, gradient copolymer systems.[®” Nonetheless, from a theoretical point of view,
tapered hydrogenated styrene-diene copolymers are promising candidates for superior
viscosity index improvers, for which reason their investigation in solution should be promoted.
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Outlook

On a long term, the development of lubricants aims at better emission control, fuel efficiency
and fluid lifetime. While conventional demands such as thermal and oxidative stability are
maintained, requirements for the aforementioned objectives are oftentimes contradictory and
hence not straightforward to access.!? For instance, the use of lubricants of low overall viscosity
is beneficial for an improved fuel efficiency, since it reduces frictional losses. At the same time,
film thickness has to be sufficient over the whole application temperature range, which is why
high viscosity indices are needed to minimize the viscosity decrease by temperature changes.
Furthermore, superior shear stabilities are mandatory to provide reasonable lifetime of these
low-viscosity lubricants. Both aspects imply higher treat rates of the viscosity modifier, which
is economically unfavored. Besides, for viscosity modifiers used so far, higher treat rates result
in higher low-temperature viscosities, which deteriorate cold-cranking performance. All these
correlations emphasize the need for further developed viscosity modifiers with enhanced shear
stabilities and thickening efficiencies providing outstanding viscosity index improvement. Even
if the progress towards engines based on batteries, fuel cells, or hydrogen gas continues, which
can lead to a decline in the engine oil demand, their use in hydraulics still represents an
important field of application.

Conclusions

Within this review, the fundamental relationships between the key parameters defining the
performance of viscosity modifiers were outlined. These are (i) viscosity index improvement,
which designates the viscosity decrease upon increasing temperature, (ii) thickening efficiency,
which quantifies the amount of polymer needed to access a certain viscosity-temperature
relationship, and (iii) shear stability, which is a measure of the resistance to permanent viscosity
loss upon shearing.

To date, three polymer classes are commonly implemented for viscosity modification:
poly(alkyl methacrylates) (PMAs) provide a good viscosity index improvement, but rather poor
thickening efficiencies and shear stabilities; olefinic copolymers (OCPs) exhibit good thickening
efficiencies, but a poor viscosity index improvement and shear stabilities; and hydrogenated
styrene-diene copolymers (HSDs) stand out due to their superior shear stability and good
thickening efficiency, but cannot compete with PMAs in terms of viscosity index improvement.
The latter is reasoned in the mechanism for viscosity increase of HSDs, which relies on the
association of the block copolymers, whereas PMAs feature a stronger viscosity index
improvement because of polymer coil expansion with temperature.

However, none of the current viscosity modifiers can provide optimum performances in all
three of these properties. Therefore, several approaches towards superior additives were
addressed. As potential alternatives to PMAs, poly(2-oxazolines) and poly(2-oxazines) were
presented, most probably enhancing thickening efficiency by altering the fraction of the molar
mass of the polymer within the backbone. For viscosity modifiers with high shear stability,
multiblock architectures of HSDs were highlighted, whose self-assembled structures may
further enhance shear stability and thickening efficiency due to more extended structures with
multiple aggregating blocks per chain. To further optimize HSDs with respect to their viscosity
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index improvement, the introduction of HSDs with a tapered interface between the blocks was
proposed. The rather diffuse core-corona interface of the formed micelles could provide access
to thermoresponsive structures, since solubility of the diffuse interface should be enhanced
with increasing temperature, which might lead to chain extension within the corona of the
aggregated polymers.

Yet, these advanced structures where not investigated in detail against the background of an
application as viscosity modifier. Therefore, this work intends to motivate for a continuing
development and tribological characterization of viscosity index improvers.
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We report a novel strategy to label
polymers based on isoprene with a IgD
fluorescent dye by a post- S|o.
polymerization protocol. The 8: fji\~ < ' " Y
subsequent reaction steps comprise - :
bromination, the introduction of an - o \“1
azide functionality and finally a copper- . ¢ . g e
catalyzed 1,3-dipolar cycloaddition. The
substantial benefit of this strategy is
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be labeled on small scale, with the
labeled polymers exhibiting only a
marginally altered chemical nature.
Besides, chain degradation and cross-linking are circumvented. The optimized reaction
sequence is implemented labeling sequential and tapered multiblock copolymers consisting of
polyisoprene and polystyrene blocks. Here, an odd number of blocks with two polyisoprene
end blocks was targeted to ensure solubility in heptane as polyisoprene-selective solvent.
Fluorescence correlation spectroscopy reveals a higher tendency for loop formation in case of
the tapered structures with more than one solvophobic block. This influences not only the
dimension of the unimers, but also of the micellar aggregates. Furthermore, the self-diffusion
of unassociated unimers through the gelled polymer matrix is found to be most restricted in
case of the sequential multiblock copolymers with more than one polystyrene block, which
might result out of a combination of larger unimer dimensions and a higher bridging fraction,
the latter reducing the distance between adjacent PS microdomains.



189 Chapter 6

Introduction

Polymeric micelles possess a vast potential, spanning the range from stabilizers, nanoreactors
or drug delivery systems to the application of block copolymers as viscosity modifiers in
selective solvents.l! As a result, the self-assembly of block copolymers is studied in depth.?
Yet, the association behavior introducing multiple solvophobic blocks per chain®* or tapered
block copolymers with a sharp, albeit gradual transition between the comonomers®™%7is rather
unexplored. Therefore, this work aims at the investigation of the self-organization and
dynamics of block as well as tapered block-like copolymers in solution. For this purpose, both
sequential and tapered multiblock copolymers of polyisoprene (Pl) and polystyrene (PS) with
3, 5 and 7 blocks prepared by living anionic polymerization were studied in a polyisoprene
selective solvent.

The dynamics of polymer micelles are of utmost importance, since not only the diffusion
behavior, but also the unimer-micelle as well as the association-dissociation equilibration
affects the potential application as, e.g., stabilizer of colloids. The kinetics of micellization can
be monitored by stopped-flow experiments combined with for instance time-resolved light
scattering.!® The exchange rate of unimers between different micelles can be studied by
steady-state emission spectroscopy,! time-resolved small-angle neutron scattering by partial
deuterium labeling,***" or fluorometry*?. Besides, scattering experiments in general like small
angle x-ray or neutron scattering (SAXS and SANS) are effective tools to examine the self-
organization or dynamics in polymer solutions. Furthermore, these techniques as well as
rheology of polymer solutions can be implemented to monitor the diffusion of copolymers,
with the latter allowing to study the viscosity under shear and to reveal non-Newtonian
behavior.[*]

In order to study the diffusion of macromolecules or colloids in the steady state, the most
common methods implemented are diffusion ordered nuclear magnetic resonance
spectroscopy (DOSY-NMR), dynamic light scattering (DLS), analytical ultracentrifugation (AUC),
and fluorescence correlation spectroscopy (FCS), each having its advantages and drawbacks.*
NMR experiments allow to track rapidly diffusing species, whose scattering might be
insufficient for DLS. However, measurable diffusion coefficients are limited by the relaxation
times of the excited nuclei. DLS is a very versatile tool as a wide range of diffusion coefficients
is accessible, but the concentration range is defined by the signal-to-noise ratio, which
becomes too small for low or highly concentrated solutions.™* In the latter case, multiple
scattering becomes pronounced rendering invalid results unless advanced approaches like the
cross-correlation are used.!*® Beyond this, especially for polydisperse samples the signal arising
from weakly scattering diffusers may be imperceptible since the scattering intensity depending
on the scattering angle differs with the particle size. AUC enables the investigation at very low
concentration and the sedimentation profile gives valuable information on the particles size
distribution and the density. Yet, one has to be aware that unlike the other methods AUC does
not rely on Brownian motion of the species but the sedimentation within a centrifugal field,
whose force might affect the reversible association.!*”! FCS studies provide information on the
diffusion of fluorescent species in their immediate surrounding by the autocorrelation analysis
of the fluorescence intensity fluctuations. These fluorescent species can be single dye
molecules, but also fluorescently labeled polymers or colloids.!*®! Due to the detection of on
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average only one fluorescent species at a time diffusing through the very small observation
volume (<1 pm3), FCS has the unique feature of single molecule sensitivity and is suitable for
polymers and colloids with hydrodynamic radii up to 250 nm.

Comparing DOSY-NMR, DLS and AUC to FCS, all these methods have the advantage in common
that no fluorescent label attached to the tracked species is necessary. In return, due to the
selectivity based on the fluorescence detection, FCS offers the possibility to study the dynamic
properties of individual polymer chains dispersed in a matrix of, e.g., unlabeled chains.
Therefore, information, whose loss is inherent for the previously discussed techniques due to
the simultaneous detection of a large number of molecules, is accessible by FCS experiments.
Moreover, the fluorescence of the monitored species is not affected by strong background
signals as it is the case for DLS.

In the last two decades, FCS has become an important tool in polymer and colloid science.[*8!
The method was applied to address the dynamics of labeled polymers in solutions at various
concentration and obtain information on both self-diffusion**?%21 and cooperative
diffusion(??). Besides, FCS was used to follow the diffusion of fluorescent tracers in polymer
solutions??, gels!?3! or melts?*.

FCS is also very well suited to monitor the molecular self-assembly of copolymers into
aggregates.?>?%27] |n this respect, the concentration-dependent determination of diffusion
coefficients allows to trace the association of fluorescently labeled copolymers forming
micellar structures above the critical micelle concentration (ccwmc), with the diffusion
coefficients giving access to the dimension of the copolymer chain or aggregate in solution.[2627]

As addressed above, if the traced fluorescent species in FCS experiments are polymers or
colloids, the attachment of a fluorescent label is necessary. The photostability and the quantum
yield are key features, which have to be considered for the selection of the fluorescent dye
used for labeling. Moreover, the chemical nature of the polymers and the envisaged solvent
are criteria for the choice of the dye since the molecular behavior of the polymer chains should
not be affected. For the investigation of aggregation phenomena in solution, it is further
necessary to covalently attach the fluorescent dye to the polymer chains in a defined manner,
in order to avoid the problem of fast exchange of the dye between micellar structures in
solution. Here, the separation of the dye-labeled polymers of any traces of free dye molecules
is crucial in order to minimize the polydispersity of fluorescent species.

Various approaches to prepare polymeric tracers have been developed. In the field of radical
polymerization, initiators containing a fluorescent moiety have been used for nitroxide
mediated reversible-deactivation radical polymerizations!?®,, but also functionalized
comonomers were introduced to miniemulsion polymerization techniques!?®’. Concerning
living anionic polymerization, labeled styrene and diphenylethylene derivatives have been
employed for chain-end?”) or in-chain functionalization®®!. Furthermore, the post-
polymerization modification of quantitatively end-capped living chain ends was reported.3%

Except for the last example, all these strategies have in common, that the labeled polymer itself
is synthesized in a separate polymerization reaction batch. As a consequence, the unlabeled
analogues required for the matrix in case of more concentrated polymer solutions have to be
synthesized on top. Here, the major issue consists in the deviating polymer characteristics, i.e.,
molar mass or polydispersity. Furthermore, introducing a functionalized monomer to statistical
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copolymerization experiments may influence the reactivity ratios and hence the obtained
comonomer distribution along the polymer chain.

With respect to post-modification protocols for the introduction of dye labels to diene-based
polymers, the copper-catalyzed Huisgen cycloaddition reaction between azides and alkynes is
the most promising approach.?233 This is premised on its low sensitivity to oxygen and water,
comparably mild conditions and a high efficiency.®*¥ Moreover, alkyne-functionalized
polycyclic aromatic dyes are commercially available, which are most suitable since their non-
polarity renders only a small change of the polymer’s chemical nature. Another crucial factor
is that this cycloaddition reaction does not involve radical species as it is the case for thiol-ene
additions, which are prone to cross-linking or chain degradation reactions.®

Manifold approaches to introduce a dye by an azide-alkyne click reaction have been reported.
Zhang et al. incorporated a coumarin-dye to azide-functionalized dendrigraft polybutadiene,
which was obtained by epoxidation of the polydiene, followed by hydrochlorination and
subsequent esterification with 2-bromoisobutyryl bromide, whose bromide was then
converted in to an azide.*® Unfortunately, no additional information on the polydispersity of
the polymers after functionalization is provided. Abetz and coworkers took the reverse
approach, functionalizing a styrene-butadiene triblock in an analogous manner, but
implementing an alkyne containing carboxylic acid for the esterification reaction, which was
then reacted with an azide-functionalized dye.”! Upon hydrochlorination, only a small increase
in lower molar mass fractions could be observed by size exclusion chromatography (SEC),
indicating that almost no unfavorable side reactions occurred.

Geiselhart et al. reported the introduction of a pyrene moiety by a cascade reaction comprising
the bromination with N-bromosuccinimide, followed by the nucleophilic attack of THF and the
subsequent ring opening of the oxonium intermediate by a carboxylic acid derivative .

Tsarevsky and coworkers functionalized polyisoprene with a trifluoro methyl group and a
halogen by the reaction with the Togni’s reagent Il in the presence of thionyl halide and
copper(ll) salts.® The later addressed azide moiety was introduced by the nucleophilic
substitution of the halide. Due to the already broad distribution of the virgin polymer,
degradation or cross-linking reactions cannot be ruled out completely. However, the
elimination reaction competing with the substitution of the halide was confirmed, with the
concomitant acidic conditions rendering chain scission or cross-linking probable. Besides,
cycloaddition reactions between the formed azide and the extremely electron-deficient olefin
due to the introduction of the trifluoro methyl moiety were observed.

Wang et al. circumvented the substitution reaction of a halide by a one-step introduction of
both the trifluoro methyl and the azide group.*® For this purpose, polybutadiene was reacted
with the Togni’s reagent Il and trimethylsilyl azide. Although no intermolecular reactions, i.e.,
cross-linking or chain degradation, could be observed by SEC, intramolecular radical coupling
between adjacent intermediates led to cyclization. Subsequent pyrene labeling proved the
addressability of the azide anchoring site.

Albeit that routes towards azide-functionalized polydienes are already implemented, all these
examples have an ester or a trifluoro methyl group in common. These polar or solvophobic
moieties have a huge potential to alter polymer’s chemical nature.
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Our motivation for a new post-modification approach is rooted in the synthesis of sequentially
polymerized multiblock copolymers or block-like tapered multiblock copolymers by living
anionic polymerization techniques./***?! One one hand, the comprehensive effort in drying and
transferring all reagents by trap-to-trap distillations into an all-glass apparatus makes the use
of functionalized monomers or end-capping agents inadequate. One the other hand, the costs
would rise tremendously as the syntheses of high molar mass polymers imply large scale
batches, as small amounts of the initiator are needed. Besides, both labeled and unlabeled
polymers, which are mixed to adjust the overall concentration while keeping the tracer
concentration at a constant low level, possess the same molar mass, polydispersity and
microstructure eliminating altered solution behavior of the multiblock copolymers.

Therefore, within the first part of this work we present a post-modification protocol for
fluorescent dye labeling installing solely azide groups by the nucleophilic substitution reaction
of halides. The second part is dedicated to the investigation of the self-organization and
dynamics of sequential as well as tapered PI-PS multiblock copolymers in heptane, which is a
Pl-selective solvent. For this purpose, fluorescence correlation spectroscopy was used to
monitor the diffusion behavior of labeled PI-PS multiblock copolymers over a wide range of
copolymer concentrations.

Experimental Section

The synthetic routes were optimized modifying a model polyisoprene homopolymer with a
comparatively low molar mass. For an easier characterization, not only low degrees of
polymerization needed for the dye labeling, but also high degrees of functionalization were
targeted. Hereafter, the protocol was transferred to multiblock copolymers with polyisoprene
and polystyrene blocks.

A detailed experimental description of the polymer syntheses of multiblock copolymers can be
found elsewhere.l*) Comprehensive information on the synthesis of polyisoprene as well as its
post-polymerization modification reactions including NMR and fluorescence emission spectra
can be found in the Supp. Inf.. Furthermore, the autocorrelation functions and the fits of the
fluorescence correlation spectroscopy (FCS) measurements (see Figure S14-519) as well as the
size distribution for all concentrations obtained by dynamic light scattering (DLS) (see Figure
20-22) are shown. Besides, details on the instrumentation setup and the data evaluation for
FCS and DLS as well as of size exclusion chromatography (SEC), nuclear magnetic resonance
(NMR), Fourier transform infrared spectroscopy (FTIR), and fluorescence emission are given as
well.

Post-Polymerization Protocol

In the first step, the double bonds of polyisoprene exhibiting 94% of 1,4-repeating units are
brominated. Secondly, the halide was replaced by an azide via nucleophilic substitution, which
was then reacted with an alkyne functionalized perylene dye in a copper-catalyzed 1,3-dipolar
cycloaddition.
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Characterization of the Polymer’s Dynamics

Polymer solution preparation in heptane was based on the dilution of different stock solutions.
After dilution, the solutions were put on a shaker at room temperature for several days. For
the preparation of the stock solutions, the desired amount of polymer, which was dried
azeotropically with benzene before use, was suspended in heptane. The sealed flask was
annealed at 80 °C for at least one hour while stirring to achieve proper dissolution and prevent
kinetically trapped structures. For DLS measurements, stock solutions of 1 wt%, 5 wt%, and
10 wt% were prepared and further dissolved with heptane to obtain polymer solutions in the
concentration range of 0.1 wt% - 10 wt% (0.1 wt% steps between 0.1 wt% - 1 wt% and 2.5 wt%
steps for 1 wt% - 10 wt%). For FCS measurements, a stock solution of 10 wt% of overall polymer
concentration with 10°® mol-L of the perylene labeled polymer was prepared. For this purpose,
the defined amount of the dye-labeled polymer in benzene was transferred into a flask and the
solvent was evaporated under high vacuum. Next, the required amount of the unlabeled
polymer was weighed in and the solution in heptane was prepared as described above. 1 wt%
as well as 0.1 wt% solutions were obtained by dilution, by this decreasing the concentration of
the dye-labeled polymer to 107 and 10® mol-L?, respectively. For one polymer (tapered
pentablock), also a solution of 1 wt% with 10 mol-L" of the labeled polymer was prepared as
described. Comparison of the FCS data revealed similar autocorrelation functions, proving that
solution preparation by dilution from a stock solution without a repeated annealing does not
affect the system. Moreover, 0.001 wt% solutions (10”7 mol-L'!) of solely the dye-labeled
polymer in heptane were prepared analogously.

DLS measurements were conducted at 25 °C using the 3D cross-correlation method suppressing
multiple light scattering events. Each experiment was repeated 5 times. The obtained
autocorrelation functions were analyzed using the CORENN algorithm which is suitable for
polydisperse samples.

FCS measurements were performed at 23 °C, carrying out an average of 2-3 experiments per
sample. The obtained autocorrelation functions at 0.1 and 1 wt% were analyzed using a two-
component fit (see Supp. Inf.) with a fixed value for the freely diffusing unimers, which was
derived from the measurement of the solution containing only the perylene-labeled polymer
at very low concentration (c=107 mol-L'! = 10 wt%). The autocorrelation function at 102 wt%
itself was fitted by a single-component fit. For the 10 wt% samples, a two-component fit
without any fixed value was performed. Here, the temporal fluctuations of the detected
fluorescence spectroscopy at longer timescales were analyzed and discussed. The process at
comparably short diffusion times can arise from a cooperative network diffusion. As stated by
Zettl et al., the formation of a transient network as it is the case for entangled polymers allows
not only to observe the self-diffusion of the polymer chains D by FCS, but also the cooperative
diffusion D..12% This is reasoned in the effective long-range interaction of the chains trough the
network, correlating the diffusion of a single polymer chain with the cooperative network
diffusion. By the motion of an individual polymer chain, the surrounding polymer chains diffuse
coherently. This cooperative motion leads to the temporal fluctuation of the detected
fluorescence intensity at short timescales. Due to the complex calibration and the polydisperse
nature of the aggregates, the systematic error of the obtained hydrodynamic radii ranges up
to 20%.
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Results and Discussion

Dye-Labeling by Post-Polymerization Modification

The synthetic route for dye-labeled polymers based on isoprene with a high 1,4-Pl content is
presented in Figure 1. As reported in the experimental section, post-polymerization
modification was optimized functionalizing polyisoprene with 10 kg-mol?, monitoring the
individual reactions targeting low as well as high degrees of functionalization.

Figure 1: Reaction steps for perylene-labeling of polymers based on isoprene with high 1,4-content content
including bromination, azidation and a subsequent copper-catalyzed 1,3-dipolar cycloaddition.

Bromination

Halogenated polymers tend to eliminate spontaneously, the resulting acidic conditions
promoting polymer degradation and cross-linking reactions (Figure 2). To confront this issue,
acid scavengers, e.g., alkali metals or epoxides, are added in industry during processing and left
in the polymer.*3l As these kind of additives could interfere with the subsequent reactions,
bromination without the presence of an acid scavenger in combination with an immediate
conversion of the brominated polymer has been considered as the most feasible approach.

Figure 2: Addition of bromine to polyisoprene and subsequent elimination of HBr, giving the reported endo
or exo structure. The acidic conditions tracing back to the elimination can lead to chain scission and
cross-linking.
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The initial formation of the dibrominated structure was confirmed by 2D NMR experiments
(see Figure S6-S10, the chemical shift of the quaternary carbon excludes the formation of
unsaturated moieties). Characterization by SEC revealed a unimodal distribution direct after
the reaction (Figure 3, t=0), indicating that no chain degradation or cross-linking occurred
during bromination. However, chain scission upon storage of the brominated polymer in bulk
state was monitored over a course of two weeks by SEC (Figure 3, left), showing already large
fractions of higher and lower molar mass after a few days. Besides, the formation of an
insoluble fraction indicated cross-linking of the polymer. On the contrary, storing the
brominated polymer in solution did not lead to a degradation or cross-linking of the polymer
(Figure 3, right).

Figure 3: SEC traces (eluent: THF, detector: Rl) of highly functionalized Pl over a period of time of 13 days.
Left: Samples stored in bulk state under argon atmosphere at room temperature. The samples
consisted of a soluble and hence measured part as well as an insoluble part.

Right: Samples stored in THF solution at room temperature (1-2 mg-mL).

Azidation

The subsequent substitution of the halide by an azide was conducted in a mixture of THF and
DMF. The polar environment promotes a unimolecular substitution, preventing side reactions
by cationic intermediates. The ratio of both solvents was adjusted to obtain a proper
dissolution of the polymer and the reagent sodium azide. Successful azidation could be
validated by infrared spectroscopy, showing the appearance of the azide stretching band
(Figure 4).
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Figure 4: FTIR spectra of polyisoprene (blue) and of the azidated polyisoprenes with a low (yellow) as well as
a high (green) degree of functionalization.
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Copper-catalyzed 1,3-dipolar cycloaddition

The 1,3-dipolar cycloaddition between the azide moiety of the modified polyisoprene with low
degree of functionalization and the alkyne-substituted perylene was conducted in the presence
of excess of copper(l)33 with PMDETA as ligand, because a work of Matyjaszewski and
coworkers showed the highest rate constants for this tridentate aliphatic amine ligand."*

Successful labeling of the polyisoprene was validated by 'H- as well as DOSY-NMR (see Figure
S11 and S12). The relative intensities of the aromatic protons of the perylene-moiety to the
methylene protons of the polymer backbone revealed an overall functionalization of every
tenth polymer chain. The absence of the alkyne proton as well as the unitary diffusion
coefficient measured by DOSY evidenced chain functionalization. Further proof is provided by
SEC and IR measurements (Figure 5). The SEC trace of the dye-labeled polymer shows a small
shoulder at higher molar masses molecular weights, however significant alteration in the molar
mass distribution were not observed. The infrared spectrum of the perylene-labeled
polyisoprene features a new band belonging to the triazole moiety formed by the 1,3-dipolar
cycloaddition, while the band of the azide stretching disappears.
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Left: SEC traces (eluent: THF, calibration: Pl, detector: RI) of Pl with a low degree of functionalization.
The polymers showed molar masses of 11250, 11510, 11480, 11090 g-mol™*and dispersities of 1.05,
1.05, 1.05, 1.11 for the virgin (blue), brominated (red), azidated (yellow) and dye-labeled (light
green) PI, respectively. Right: IR spectra of polyisoprene (blue), the azidated polyisoprene with a
low degree of functionalization (yellow) as well as the dye-labeled polymer (light green).

Figure 5:

Besides, fluorescence emission spectroscopy of the functionalized polyisoprene revealed a
clear fluorescence with maxima arising from the perylene moiety (see Figure S13).

Dye-Labeling of Multiblock Copolymers based on Isoprene and Styrene

The post-polymerization modification protocol described above was transferred to multiblock
copolymers based on isoprene and styrene. All polymers exhibit the same overall molar mass
(80 kg:mol™?) and comonomer ratio (70 mol% isoprene), but varied in their block number (3, 5
and 7) and gradient profile (tapered vs. sequential). Figure 6 depicts the comonomer
distribution of isoprene (orange) and styrene (cyan) along the polymer chain plotting the mean
incorporation at every conversion. The tapered structures (Figure 6, left) is simulated based on

the reactivity ratios of isoprene and styrene ad 40 °C in cyclohexane (r=10.9 and rs=0.029).14"!
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Three tapered block copolymers (P(I-co-S).-b-P1 with n=1-3) with a gradual transition between
polyisoprene and the adjacent polystyrene block were functionalized, which were obtained by
statistical copolymerization in cyclohexane.l*4® The analogous block copolymers ((PI-
-b-PS)n-b-Pl with n=1-3) with a sharp transition between the polyisoprene and polystyrene
blocks were prepared by sequential polymerization of the two comonomers in cyclohexane.
The polymerization in non-polar media resulted in almost exclusively 1,4-repeating units of

polyisoprene (=93%).

tapered multiblock copolymers sequential multiblock copolymers
/ triblock 32 vol% PI 36 vol% PS
_7_,_,/ | 7{_,./ pentablock 21X CE
e e e heptablock L6 (2%
total 70 mol% isoprene, 30 mol% styrene total 70 mol% isoprene, 30 mol% styrene
total 64 vol% polyisoprene, 36 vol% polystyrene - total 64 vol% polyisoprene, 36 vol% polystyrene i

Figure 6: Distribution visualization of the comonomers isoprene (orange) and styrene (cyan) along the
polymer chain. The molar-based composition diagram reflects the mean incorporation (y axis) at
every conversion (x axis). The gradient profile of the tapered multiblock copolymers is simulated
based on the reactivity ratios of isoprene and styrene at 40 °C in cyclohexane (r=10.9 and
rs=0.029).%%! The volume fractions of the individual blocks are denoted for the sequential structures.

Figure 7 shows the SEC traces of the virgin as well as the perylene-labeled multiblock
copolymers. The labeled tapered pentablock as well as the sequential triblock exhibit shoulders
at higher molar mass, whereas the other labeled multiblock copolymers showed similar molar
mass distributions to their virgin polymers.

Figure 7: SEC traces (eluent: THF, detector: Rl, calibration: PS) of the tapered multiblock (left) and the
sequential multiblock copolymers (right) with varying block number (top: triblock, middle:
pentablock, bottom: heptablock copolymers). Solid line: virgin polymers, dashed line: dye-labeled
polymers. The number average molar masses and dispersities are given for the virgin copolymers.
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Study of Diffusion Processes in Polymer Solutions

In the following section, solution properties of the tapered multiblock P(I-co-S).-b-Pl and
sequential multiblock copolymers (Pl-b-PS).-b-Pl with n=1-3 in heptane accessed by FCS and
DLS measurements are interpreted in the context of theoretical studies and experimental
results of similar structures reported in literature.

Within the dilute regime, i.e., below the critical overlap concentration, both FCS and DLS
experiments yield the diffusion coefficient of single polymer chains or micellar structures, if the
critical micelle concentration is exceeded. For freely diffusing micelles in the dilute regime, a
lower diffusion coefficient compared to the unimers will be observed due to the apparent
increase in molar mass concomitant with aggregation. Within the semi-dilute regime
interparticle interaction bias the obtained diffusion coefficient. In that event, FCS experiments
yield the self-diffusion coefficient Ds of one labeled polymer chain relative to its surrounding,
whereas DLS experiments give the cooperative diffusion coefficient D. of various polymer
chains within a density gradient.[?>%”] The hindrance of the self-diffusion results in an increase
of the cooperative diffusion coefficient as well as the decrease of the self-diffusion
coefficient.l2”

Taking association of multiple polymer chains into networks into account as it is the case for
block copolymers in selective solvents, the system becomes more complex. DLS experiments
on polymer networks reveal the complexity of the interpretation of non-ergodic systems.[484°]
Light scattering results from fluctuations of the refractive index, which is intrinsically related to
concentration fluctuations in the sample. In case of a polymer network, two kinds of
concentration fluctuations are present. The spatial variation being constant over time
represents the gel inhomogeneity and is superimposed by an additional time-dependent
variation, the dynamic concentration fluctuation around its local average.“®! Therefore, at least
two relaxation modes can be found. The fastest mode corresponds to the cooperative chain
dynamics of the individual strands and the intermediate slower mode is often assigned to the
macroscopic viscoelastic relaxation of the entire network due to density fluctuations on 100 nm
scales.®® Here, the fluctuations of the network strands between two adjacent crosslinking
junctions is dependent on the scattering vector g, whereas the network relaxation is g-
independent if the relaxation time lies on similar time scales as the scattering experiment. 48>0
Sometimes, a third mode exists, which is correlated with the diffusion of polymer aggregates
within the network.

Dynamic Light Scattering

First, dynamic light scattering experiments are qualitatively evaluated in order to specify the
presence of either micellar aggregates or polymer gels and networks. The apparent cooperative
diffusion coefficients of the sequential multiblock copolymers obtained by DLS measurements
are displayed in Figure 8.

The DLS experiments were conducted in just one volume element of the sample and hence
potential local differences due to a speckle pattern as it is the case in polymer gels are
neglected. Furthermore, the diffusion coefficients are obtained by the classical Siegert
relation.® This means, that the non-ergodicity of a gel or a network is not taken into account



199 Chapter 6

by partial heterodyne data analysis. Therefore, solely an apparent diffusion coefficient is
obtained. Since the intensity fluctuations were measured at only one scattering angle (90°), no
statements concerning the nature of the concentration fluctuation can be made.

Nonetheless, the non-linearity of the apparent diffusion coefficient with increasing
concentration confirms that at concentrations above 1 wt%, the diffusing species start to
interact. Consequently, at ¢>1 wt%, the apparent cooperative diffusion coefficient D. is
measured, whereas at concentrations c<1 wt%, the diffusion coefficient obtained by DLS
coincides with the self-diffusion coefficient of aggregates.
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Figure 8: Apparent cooperative diffusion coefficient D. of the sequential multiblock copolymers (blue:
triblock, green: pentablock, orange: heptablock) in the concentration regime between 0.1-1 wt%
obtained by DLS measurements.

For the sequential triblock (blue), D. increases remarkably at concentrations above 1 wt%. This
is ascribed to the fastened relaxation of local concentration fluctuations and hence expected
for light scattering experiments on concentrated polymer solutions.”!

The sequential penta- (green) and heptablock (orange) show a decrease in D. above 1 wt%. This
indicates network formation. As discussed above, polymer networks feature a fast relaxation
mode and an intermediate slower mode, which originate from the cooperative dynamics of the
individual network strands between two junctions and from the relaxation of the entire
network, respectively. At that point it is noteworthy that the scattering intensity of a particle
scales with the square of the refractive index increment.[*>! With the refractive indices of
np?°(P1)=1.5252  np?°(PS)=1.592" and np?°(heptane)=1.39%%, polystyrene has a higher
scattering contrast. Considering that dynamics of polystyrene blocks contribute to the
measured intensity to a higher extent, it is plausible that the network relaxation is the
predominant relaxation mode, since the network strands are polyisoprene blocks tethered
between collapsed polystyrene domains.

Comparison of the diffusion coefficients at c=1 wt% obtained by DLS and FCS reveals self-
diffusion coefficients of the aggregates of the same magnitude (Dpis=(2—4)-101m2s? vs.
Drcs=(1-2)-101r m2st (vide infra)). Surprisingly, an inversed trend in the diffusion coefficient
with increasing block number and hence shortened individual block lengths is observed (Dps™"
< DpisP®"® < Dpis"P®? vs. Decs™ > DecsP®™™® > Decs™®P®). One possible explanation is that the
autocorrelation of the measured intensity in DLS experiments, which is mainly caused by
polystyrene, is maintained for a shorter time in case of multiblock copolymers due to the
incoherent relative movement of multiple polystyrene cores within the same loose aggregate
(vide infra).
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Fluorescence Correlation Spectroscopy

With the information about the different concentration regimes at hand, the solution
properties of the sequential and tapered multiblock copolymers (P(l-co-S),-b-Pl &
(P1-b-PS)n-b-Pl, n=1-3) in heptane accessed by FCS measurements are compared and
interpreted in the context of theoretical studies and experimental results of similar structures
reported in literature.

The derived self-diffusion coefficients Ds covering the dilute (103 — 1 wt%) and semi-dilute
regime (1 — 10 wt%) are given in Figure 9. Corresponding autocorrelation functions and fits of
the fluorescence correlation spectroscopy measurements can be found in the Supp. Inf. (see
Figure S14-S19). Comparing the obtained dependence of Ds on the polymer concentration c to
non-associating polymers as described above, a discontinuity from the asymptotic behavior
approaching infinite dilution is evident. While the trend between 0.1 — 10 wt% resembles the
one of a non-associating polymer, the change of mobility by increasing the concentration from
1073 to 10! wt% is massive, thus evidencing that the critical micelle concentration is exceeded,
and the self-diffusion of micellar aggregates is measured.
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Figure 9: Double logarithmic plot of the diffusion coefficients Ds of the sequential (left) and tapered (right)
multiblock copolymers obtained by FCS measurements in heptane at varying concentrations (103 -
10 wt%).

At the highest concentration investigated of 10 wt%, the macroscopic appearance clearly
proved gelation of all samples, whereas dilution to 1 wt% and 0.1 wt% resulted in liquids of
comparably low viscosity. Together with the above discussed qualitative results of the DLS
measurements, different assumptions were underlaid.

The fits at 1 and 0.1 wt% were performed with a two-component fit appropriate for freely
diffusing micelles, which are in equilibrium with non-associated unimers. In the course of this,
the first value of the two-component fit was fixed at the size of the corresponding unimers
obtained from the measurements at 102 wt%, while the second value gave the average
diffusion coefficient of all aggregated species present.

The autocorrelation functions at 10 wt% were interpreted as unimers with constrained
diffusion behavior because of the interpenetrating chains in a gelled matrix. Again, a second
diffusion time was observed, which appears at shorter timescales than the self-diffusion time.
As discussed above, this can result from the correlation between the cooperative network
diffusion and the single chain motion. Therefore, a two-component fit was implemented
without specifying any value.
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First, the hydrodynamic radii Ry of the unimers calculated from the self-diffusion coefficients
at 0.001% are discussed (Figure 10). Comparing the unimer dimensions of the sequential
polymers with differing block number, the hydrodynamic radius increases monotonically with
increasing block number (seq.: Ry < RyPE"? < RyeP),

This evidences that that partitioning the solvophilic polyisoprene as well as the solvophobic
polystyrene domains into more blocks does not lead to a predominant fraction of chain
conformations with loop formation, yielding intramolecularly associated collapsed PS blocks
called flower-like self-assembled structures, since this would result in smaller dimensions
compared to the triblock.®! On the contrary, this suggests that mainly several compact
polystyrene cores are formed along a chain of unrestricted mobility.

In contrast to this, the tapered analogues show a nonlinear relation indicating that loop
formation plays a role (tap.: Ru" > RyPe"® << R4M®P@). With the tapered pentablock exhibiting
smaller dimensions than the tapered triblock, the pentablock shows a certain fraction of a
looped conformation. The fact that the heptablock has larger dimensions than the tri- and
pentablock indicates that at least a certain fraction of the unimers possess a looped
conformation, which could also involve only two of the three PS blocks.
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Figure 10: Hydrodynamic radii Ru of the multiblock copolymers obtained by FCS measurements in heptane at
103 wt%.

Wang and Mattice theoretically discussed the tendency for loop formation of a triblock.®* They
identified the loss of entropy due to the coronal loop and the interfacial energy gain by favored
interactions of the solvophobic moieties to be the major factors affecting the ratio of
associated and unassociated unimers.

Comparing the tapered multiblock copolymers with their sequential counterparts shows that
the tapered triblock is larger (R4 > Ry'"¢9), whereas the tapered penta- and the heptablock
copolymers are smaller (RyPe"®13P < R pentasea g R heptatap < g, heptased) Both could be reasoned in
the the larger effective polyisoprene block due to the incorporation of a few styrene repeating
units. The increased solvophilic block lengths in case of the triblock copolymers explains the
larger overall dimensions. The comparison of the penta- and the heptablock copolymers show
that in both cases loop formation occurs to a certain extent for the tapered structures. Again,
the longer solvophilic block promotes loop formation because of a lower steric limitations.

The observation for the sequential multiblock copolymers coincides with the results of Lairez
and coworkers, who investigated dilute solutions of polystyrene-block-polyisoprene-block-
polystyrene triblock copolymers (SIS, M,=165 kg-mol?, 30 wt% styrene, ¢<1.6 -103 g-mL?) in
tetrahydrofuran as good solvent and n-heptane as polydiene-selective solvent.® As they
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observed comparable radii in both solvents, they deduced that the unimers adopt an extended
chain conformation.

At 0.1 and 1 wt%, both unimers and micellar aggregates are present. The two-component fit
(see Supp. Inf., equation S2, m=2) of the corresponding FCS autocorrelation curves allows
determination of not only the diffusion coefficients, but also the relative fractions @unim and
Omic (@unim + Omic = 1) of these species. The hydrodynamic radii Ry of the micelles (Figure 11) in
terms of an equivalent sphere and their relative fraction wmic (Figure 12) are discussed in terms
of aggregate size and solubility.
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Figure 11: Hydrodynamic radii Ru of the sequential (left) and tapered (right) multiblock copolymers obtained
by FCS measurements in heptane at varying concentrations (103, 10! and 1 wt%).
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Figure 12: Relative fraction of the micellar structures wmic of the sequential (left) and tapered (right) multiblock
copolymers obtained by FCS measurements in heptane at varying concentrations (103, 10 and
1 wt%).

Comparing the relative micellar fractions of the sequential and tapered structures at 0.1%, it is
evident that the sequential multiblock copolymers have higher fraction ratios than their
tapered counterparts. This reflects the enhanced solubility of the tapered structures due to its
shortened pure polystyrene blocks. In case of the sequential structures, the triblock
copolymers feature the highest relative faction of micelles, whereas the penta- and heptablock
exhibit a notably smaller micellar fraction ratio (@mic"">>@mic**"®>wmic"*"®?). This indicates a
worsened solubility of the triblock compared to the penta- and heptablock, which can be
explained by a longer individual solvophobic PS block length. The tapered structures show a
different trend, with the pentablock exhibiting the lowest relative micellar fraction and hence
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best solubility (@mic""= @mic"P®>>wmic**"?). As indicated by its unimer dimension, intramolecular
association is most pronounced in case of the tapered pentablock. This might account for the
reduced tendency for intermolecular aggregate formation.

The hydrodynamic radii at 0.1 wt% increase with their block number (Ru'< RyPe"® <Ry "eP®) for
both sequential and tapered multiblock copolymers. From a theoretical perspective, polymer
chains with several core forming blocks can form a loop as discussed above against the
background of the unimeric chain conformation. In case of micellar structures, loop formation
results in a larger occupied interfacial area and hence a lower aggregation number and smaller
aggregate sizes.!'®”! The observed trends indicate that an extended chain conformation is
favored over the looped conformation. This is especially pronounced in the considerably larger
hydrodynamic radius of the sequential heptablock, implying the formation of loose aggregates
with several solvophobic polystyrene cores. Note that the obtained dimensions are averaged
over all associated species present, rendering the tendency to form these loose aggregates less
distinct in case of the tapered multiblock copolymers.

This is further manifested in the relative micellar fractions and aggregate size at 1 wt%.
Especially for the tapered penta- and heptablock, Ry and @mic increase remarkably with
increasing concentration. This suggests a shift towards larger fractions of loose aggregates. In
contrast to this, the sequential penta- and heptablock feature only a minor increase in their
micellar dimension, but a pronounced increase of the relative micellar fraction. This indicates
that the nature of the aggregates is only slightly altered.

At 10 wt%, all polymer solutions showed gelation, which is why the derived self-diffusion
coefficients are interpreted as unimers diffusing through a gelled matrix (Figure 13).
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Figure 13: Diffusion coefficients D of the multiblock copolymers obtained by FCS measurements in heptane at
10 wt%.

As discussed above, the diffusion of unimers through a transient network by entangled polymer
chains is restricted and can be described by the reptation theory.®® Considering a network
formed of associating block copolymers, the attractive force between solvophobic moieties of
different polymer chains can further impede the unimer diffusion. Besides, chain exchange can
systematically slow down the unimer diffusion and hence distort the diffusion time.

Generally, the activation energy for chain expulsion depends on the interaction between the
core-forming repeating unit and the solvent and can be estimated by kTyNcr., With the
Boltzmann constant k, the temperature T, the Flory-Huggins interaction parameter y and the
solvophobic block length Neore.['>”) Moreover, at temperatures below the glass transition
temperature of the core-forming block the chains are kinetically frozen, which impedes chain
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exchange. Due to this, the solvent selectively plays a further role for the energy barrier for chain
expulsion, since solvent molecules penetrating the micellar core serve as plasticizer, this way
decreasing the glass transition temperature and promoting chain movements.!*®>*! Moreover,
chain expulsion is favored for a very compact conformation of the core-forming block, resulting
in a more frequent exchange if the chain has a compact conformation near the surface.®"

Lund et al. investigated the chain exchange kinetics of polybutadiene-polystyrene diblock
copolymers (PB-PS, M=20 kg-mol?, 50 wt% PS) and the triblock obtained by coupling of the
polystyryl chain ends (PB-PS-PB, M=40 kg-mol?, 50 w% polystyrene) in various alkanes being
polydiene-selective solvents using time-resolved small-angle neutron scattering (TR-SANS).
With increasing length of the solvent (decane < dodecane < tetradecane < hexadecane) they
observed higher aggregation numbers (Nag'°*=85-110 in C10H2, and CieHs4, respectively) and
lower solvent fractions in the micellar core (@son®®"°*=30-60 in C16H34 and CioH,2, respectively).
However, even if the PS core was swollen by only 7% hexadecane, DSC confirmed a lowered
glass transition temperature to almost 50 °C. Therefore, they concluded that vitrification does
not play a role for the systems investigated. Since they found identical solvent fractions and a
halved aggregation number for the triblock, a direct comparison of the exchange kinetics at
room temperature was possible. In tetradecane, both di- and triblock showed a logarithmic
relaxation curve, which was shifted to longer timescales for the triblock. This evidenced an
increased activation energy for the triblock due to the doubled chain length, but further
indicated a cooperative chain expulsion mechanism involving several chains for both systems.
Still, with roughly 25 min in case of the diblock and 75 min in case of the triblock until half of
the chains had exchanged, the kinetics were rather slow. However, in dodecane, the triblock
exhibited a logarithmic relaxation, whereas the diblock was close to a single exponential decay,
signifying a single chain behavior. The time for 80% of the chains to exchange ranged around
20 min (diblock) and 140 min (triblock), representing the acceleration of the chain exchange.
Conclusively, due to the triblock structure with two solvophilic end blocks, topological
interaction and the confinement within the core increase the cooperativity for chain expulsion
and slows down the chain exchange.

Lodge and coworkers investigated the chain exchange kinetics of hydrogenated polystyrene-
polyisoprene (M=96 kg-mol™, 27% styrene) by time resolved small-angle neutron scattering
(TR-SANS), in solvent mixtures of varying selectivity.®® In pure squalane at 70 °C, which equals
the glass transition temperature of the solvent drained PS core block,®! the timescale of chain
exchange was in the range of 10° minutes, i.e., more than two months. An analogous
investigation in a mixture with 25% of 1-phenyl dodecane, which is a less polydiene-selective
solvent, revealed drastically accelerated exchange kinetics in the rage of several minutes. This
reflects the favored interaction between PS and the solvent mixture and the decreased glass
transition temperature of PS, which was calculated to range around 37 °C, now being located
way below the measuring temperature.

Conclusively, plasticization of the polystyrene cores by heptane migrating into it is very likely.
Yet, the chain exchange of the multiblock copolymers at room temperature is expected to be
negligible on the time scale of the diffusion time of the unimers, which is less than 1 second.
Even though the free energy barrier for chain expulsion scales linearly with degree of
polymerization per polystyrene block Nere®? and hence the penalty for chain expulsion is
reduced with increasing block number and for tapered structures in terms of a lowered Ncore,
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the two polyisoprene chain ends and several associating blocks per chain in case of the penta-
and heptablock copolymers increase the barrier for chain pullout.

With a length of the observation volume of 300 nm, several polystyrene domains are located
within the focus. If we assume that either a labeled unassociated chain becomes part of the
aggregate or a labeled chain is expulsed within the focus, the signal would autocorrelate
excessively long. Therefore, we assume that the observed diffusion process mainly arises from
unaggregated labeled unimers diffusing through the polymer gel without effectively
associating with the aggregate. Yet, potential attractive forces between the polystyrene blocks
of the unimer and the aggregate’s PS cores are expected to slow down the diffusion.

For the self-diffusion coefficient of the sequential multiblock copolymers, a drastic decrease in
mobility is observed going from one PS block to two or three PS blocks (Figure 13,
Ds<<DPeMPxDeP3) | This suggests that the neighboring polystyrene microdomains are
connected by bridged chain conformation. In consequence, the maximum distance between
adjacent PS microdomains is limited by the length of the Pl mid blocks. On the contrary, in case
of the sequential triblock, the solvophilic Pl blocks are longer and chains of different aggregates
are less interpenetrated, therefore imposing less topological restrictions on a diffusing unimer.

This is in clear contrast to the self-diffusion of the tapered structures through the polymer gel
(Figure 13, Ds"=DreP2<pPen?), The clearly enhanced mobility of the pentablock copolymers
cannot be explained by connectivity of the matrix. A possible reason can be found in the smaller
unimer dimension of the tapered pentablock (vide supra, Figure 10). The higher tendency for
loop formation in case of the tapered penta- and heptablock might also affect the bridging ratio
in the polymer gel, with a lower bridging fraction resulting in a less dense network and hence
facilitated unimer diffusion. Furthermore, the intramolecular association of the unimers
renders the polystyrene blocks of the unimers less prone to attractive interaction with the
matrix.

Comparison of the sequential multiblock copolymers with their tapered analogues shows
slower unimer diffusion through the gelled matrix for the sequential structures. This can be
explained by the longer solvophilic polyisoprene blocks and an enhanced solubility of the
tapered structures, thus together with the intramolecular association assuming for less
attractive forces between solvophobic moieties.

Spontak and coworkers provided a theoretical insight into the effect of the number of
solvophobic blocks on the chain conformation.!®3 Molecular conformation of linear sequential
A(BA), multiblock copolymers with the same overall molar mass and composition in B-selective
solvents were evaluated by dissipative particle dynamics simulations in the framework of
network formation. In gels with a polymer fraction of 10%, an overall bridging fraction of 60-
65% was predicted for both multiblock copolymers with two and three solvophobic blocks.
Although with 20% a significant contribution to the bridging fraction of the structure with three
solvophobic cores traces back to structures with two cores connected intramolecularly by two
bridges, the extended chain structure with three cores connected intramolecularly by two
bridges contributes the largest share.

This supports the interpretation of the huge difference between the self-diffusion coefficients
of the sequential triblock and the penta- as well as heptablock explained by the decrease in
periodicity due to large amounts of bridged chain conformation.
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Higgins et al. investigated polystyrene-block-poly(ethylene-alt-propylene) diblock copolymers
(100 kg-mol™, 38.5 wt% PS) solutions in dodecane, which were investigated by small-angle
neutron scattering (SANS). They reported aggregate formation above 1.4 wt%, with
hydrodynamic radii around 125 nm.!®¥ At concentrations above 3-4 wt%, long-range ordering
ascribed to a sol-gel transition was observed.[®*! Due to the shortened individual Pl blocks by
comparting them in two blocks, the smaller micellar dimensions of the triblock copolymers at
0.1 and 1 wt% described within this work fit the expectations. Yet, the comparably late onset
of micellization is in pronounced contrast to our observation, especially considering that
dodecane is a more Pl-selective solvent than heptane.

Konak et al. studied solutions of polystyrene-block-poly(ethylene-alt-butylene)-block-
polystyrene triblock copolymers (70 kg-mol?, 28 wt% PS) in heptane using dynamic light
scattering./®® They found flower-like micelles at concentrations of 0.5 wt%, the presence of also
larger bridged clusters between 1.1 — 2.6 wt% and gelation above 4 wt%. In comparison to the
pentablock copolymers of this work, the compartment of the solvophilic block into three blocks
with two dangling polyisoprene end blocks explains the favored formation of bridged clusters
over flower-like micelles, with the higher occupied interfacial area impeding loop formation.

Furthermore, the results for the pentablock can be compared with the observation of Lairez
and coworkers, who studied polystyrene-block-polyisoprene-block-polystyrene triblock
copolymer (160 kg-mol™, 28 wt% PS) solutions in heptane by static light scattering. They
determined a critical micelle concentration of 0.2 wt% and a radius of gyration of 25 nm[®,
with aggregates continuously increasing in size until the overlap concentration. The increase in
the aggregates’ dimension was attributed to bridged clusters. The overlap concentration was
assigned to 1.7 wt% due to a successive decrease of the scattered intensity per monomer.!6”!
Conclusively, we observe an earlier onset of micellization and larger aggregates in spite of
approximately half the molar mass.

The results of the heptablock copolymers can be set in relation to the (PS-b-Pl),-b-PS
pentablock copolymers with three solvophobic blocks (120 kg-mol™?, 35 wt% PS), whose
solutions in heptane were investigated by SANS and DLS.[*® At concentrations of 1, 2, 4 and
6 wt%, macroscopic phase separation occurred upon cooling the annealed solution. Above the
could point, no flower-like micelles were observed. At concentrations of 8 and 9 wt%, a
transparent gel was obtained, which was stable over the whole temperature range
investigated. Conclusively, the higher molar mass and two solvophobic end blocks of the
pentablock copolymers impede solubility compared to sequential heptablock discussed in this
work exhibiting two dangling polyisoprene end blocks. Besides, the critical concentration for
network formation is comparable to the multiblock copolymers investigated in this work.
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Conclusion

This work presents an efficient strategy for fluorescent dye-labeling by post-polymerization
modification. Bromination and immediate subsequent azidation allows to install an azide
moiety without facing chain degradation or cross-linking issues, which can later be addressed
by a copper-catalyzed 1,3-dipolar cycloaddition. In contrast to previous works, no additional
moieties further altering the chemical nature of the polymer are introduced.

The optimized dye-labeling protocol was transferred to tapered (P(l-co-S).-b-Pl) as well as
sequential ((PI-b-PS),-b-Pl) block copolymers with three, five and seven blocks (n=1-3). The
dynamic properties of these multiblock copolymers were studied implementing fluorescence
correlation spectroscopy in the range of 0.001 —10 wt%. Prior to that, the semi-dilute
concentration regime was specified by dynamic light scattering. Above 1 wt%, deviation from
the linear relationship between the cooperative diffusion coefficient and the polymer
concentration proved the onset of interparticle interaction.

FCS measurements below the critical micelle concentration rendered smaller hydrodynamic
dimensions for the tapered structures with more than one solvophobic polystyrene block,
regardless of the longer solvophilic polyisoprene blocks. This proved a higher tendency for loop
formation, which is also reflected in smaller aggregate sizes at 0.1 wt%. With increasing
concentration, the fraction of larger loose aggregate structures with several solvophobic
polystyrene cores increased in case of both sequential and tapered multiblock copolymers. At
10 wt%, gelation was observable for all polymers. The self-diffusion of the unimers in polymer
networks was found to be more restricted in case of the sequential multiblock copolymers,
which might result of a higher bridging fraction together with the larger unimer sizes.
Moreover, less interaction between the unimers and the solvophobic moieties of the matrix
are expected for the tapered multiblock copolymers due to their tendency to form
intramolecular aggregates.
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Supporting Information
Materials

The solvents cyclohexane (Fisher Science, 299.8%) and tetrahydrofuran (THF, Fisher Science,
299.8%) were dried over sodium with benzophenone as an indicator. Dimethylformamide
(DMF, Acros Organics, 99.8%, over molecular sieve), methanol (MeOH, Fisher Science, 299.9%),
isopropanol (PrOH, VWR Chemicals, 100%) and benzene (Carl Roth, =99.5%) were used as
purchased. Heptane (Sigma Aldrich, 299%) used for the preparation of polymer solutions
exhibited spectrophotometric grade.

The stabilizers of isoprene (I, Acros Organics, 98%) and styrene (S, Carl Roth, >99.5%) were
removed by filtering the monomers through a column containing basic aluminum oxide and
purified hereafter by degassing and distillation over calcium hydride (Acros Organics, 93%) and
trioctyl aluminum (Sigma Aldrich, 25 wt% in hexanes). The initiator sec-Butyllithium (sec-Buli,
Acros Organics, 1.3 M in cyclohexane/hexane (92/8)) was used as supplied. Sodium azide (Acros
Organics, >99%) and 3-ethynyl perylene (Lumiprobe, >95%) were weighed into a glass vial and
put under inert gas atmosphere by evacuating and flooding with argon three times. Copper(l)
bromide (Sigma Aldrich, 98%) was purified stirring a solution with glacial acetic acid for 24 h at
room temperature, followed by washing twice with absolute ethanol and twice with diethyl
ether. Then, CuBr was dried under vacuum for several days and handled afterwards in a
glovebox under argon atmosphere. N,N,N’,N”’,N”’-pentamethyl-diethylenetriamine (PMDETA,
TCl, >99%) was used without further purification.

Carbanionic Polymerization

After the above-described drying procedure, the monomers were distilled into a graduated
ampoule and cyclohexane was freshly distilled into a Mortom flask glass reactor equipped with
a rare earth magnetic stirring bar under normal pressure. The required amount of sec-BulLi was
added in argon counterflow and the solution was tempered to 40 °C. The living carbanionic
polymerization was started via the addition of the desired amount of the monomer or
monomer mixture. In case of multiblock syntheses monomer mixtures were added several
times. The respective reaction times were calculated using kinetic Monte Carlo simulation. The
living chain ends were terminated by addition of methanol. The polymers were precipitated
pouring the reaction solution into an 8-fold excess of a methanol-isopropanol mixture, dried at
reduced pressure for at least one week and stored in the absence of light at -20 °C.

In the following, the polyisoprene homopolymer (SEC: M,=11250 g-mol?, £=1.05) used for the
optimization of the labeling protocol is characterized by 2D NMR analysis (Figure S1-S5),
revealing a ratio of 1,4- to 3,4-units of 94:6 (NMR: M, of 8030 g-mol?).

14 (850 MHz, CsDs) S[ppm] = 5.3 (1H, g), 4.9 (2H, k), 2.2 (2H, h), 2.2 (2H, e%s), 2.1 (2H,
etrans) 2.1 (1H, j), 1.8 (3H, fdis), 1.7 (3H, frans), 1.7 (3H, 1), 1.5
(2H, i), 0.9 (3H, d), 0.9 (3H,a).
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13C (214 MHz, CeDg) 8[ppm] = 147.6 (C>4), 135.3 (Cq14), 125.4 (G),111.7 (K), 48.1 (J), 40.1
(Etrans), 32.4 (E<s), 31.4 (1), 26.7 (H), 23.5 (Fcis), 18.5 (L), 19.2
(A), 16.0 (Ftrans), 11.5 (D).

Bromination of Polyisoprene

0.1 mmol (1 eq.) of the polymer (1.0 g in case of 10k PI) were transferred into a Schlenk flask
and dried azeotropically with benzene. After flushing with argon, a 10 wt% solution in dry
cyclohexane (10g, 12.8 mL) was prepared and 0.1 mmol of bromine (1eq., 0.2 mL of a
0.5 mol-L? solution in cyclohexane) were added at room temperature under light exclusion.
After one minute of reaction time, 0.4 mL of a 0.5 mol-L? solution of sodium hydroxide in
methanol was added. The polymer was precipitated into a 10-fold excess of methanol,
centrifugated (4500 rpm, 0 °C, 10 min) and decanted. Afterwards, the polymer was dissolved
in benzene, passed through a 0.2 um diameter porous filter and directly transferred into a flask
sealed with a teflon stopper connected to a Schlenk splitter for further reaction.

To allow an easier characterization of the modified polymers, also a bromination with 50 eq. of
bromine (10.0 mL, 0.5 mol-L! in cyclohexane) was conducted. 'H as well as *C-JMOD-NMR
spectra (Figure S6 and S7) are given for polyisoprene with a low degree of bromination
(Mn=11510 g-mol?, P=1.05); the characterization by 2D NMR analysis (HSQC, HMBC, COSY,
Figure S8-510) is shown for a high degree of bromination in order to get a significant signal
intensity.

1H (850 MHz, CsDg) S[ppm] = 4.2 (1H, g?), 1.8 (3H, f&r).
13C (214 MHz, CeDs) S[ppm] = 74.6 (C4%), 66.8 (GB), 31.4 (FBr).

Azidation of Polyisoprene

The reaction was carried out in a flask sealed with a teflon stopper connected to a Schlenk
splitter, which was also connected to a flask with THF over sodium. 0.1 mmol (1 eq.) of the
brominated polymer with the lower degree of functionalization (~1.0 g in case of 10k Pl) were
dried azeotropically with benzene overnight. 17 mL THF were distilled into the reaction flask
by trap-to-trap distillation. 1.0 mmol (10 eq., 65.0 mg) of sodium azide were dissolved in 17 mL
dry DMF and added to the polymer solution in THF under argon atmosphere by syringe,
resulting in a blueish 3 mmol-L! solution of the polymer. Here, a concentration of 0.06 mmol-L°
1 of NaNs in DMF is essential to ensure complete solubility. Moreover, a mixture of THF and
DMF at a ratio of 1:1 was used to obtain a solution that is polar enough to solvate the
intermediate anions and to prevent micelle formation of PI-PS copolymers with polyisoprene
lying in the core of the structure, which would be likely in pure DMF. The reaction was allowed
to stir vigorously for 3 days at room temperature. The product was precipitated into a 10-fold
excess of methanol, centrifugated (4500 rpm, 0 °C, 10 min) and decanted. Afterwards, the
polymer was dissolved in benzene, centrifugated again to sediment the salts, passed through
a 0.2 um diameter porous filter and dried in vacuo afterwards.
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The azidation of the brominated polymer with a higher degree of functionalization was carried
out analogously. 0.02 mmol (1 eq.) of the highly brominated polymer (~200 mg in case of 10k
P1) were dissolved in 77 mL THF and reacted with 10.0 mmol (500 eq., 650 mg) of sodium azide
in 77 mL DMF, giving a 1.3-107 mol-L? solution of the polymer. The reaction solution was
concentrated before precipitation. However, 2D NMR analysis did not show remarkable
alteration in the spectra. Yet, a successful introduction of the azide group was proven by FTIR
(7(N3)=2094 cm™). The SEC trace showed no evidence for chain degradation or cross-linking
but a slight shift in molar mass (M,=11480 g-mol™?, £=1.05).

Copper-catalyzed 1,3-dipolar cycloaddition of Polyisoprene and 3-Ethynyl Perylene

For the synthesis a Schenk splitter connected to three flasks sealed with teflon stoppers and to
a flask with THF over sodium was used. 0.016 mmol (1.0 eq.) of the azidated polymer with the
lower degree of functionalization (~160 mg in case of 10k Pl) was dissolved in benzene,
transferred to one of the flasks and dried azeotropically overnight. 10 mL THF were distilled
onto the polymer by trap-to-trap distillation. 0.040 mmol (2.5 eq., 5.7 mg) CuBr were weighted
into the second flask and 4 mL THF were distilled into this flask afterwards. 0.040 mmol
(2.5 eq., 0.008 mL) PMDETA were added via syringe to the CuBr, giving a slightly yellowish
solution of the catalyst. 0.008 mmol (0.5 eq.) of 3-ethynyl perylene were dissolved in 2 mL THF,
which was distilled into the third flask before. Both the solution of the catalyst and the perylene
dye were added to the polymer solution in THF under inert gas by syringe, turning the reaction
solution bright yellow. The reaction was allowed to stir vigorously for 7 days at room
temperature under light exclusion. The final reaction solution was passed through column with
neutral aluminum oxide to remove the copper catalyst, concentrated, dissolved in benzene and
precipitated into a 10-fold excess of methanol. The polymer was decanted and dried in vacuo.
Preparative SEC in chloroform was used to remove residual dye.

The SEC trace (M,=11090 g-mol?, P=1.11) revealed a small shoulder at higher molar masses.
FTIR showed a disappearance of the azide stretch (¥(N3)=2094 cm™?), while a new band arising
from the formed triazole moiety appeared ( V (triazole)=2350 cm™). Besides, dye-
functionalization of the polyisoprene was proven by fluorescence emission spectrometry (/max=
471 & 497 nm). *H as well as *H-DOSY-NMR spectra (Figure S11 and S12) further verified the
successful attachment of the perylene dye.

1H (400 MHz, CeDs) S[ppm] = 7.42 (1H, 4), 7.36 (4H, 3), 7.05 (4H, 2), 6.96 (3H, 1).



Unraveling Different Aggregate Structures in Concentrated Polymer Solutions by Fluorescence Correlation Spectroscopy 214

Characterization Methods

Size exclusion chromatography was carried out in THF on an instrument consisting of a Waters
717 plus autosampler, a TSP Spectra Series P 100 pump, a set of three PSS-SDV 5 mL columns
(102, 103, 10* A) and RI (35 °C) as well as UV detectors (254 nm). A polyisoprene standard and
a polystyrene standard provided by Polymer Standard Service were used for the calibration of
polyisoprene and the polyisoprene-polystyrene copolymers, respectively.

1H NMR spectra at 850 MHz, 400 MHz and 300 MHz, the ?*C NMR spectra at 214 MHz, 100 MHz
and 75 MHz, and the respective 2D NMR spectra were recorded at 23 °C on a Bruker Avance Il
(5 mm QXl-probe with a z-gradient), a Bruker Avance Il (5 mm BBFO-head with z-gradient) and
a Bruker Avance Ill (5 mm BBFO-head with z-gradient), respectively. The spectra were
referenced internally to residual proton signals of the deuterated solvent.

Fourier transform infrared (FTIR) spectroscopy was used to follow the reaction progress of the
functionalization reactions. The measurements in the range of 650-4000 cm™ were performed
using a Nicolet iS10 FT-IR spectrometer supplied by Thermo Fisher Scientific.

Fluorescence emission was recorded using a Cary Eclipse spectrometer supplied by Varian in
the range of 455—-1100 nm. The scanning rate was 600 nm-min*and the spectra were measured
with an excitation wavelength of 435 nm and excitation as well as emissions slits of 5 nm. The
polymers were dissolved in THF and degassed with argon for 30 min to avoid quenching by
oxygen before transferring it into a quartz glass cuvette with a thickness d of 1 cm.

FCS measurements were carried out on a commercial FCS setup (LSM 880, Carl Zeiss, Germany).
The perylene dyes were excited by a 405 nm diode laser (LDH-D-C-405, PicoQuant, Berlin,
Germany) focused into the studied samples by a Zeiss C-Apochromat 40x/1.2 W water-
immersion objective. The focus was positioned only 20 um deep in the studied solutions to
minimize aberrations caused by the refractive index mismatch between the immersion liquid
(water) and the sample media (e.g., copolymer solutions in heptane). The fluorescent light was
detected in the range of 420—-550 nm with the microscope’s inbuilt 32-channel GaAsP
photomultiplier array (QUASAR, Carl Zeiss, Jena, Germany) operating in photon counting mode.
An Attofluor steel cell (Invitrogen, Leiden, The Netherlands) with a mounted microscope glass
coverslip of 25 mm diameter and 0.15 mm thickness was used as a sample chamber. For each
sample, a series of 10 measurements with total duration of 300 s were performed. During FCS
measurements, the temperature, T, was kept constant at 23 °C (AT<0.5 °C). The time-
dependent fluctuations of the fluorescence intensity, d/(t), were recorded and analyzed by an
autocorrelation function G(t) (equation S1).

_ (SI(t")SI(t'+1)) S1
GO = 1+ (S1)

The experimentally obtained G(t) was fitted with an equation for an ensemble of m different
types of diffusing species (equation S2):

Gt) =1+ [1 + 1{;Te_#]%2?;1[# (S2)
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where N is the average number of diffusing fluorescent species in the observation volume, fr
and zr are the fraction and the decay time of the triplet state, ;i is the diffusion time of the ith
species, f; is the fraction of component i, and S=zoro? is the structure parameter, with zoand ro
being the axial and radial dimensions of the confocal volume, respectively.

The fits yielded the corresponding diffusion times 7p; of the ith species, which are related to
their respective diffusion coefficient D; (equation S3).

) = 0 (S3)

However, since the value of ro depends strongly on the specific characteristics of the optical
setup and the refractive index of the studied sample, a suitable calibration is required. The
value of rowas estimated from FCS measurements in water assuming similar dimensions of the
confocal volume in both media. The overall concentration of the fluorescent polymers in all
cases was in the order of 5-10% m.

Dynamic light scattering was performed at 25 °C at a scattering angle of 90° and a scattering
intensity of 300 kHz using a NanolLab 3D instrument supplied by LS Instruments. 1.5 mL of the
polymer solutions were transferred into acrylic glass cuvettes, passing the solutions through a
PTFE syringe filter with a pore width of 0.45 mm. For the calculation of the hydrodynamic radii
from the diffusion coefficients by the Stokes-Einstein equation, the solvent viscosity and the
refractive index of heptane at 25 °C were set to 7=0.39 mPa-s and np*°=1.39, respectively. Each
experiment, which was repeated 5 times, comprised a waiting period of 2 min at the prescribed
temperature and scattering intensity and a subsequent light scattering measurement of 2 min.
For this purpose, the Modulated 3D Cross-Correlation technology was used, which subtracts
multiple light scattering events. This is achieved by the performance of two simultaneous light
scattering experiments at the same scattering vector, which are temporally separated at
frequencies exceeding the timescale of the investigated dynamics in order to avoid the
detection of signal arising from second illumination beam. The autocorrelation functions were
interpreted using the CORENN (constrain weighted, regularized non-linear, least-squares)
algorithm allowing the interpretation of multimodal samples.
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NMR spectra of polyisoprene

Figure S1: 'H-NMR spectrum (850 MHz, CsDs) of polyisoprene.

Figure S2: 3C-JMOD-NMR spectrum (214 MHz, CsDs) of polyisoprene.
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Figure S3: 'H3C-HSQC-NMR spectrum (850/214 MHz, CsDs) of polyisoprene.

Figure S4: H3C-HMBC-NMR spectrum (850/214 MHz, CcDs) of polyisoprene.
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Figure S5: 'H!H-COSY-NMR spectrum (850 MHz, CsDs) of polyisoprene.

NMR spectra of brominated polyisoprene

Figure S6: 'H-NMR spectrum (850 MHz, CsDs) of brominated polyisoprene.
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Figure S7: 3C-JMOD-NMR spectrum (214 MHz, CsDs) of brominated polyisoprene.

Figure S8: 'H3C-HSQC-NMR spectrum (300/75 MHz, CsDs) of brominated polyisoprene.
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Figure S9: 'H3C-HMBC-NMR spectrum (300/75 MHz, CsDs) of brominated polyisoprene.

Figure S10: *H'H-COSY-NMR spectrum (300 MHz, CsDs) of brominated polyisoprene.
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NMR spectra of perylene-labeled polyisoprene

Figure S11: *H-NMR spectrum (400 MHz, CcDs) of perylene-labeled polyisoprene.

Figure S12: *H-DOSY-NMR spectrum (400 MHz, CsDs) of perylene-labeled polyisoprene.
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Figure S13: Fluorescence emission spectrum of the perylene-labeled polyisoprene in THF (¢c=0.67 mol-L?). The
maxima at 471 and 497 nm belong to the perylene moiety.

Autocorrelation functions obtained by FCS measurements
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Figure S14: Autocorrelation functions G(t) of the perylene dye molecule (orange), the labeled sequential
triblock copolymer at 10 wt% (green) as well as of mixtures of labeled and unlabeled polymer at
overall concentrations of 10 wt% (dark blue), 1 wt% (blue), and 0.1 wt% (light blue) in heptane.

The two-component fit curves with a fixed values for the freely diffusing unimers (green) are
plotted as solid lines.
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Figure S15: Autocorrelation functions G(t) of the perylene dye molecule (orange), the labeled tapered triblock
copolymer at 10 wt% (green) as well as of mixtures of labeled and unlabeled polymer at overall
concentrations of 10 wt% (dark blue), 1 wt% (blue), and 0.1 wt% (light blue) in heptane. The two-

component fit curves with a fixed values for the freely diffusing unimers (green) are plotted as
solid lines.
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Figure S16: Autocorrelation functions G(t) of the perylene dye molecule (orange), the labeled sequential
pentablock copolymer at 10~ wt% (green) as well as of mixtures of labeled and unlabeled polymer
at overall concentrations of 10 wt% (dark blue), 1 wt% (blue), and 0.1 wt% (light blue) in heptane.

The two-component fit curves with a fixed values for the freely diffusing unimers (green) are
plotted as solid lines.



Unraveling Different Aggregate Structures in Concentrated Polymer Solutions by Fluorescence Correlation Spectroscopy 224

P(I-co-S)z-b-PI 80 kDa, 70 mol%lI in heptane

\ % perylene dye, RH=1.1 nm
1F kﬁ{: pentablock c=0.001wt%, R =7 nm
\ - pentablock c=10wt%, R,=120 nm
0.8 e \ pentablock c=1wt%, R, =70 nm
&)
o pentablock c=0.1wt%, RH=1D nm
o 06F
N
© kX
€04} A\
o ;
N
0.2} %
0 il T —
107 10 1072 10°
Tls

Figure S17: Autocorrelation functions G(t) of the perylene dye molecule (orange), the labeled tapered
pentablock copolymer at 103 wt% (green) as well as of mixtures of labeled and unlabeled polymer
at overall concentrations of 10 wt% (dark blue), 1 wt% (blue), and 0.1 wt% (light blue) in heptane.

The two-component fit curves with a fixed values for the freely diffusing unimers (green) are
plotted as solid lines.
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Figure S18: Autocorrelation functions G(t) of the perylene dye molecule (orange), the labeled sequential
heptablock copolymer at 10~ wt% (green) as well as of mixtures of labeled and unlabeled polymer
at overall concentrations of 10 wt% (dark blue), 1 wt% (blue), and 0.1 wt% (light blue) in heptane.

The two-component fit curves with a fixed values for the freely diffusing unimers (green) are
plotted as solid lines.
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Figure S19: Autocorrelation functions G(t) of the perylene dye molecule (orange), the labeled tapered
heptablock copolymer at 10 wt% (green) as well as of mixtures of labeled and unlabeled polymer
at overall concentrations of 10 wt% (dark blue), 1 wt% (blue), and 0.1 wt% (light blue) in heptane.

The two-component fit curves with a fixed values for the freely diffusing unimers (green) are
plotted as solid lines.

Autocorrelation functions obtained by DLS measurements
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Figure S20: Autocorrelation functions G(t) of the sequential triblock copolymer at 10 wt% (dark blue), 1 wt%
(blue), and 0.1 wt% (light blue) in heptane. The data were fitted using the CORENN algorithm.
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Figure S21: Autocorrelation functions G(t) of the sequential pentablock copolymer at 5 wt% (dark blue), 1 wt%
(blue), and 0.1 wt% (light blue) in heptane. The data were fitted using the CORENN algorithm.
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Figure S22: Autocorrelation functions G(t) of the sequential heptablock copolymer at 10 wt% (dark blue),
1wt% (blue), and 0.1 wt% (light blue) in heptane. The data were fitted using the CORENN

algorithm.
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The performance of viscosity modifiers,

which are additives attenuating the .
[ Rate

temperature dependence of the g,

viscosity of a lubricant, is governed by

both the chemistry and the architecture

of the employed polymers. Key metrics Viscosity

to categorize the functionality are the Index Shear

viscosity index, thickening efficiency, Stability

and shear stability. Based on the current state of the art, pros and cons of different polymer

classes have to be weighed carefully with respect to the targeted application field. While in

general, poly(alkyl methacrylates) (PMAs) exhibit superior viscosity indices, they lack an

excellent thickening efficiency or shear stability. In contrast, hydrogenated styrene-diene

copolymers (HSDs) commonly stand out due to their exceptional thickening efficiency at

reasonable shear stabilities but cannot compete with PMAs in terms of the viscosity-

temperature relationship. Within this work, we investigate in the first place the temperature-

viscosity relationship of (non)-hydrogenated styrene-isoprene copolymers with multiple

solvophobic polystyrene blocks and a tapered interface per diblock sequence. By the

combination of il 2nd dynamic viscosity measurements, || NN 25 ve! as the

dynamic viscosity indices were calculated. |G
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Comparison of the investigated
HSDs with a commercialized comb-like PMA oil additive showed

Introduction

The viscosity of polymer solutions is a property of utmost importance with respect to their
potential application as lubricant additive. The main purpose of viscosity modifiers is to
mitigate the viscosity decrease as the temperature increases, by this ensuring a proper
lubrication of, e.g., moving metal parts.!*? Typical temperature application windows of engine
oils encompass a wide temperature range, with cold-cranking temperatures as low as -35 °Ct!
and operating temperatures ranging around 90 °C.!Y If the film thickness is insufficient, asperity
contact increases mechanical friction, which itself causes heat generation and wear. This leads
to inefficient performance and in the worst case failure to comply with the respective

application requirements.!

Yet, in the lubrication process a film thickness as thin as possible is desirable, since a reduction
in oil film thickness is accompanied by a lowered viscosity, which directly translates into an
improved fuel economy.™ In consequence, a superior viscosity-temperature relationship, i.e.,
a small decrease in viscosity with increasing temperature, is essential. Besides, the thickening
efficiency and the shear stability are key parameters for the performance of a viscosity
modifier.!) The thickening efficiency describes how much a polymer increases the viscosity per
amount of polymer.

The trade-off between these three tribological parameters (viscosity index, thickening
efficiency, and shear stability) is affected by the chemistry and the architecture of the polymers
implemented. Typical polymer classes for viscosity modifiers are poly(alkyl methacrylates)
(PMAs), hydrogenated styrene-diene copolymers (HSDs) or purely aliphatic polymers like
poly(a-olefins) (PAOs), polyisobutylenes (PIBs) or olefinic copolymers (OCPs).*3!

PMAs stand out due to their extraordinary viscosity-temperature relationship, however high
treat rates of the classical structures are required. In order to improve the thickening efficiency
and the Vviscosity-temperature relationship of PMAs, the originally implemented
homopolymers made from oil soluble alkyl methacrylates (long alkyl side chain of at least C7)
were modified by the copolymerization with oil-insoluble comonomers such as methyl
methacrylate./? Further progress towards comb-like architectures allows for an excellent
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viscosity index at lower treat rates and acceptable shear stabilities.®! The shear stability, i.e.,
the permanent loss in viscosity upon shearing, depends on the dispersity as well as the
architecture of a polymer and is discussed below.[* Although PMA structures exhibit a superior
viscosity-temperature relationship, a comb-like architecture results in a smaller hydrodynamic
volume at constant molar mass compared to a linear structure, which directly translates into a
lower thickening efficiency. Together with the presumably higher dispersity resulting from the
free radical polymerization and, if implemented, a subsequent grafting approach affecting the
shear stability of the viscosity modifier, there is still room for improvement.

These drawbacks can be tackled by implementing hydrocarbon-based polymers, which
capitalize on high thickening efficiencies. Especially hydrogenated styrene-diene copolymers
(HSDs) polymerized under living anionic conditions afford excellent shear stabilities and an
effective thickening due to their defined structure. Nevertheless, in terms of a beneficial
viscosity-temperature relationship required for most applications, so far HSDs cannot compete
with PMAs.

In a first instance, the viscosity of a polymer solution is enhanced with molar masses and
concentration.? Therefore, the intrinsic viscosity is a first indication of the capability of a
polymer to increase the viscosity of a certain solvent. Typically, polymers with molar masses
ranging from 1-100 kg-mol? are implemented to avoid chain degradation processes (vide
infra).l”!? Beyond that, the underlying thickening mechanism affects the viscosity-temperature
relationship. For this purpose, the influence of a viscosity modifier at varying temperature is
guantified by the viscosity index (vide infra, equation 2). On top of the chemistry and hence the
thickening mechanism, the viscosity index weakly correlates with the architecture of a polymer.
Generally, the larger the radius of gyration of a polymer coil, the more efficient is the increase
in viscosity.

The shear stability of a viscosity modifier describes its durability when subjected to high shear
stresses, which is the case for many applications. Here, it is distinguished between a reversible
and a permanent decrease in viscosity upon shear.!>®! Upon shearing, a polymer coil aligns
within the flow and hence is elongated. In case of associated polymers (vide infra), partial
disassembly can take place. In these cases, the viscosity increases to the initial value when the
stress is released, as the polymer coils return to their undistorted shape and reassemble. This
effect is described by the term reversible or temporary viscosity loss. The decrease in viscosity
upon shearing typically begins at strain levels above 10* s.[*8] At even higher stress levels
above 10° s, turbulent flows and cavitation can cause chain degradation.!®! The concomitant
decrease in molar mass causes a permanent viscosity loss, which is self-limiting when the chains
are degraded to sufficiently low molar masses, allowing facile alighment within the flow."! For
the same reason, a low dispersity of the polymers is beneficial. The broader a molar mass
distribution, the higher is the fraction of long chains prone to degradation and short chains
contributing little to the viscosity increase.[*” Furthermore, the architecture is important for
both the temporary and permanent shear stability. For instance, long chain branched
structures are less prone to a reversible viscosity loss, and star-shaped polymers align faster
within the flow due to their more compact structure, leading to a higher permanent shear
stability.[*!

The two main thickening mechanisms discussed in literature comprise the polymer coil
expansion mechanism and the association mechanism, applying to PMAs and HSDs,
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respectively.?? Polymer coil expansion with temperature relies on a rather low solubility at low
temperatures, which continuously increases with the temperature. On a molecular level, the
increasing radius of gyration traces back to the altered interaction between the polymers’
repeating units and the solvent molecules. Therefore, especially polar polymers like PMAs
feature this thickening mechanism.*?! In contrast, the dimensions of HSDs remain unaltered
over a temperature range from 40-150 °C as well as at normal pressure and 300 MPa.[** The
superior thickening efficiency of HSDs relies on the association thickening mechanism. With
the solvophobic blocks of the block copolymers promoting aggregation, the apparent molar
mass is increased, thus increasing the viscosity to a larger extent.*> Going from polystyrene-
block-polydiene diblock®®'”! to polystyrene-block-polydiene-block-polystyrene triblock
copolymers!*®! in polydiene-selective solvents, the formation of networks at high polymer
concentration can occur.**?% However, the influence of higher block numbers on the
performance as viscosity modifier has not been studied in depth to date.

Consequently, this work aims at the characterization of polystyrene-polyisoprene multiblock
copolymers in aliphatic oils by viscosity measurements at systematically varied concentrations,
shear rates, and temperatures. For this purpose, linear tapered multiblock structures
P(I-co-S)n-b-Pl with two polyisoprene end blocks were prepared. The two flexible, solvophilic
end blocks were designed to ensure good solubility. The polymer characteristics are varied in
terms of the overall molar mass, block number and isoprene content. Introducing multiple
blocks promises a better viscosity index improvement due to the formation of larger aggregates
with a higher apparent molar mass. Yet, the decrease of the glass transition temperature of the
solvophobic blocks, which reflects the incorporation of solvent molecules, with decreasing PS
block length as well as the reduced overall van-der-Waals interaction tethering the PS blocks
within one micellar core promote the tendency to disassemble under shear. Consequently, the
shear-induced temporal viscosity loss might be a function of the overall polymer composition.
In contrast to sequential block copolymers with a sharp transition between the comonomers,
tapered block-like structures feature a more diffuse interface between the non-solvated core
and the dissolved corona, which is swollen by solvent molecules.?!! The presence of both
soluble and insoluble repeating units within the gradual regime between the two blocks can
cause loop formation due to the attractive interaction between the solvophobic units.[?? This
loop formation within the core-corona interface could allow to introduce thermoresponsive
properties by the so-called “reel-in effect”, describing the reverse stretching of the diffuse
interface by increasing the temperature. This is reasoned in changes of the solubility of the
solvophobic blocks, resulting in a dissolution of the gradual chain segments near the interface
upon temperature increase.?® This way, the contribution to the viscosity increase would rise
with temperature, given that no disassembly and hence reduction of the apparent molar mass
occurs.
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Experimental Section
General Polymerization Procedure

The solvent cyclohexane (Fisher Science, 299.8%) was dried over sodium with benzophenone
as an indicator. Methanol (MeOH, Fisher Science, 299.9%) was used as purchased. The
stabilizer of isoprene (I, Acros Organics, 98%) and styrene (S, Acros Organics, 99%) was
removed by filtering the monomers through a column containing basic aluminum oxide and
purified hereafter by degassing and distillation over calcium hydride (Acros Organics, 93%) and
trioctylaluminium (Sigma Aldrich, 25 wt% in hexanes). Sec-Butyllithium (sec-Buli, Acros
Organics, 1.3 M in cyclohexane/hexane (92/8)) was used as supplied.

All purification and reaction steps were conducted under Schlenk condition, meaning that all
glassware was flame-dried three times prior to use and all manipulations were carried out
either under high-vacuum (1-10° mbar) or an argon atmosphere. Firstly, the monomers were
dried under reduced pressure and room temperature over ground calcium hydride over night
after degassing by three freeze-thaw-cycles. On the next day, the monomers were distilled into
a flask containing trioctylaluminium obtained by evaporation of the solvent under reduced
pressure. Again, purification was performed over night at room temperature and reduced
pressure. Then, the monomers were distilled into a graduated ampoule, which was flooded
with argon after thawing. Cyclohexane was freshly distilled under normal pressure and drained
into an evacuated glass reactor with a Nd stirring bar. The reaction flask was flushed with argon
after cooling cyclohexane to room temperature. The ampoules were mounted to the reaction
flask with transition pieces connected to the Schlenk line.

The initiator sec-Buli was added to the solvent in an argon counterflow. Subsequently, the
whole glass apparatus was sealed, and the solvent was heated to 40 °C. Then, the first
monomer feed of a mixture of isoprene and styrene was added under vigorous stirring. The
reaction time for each tapered diblock was calculated using a kinetic Monte-Carlo simulation.
Typical reaction times per block or tapered diblock sequence ranged between 30 min and 3
hours, depending on the concentration and temperature. Details can be found in the Supp. Inf.
of previous publications.?® To guarantee full monomer conversion, the calculated reaction
times were extended by 10%. After all monomer feeds and their consumption, the living chain
ends were terminated by addition of methanol in an argon counterflow. The polymers were
precipitated pouring the reaction solution into a 5-10-fold excess of methanol, dried at reduced
pressure for at least one week and stored in the absence of light at -20 °C under argon
atmosphere.

Polymer Characterization

Eight tapered copolymers P(l-co-S).-b-Pl with a range of overall molar masses (40 and
80 kg-mol?), block number (#=2n+1=3, 5 and 7) and isoprene content (70 and 80 mol%
isoprene) were prepared, as described above. The characteristics obtained by SEC and NMR
measurements are given in Table 1.



232 Chapter 7

Size exclusion chromatography was carried out in THF on an instrument consisting of a Waters
717 plus autosampler, a TSP Spectra Series P 100 pump, a set of three PSS-SDV 5 mL columns
(102, 103, 10* A) and RI (35 °C) as well as UV detectors (254 nm). A polystyrene standard
provided by Polymer Standard Service were used for SEC calibration for the polyisoprene-
polystyrene copolymers.

1H NMR spectra at 400 MHz were recorded at 23 °C on a Bruker Avance Il (5 mm BBFO-head
with z-gradient). The spectra were referenced internally to residual proton signals of the
deuterated solvent.

Table 1: Characteristics of the statistically copolymerized multiblock copolymers P(l-co-S)a-b-Pl with a
tapered interface. The corresponding SEC traces are given in the Supp. Inf. (see Figure S1).

block number target M.  target M(PI)/#  M(PS)/# M, ® pe Pa(1)®  anal)®
#=2n+1 [kg:mol™]  Pa(l) [%] | [kg:mol™] [kg:mol?] | [kg-mol] [%] [%]
3 40 70 12 16 52.6 1.14 70.3 94
5 40 70 8 8 45.9 1.15 69.9 94
3 80 70 25 29 --9-{.6 ------- { 6;------7;.-4 ------- 9 -4----
5 80 70 17 15 96.3 1.05 72.8 94
7 80 70 13 10 94.3 1.06 72.7 94
3 80 80 20 2 | 1001 104 so6 o4
5 80 80 19 11 102.6 1.06 81.5 94
7 80 80 14 7 104.0 1.06 80.7 94

3 Determined by SEC (THF, PS calibration standard, Rl detector). The number average molar masses are overestimated
because of the incorporation of 70 or 80 mol% isoprene. ® determined by 'H NMR (400 MHz, CDCls) integrating on the
1,4-polyisoprene (6=4.8-5.4 ppm), 3,4-polyisoprene (6=4.5-4.8 ppm), and polystyrene signals (6=6.2-7.4 ppm).

Selective Hydrogenation

A part of the synthesized polymers was selectively hydrogenated to enhance chemical stability.

Hydrogenation was carried out G

I < hy drogenated samples
were used for the determination of |G

whereas the non-hydrogenated polymers were subjected to the dynamic viscosity

measurements in squalane.

Kinematic Viscosity Measurements

The hydrogenated polymers were dissolved or suspended in
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Dynamic Viscosity Measurements

The non-hydrogenated polymers were dissolved in squalane (Figure 2, 2,6,10,15,19,23-
hexamethyl-tetracosane, CsoHs2) as a model aliphatic isoparaffinic mineral oil. The model oil is
characterized by a density of psq*°=0.796 g-mL? and 054'%°=0.757 g-mL?* at 40 °C and 100 °C,
respectively.®s The kinematic viscosities range at 154°°=19.05 ¢St and 15,'°°=4.13 ¢St at 40 °C
and 100 °C, and the dynamic viscosities are 775q°°=15.16 mPa-s and 7754'%°=3.13 mPa-s at 20 °C
and 100 °C, respectively.38

A~I~ Ay

Figure 2: Chemical structure of squalane.

The polymer solutions were prepared by a solvent/cosolvent approach. First, the polymer was
weighted in and dissolved in a mixture of squalane (Sq) and dichloromethane (DCM). 10 wt%
of the polymer in squalane were targeted. Furthermore, BHT (butylated hydroxytoluene, 2,6-
di-tert-butyl-4-methylphenol) was added as a stabilizer. The cosolvent was allowed to
evaporate at room temperature and normal pressure for 20 days (the DCM evaporation was
traced gravimetrically). Afterwards, remaining traces of DCM were removed at room
temperature applying a reduced pressure for 2 days. Finally, the polymer solution was
annealed at 160 °C for 1 hour and then allowed to cool down to room temperature. The sticky
and viscous bulk materials, i.e., the 80 kg-mol™? heptablock copolymers and the 40 kg-mol™?
pentablock, gave opaque solutions in the mixtures of squalane and dichloromethane and
precipitated after cosolvent evaporation (see Figure 3). Therefore, only the transparent,
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homogeneous polymer solutions (i.e., solutions of the 80 kg-mol?! tri- and pentablock
copolymers and the 40 kg-mol™* triblock) were investigated.

Dynamic viscosity measurements n were performed with a rotational viscometer (Anton Paar
modular compact rheometer type MCR 302) using a cone-plate geometry (50 mm cone radius
and an angle of 1°). In contrast to a capillary viscometer, a constant shear rate and a constant
shear field is realized. A periodic strain was introduced by a sinusoidal deformation.
Measurements at constant temperature (7=20-120 °C in 20 °C steps) were performed at
varying shear rates (j=0.1-100 s).

All measured dynamic viscosities and values calculated thereof can be found in the Supp. Inf.
(Table S2).

Figure 3: Solubility of the tapered multiblock copolymers in squalane. The sticky and viscous polymers
(80 kg-mol™ heptablock copolymers (70 mol% I: yellow, 80 mol% I: grey) and 40 kg-mol™ pentablock
(70 mol% I: light grey)) were insoluble in squalane and hence were not investigated by dynamic
viscosity measurements.
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Results and Discussion

In order to quantify the increase in viscosity by the addition of the tapered multiblock
copolymers based on isoprene (1) and styrene (S) P(l-co-S).-b-PI (short (IS).l) and relate it to the
polymer characteristics, viscosity measurements of the polymers with varied overall molar
mass (40 and 80 kg-mol?), block number (#=2n+1=3, 5 and 7) and isoprene content (70 and
80 mol% isoprene) are discussed. For this purpose,

I B B Furthermore, the dynamic viscosities of the non-

hydrogenated polymers in squalane, a model compound for aliphatic oils, were determined by

rheological measurements in dependence of the applied shear rate and are set in relation to

the results from the viscosity measurements.
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Dynamic Viscosities

The dynamic viscosities were measured of 10 wt% polymer solutions in squalane at
temperatures between 20-120 °C with shear rates between 0.1-100s?. At 20 °C, some
dynamic viscosities showed a frequency dependence (Figure 7, right), whereas at higher
temperatures, the viscosity was constant with varying shear rate.

The average dynamic viscosities are plotted in dependence of the temperature in the left graph
of Figure 7. Note, that the above discussed heptablock is not characterized since the cosolvent
approach did not yield a transparent, homogeneous polymer solution. Furthermore, the
commercial PMA-based oil additive provided by Evonik was not tested, since the thickening
mechanism does not rely on association but polymer coil expansion. Therefore, potential non-
linear behavior due to partial disassembly is not expected.

With increasing temperature, all fluids have a rapid decrease in dynamic viscosity in common.
Between 20-60 °C, the dynamic viscosity increases with molar mass (7™4% < 8%) plock
number (77''< 1°*"@) and isoprene content (77%< 78%%). Except for the viscosity of the
pentablock with 80 kg-mol*and 80 mol% isoprene, these trends are also valid for temperatures
up to 120 °C. The 80 kg-mol™ 80 mol% isoprene pentablock (orange) shows a more pronounced
decrease in viscosity with increasing temperature, dropping below the dynamic viscosity of the
analogous triblock (red) at 80 °C and below the dynamic viscosity of the 80 kg-mol! 70 mol%
isoprene pentablock (green) above 100 °C.
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Figure 7: Temperature dependent dynamic viscosities averaged over the shear rate regime of 0.1-100 s™* (left)
and shear rate dependent dynamic viscosities at 20 °C (right) of the tapered multiblock copolymers
at 10 wt% in squalane. Grey dotted line: 77 (squalane) (left); horizontal line reflecting at 7 (100 s?)
to guide the eye with respect to the shear thinning (right).

Since the 80 kg-mol™ 80 mol% isoprene pentablock exhibits the shortest individual polystyrene
blocks of the 80 kg-mol? polymers, we suggest that this difference might arise from the most
pronounced decrease in the glass transition temperature of the polystyrene domains, which
increases with decreasing polystyrene fraction (vide supra). This promotes partial disassembly
and accelerates chain exchange kinetics.3”!

At 20 °C, the dynamic viscosities of the pentablock copolymers (green, orange) and the
80 kg-mol™ 80 mol%l triblock (red) show a frequency dependence (Figure 7, right). In case of
transient networks, frequency dependent rheological measurements can reveal a decrease of
the viscosity at higher shear rates (shear thinning), which is sometimes preceded by an increase
in viscosity (shear thickening).®® The shear thinning, non-Newtonian, i.e., non-linear, behavior
oftentimes observed for transient networks is thought to be related to a non-Gaussian
stretching of the polyisoprene mid blocks connecting different polystyrene domains and a final
break-up of the bridges.’*®! The formation of additional, new bridges due to the reorganization
under shear is reflected in a shear thickening behavior, which is observed for the 80 kg-mol*
pentablock with 70 mol% isoprene (green).

The viscoelastic response is determined by the amount and the lifetime of the bridges. Besides,
also chain entanglements can contribute to the non-Newtonian behavior, as reflected in the
weak non-Newtonian behavior of the 80 kg-mol™ 80 mol% isoprene triblock (red).

Spontak and coworkers provided theoretical insights into the effect of the number of
solvophobic blocks on the amount of bridged chain conformation.?®’ For this purpose,
networks of linear sequential A(BA), multiblock copolymers with the same overall molar mass
and composition in B-selective solvents were simulated using the dissipative particle dynamics
approach. At a polymer fraction of 10%, an overall bridging fraction of 60-65% was predicted
for both multiblock copolymers with two and three solvophobic blocks. Yet, they differed in
the amount of solvophobic blocks connected by one polymer chain. In case of the multiblock
with three solvophobic blocks, 20% of the bridges connected two cores by two bridges. Still,
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the largest amount of the bridging fraction results from the extended chain structure with three
cores connected intramolecularly by two bridges.

Since high angular frequencies, i.e., high shear rates, equal fast motions on a short timescale,
the observed shear thinning at high shear rates represents the escape of polystyrene blocks
from a core upon fast motions, in this way eliminating a bridged conformation. For slower
motions (lower shear rates), the system can react by rearrangement or distortion of the
network and in this manner maintains the higher viscosity.

In order to quantify the performance of the non-hydrogenated multiblock copolymers based
on isoprene and styrene, the Roelands Slope Indices RS/ can be discussed (see Experimental
Section, equation 3). Even at first sight, it is evident that the absolute value of the negative
slope, i.e., the RSI, of the pentablock with 80 kg-mol™ and 80 mol% isoprene is way higher than
the magnitude of the other negative slopes (Figure 8).

0.55 '8 O 80k ISI triblock 70% |
8 ST O 80k (IS),| pentablock 70% |
N ::18\ O 80k IS triblock 80% I
I~ Q TN TNTTN O 80k (IS)zl pentablock 80% |
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by R 8~ -~ 8. O 40kl triblock 70% |
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o b\ - o Ny A
2 ‘\\8 N9l o
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0.35F “e.
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log(1+T7/135)

Figure 8: Plots of the dynamic viscosities at 10 wt% in squalane in dependence on the temperature T
according to equation 3. Negative slope: Roelands Viscosity Index (RSI).

Furthermore, the RS/ values can be converted into the dynamic viscosity indices DVI (see
Experimental Part, equation 5), now rendering magnitudes comparable to the conventional
viscosity index V/ (see Experimental Part, equation 2).
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Figure 9: Roeland Slope Indices RS/ (left y-axis, green markers) and dynamic viscosity indices DVI/ (right axis,
blue markers) in dependence of the block number. The values are derived from the linear
regressions shown in Figure 8 according to equation 3 and 5, respectively.
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Figure 9 shows the RS/ as well as the DVI values in dependence of the block number. For the
triblock copolymers, the DVI increases with molar mass (DV/ 4% < pyj ¥80%) " and isoprene
content (DVI7% < DVI®*%%), which is in accordance with ||
_ The latter trend can be explained the better solubility upon increasing the
solvophilic ratio. Comparing the pentablock copolymers, an inversion of the trend becomes
evident, with the 80 mol% isoprene pentablock exhibiting a lower DVI (DV/I7%% > DVI &%), This is
further observable comparing the tri- and pentablock copolymers with the same overall molar
mass and isoprene content. While the DVI of the 70 mol% isoprene polymers increases as
expected with the block number, the DVI of the 80 mol% isoprene polymers decreases with the
block number. As explained above, this might be reasoned in the most pronounced partial
disassembly due to the shortest individual polystyrene blocks. This fact allows solvent
molecules to penetrate the micellar cores, this way plasticizing them and facilitating the chain
pullout by weakening the overall van-der-Waals interaction.

Comparison of the obtained Viscosity-Temperature Relationships

As discussed above, I

I B<vond this, the dynamic viscosity indices DVI were calculated from the
dynamic viscosity measurements performed with solutions of the non-hydrogenated
structures in squalane.

At 10 wt%, | 2nd the DVI values showed a superior performance of the triblock
copolymers compared to their counterparts with higher block numbers (PV/' > pyjpenta > pyy/jhepta
with constant 70 mol% isoprene; DV > DV/P®" with constant 80 mol% isoprene). Only for
70 mol% isoprene, the DVI was higher for the pentablock structure (DVI™ < DV/P"® with
constant 70 mol% isoprene). This leads to the assumption that the extended transient network
structures, which are formed in concentrated solutions of polymers with multiple solvophobic
polystyrene blocks, are disadvantageous for the shear stability and viscosity-temperature
relationship. This is substantiated by the penetration of solvent molecules into the solvophobic
polystyrene cores, which becomes more likely with decreasing individual polystyrene block
length. The solvent molecules serve as plasticizer, reducing the van-der-Waals interaction and
rendering chain pullout and hence partial disassembly probable. The more extended such a
transient network is, the more impeded is the alignment of the associated structure within the
shear flow. Together with the promoted chain pullout, the extended structures of multiblock
copolymers are more prone to disassembly phenomena than the spherical aggregates of

triblock copolymers with one solvophobic block.

I " his is expected, since the apparent molar mass and the dimension of loose
aggregates increases with the number of polymer chains associate per aggregate. This indicates

that at that point S




w
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I T his further speaks in favor of the increase in dimension or fraction of the loose

aggregates.

Conclusively,

I s means, that there s an

optimum chain composition, which has a limited overall molar mass so that the polymer still

does not experience chain scission, and at the same time a certain block number, balancing the
tendency to form loose aggregates by and the probability for disassembly phenomena.

Conclusion

Within this work, we compared the viscosity-temperature relationship for tapered (IS),
multiblock copolymers with varying molar masses, block numbers and isoprene content.

Frequency-dependent rheological measurements of 10 wt% polymer solutions in squalane at
various temperatures revealed an increase in the dynamic viscosity with the overall molar
mass, with the block number and with the isoprene content, the latter two statements being
valid at constant overall molar masses. With shear rates of 0.1-100 s}, the applied forces were
very low, and hence the temporary shear-induced viscosity loss marginal, which typically is
observable at strain levels above 10*s™.

Calculations of the dynamic viscosity index DVI revealed an enhanced viscosity-temperature
relationship for the non-hydrogenated triblock copolymers with increasing overall molar mass
and isoprene content. On the contrary, for the pentablock copolymers, the formulation with
the oil additive of a higher isoprene content showed a worsened performance. This was
explained by the partial disassembly, which is most likely for this structure, as it exhibits the
shortest individual solvophobic polystyrene blocks.
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For the application of the discussed styrene-isoprene multiblock copolymers as viscosity
modifiers, small decreases in viscosity with increasing temperature, i.e., high viscosity indices,
are desired to allow proper lubrication with comparably thin oil films over a large temperature
range. Besides, low polymer treat rates are preferable from an economic perspective. The
80 kg-mol? heptablock showed an an optimum performance of the investigated polymers,
profiting from a high viscosity index at low polymer treat rates.
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Supporting Information

Figure S1: SEC traces (THF, PS calibration standard, RI detector) of the series with 40 kg:-mol* and 70 mol%
isoprene (top), 80 kg-mol! and 70 mol% isoprene (middle), and 80 kg-mol! and 80 mol% isoprene
(bottom). Derived number average molar masses and dispersities are comprised in Table 1.
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Table S1: Overview of the measured kinematic viscosities (v) and calculated viscosity indices (V/), proportional
viscosity indices (PVI), and apparent polymer treat rates (TRapp).

block number  target M target TR yiote yloo*c vi VI TRapp?
#=2n+1 [kg'mol]  Pa(l) [%]  [wt%] [cSt] [cSt] [wt%]
3 80 70 2.5 25.2 5.5 170 132,7 1,73
5 31,1 7,1 204 157.6 1.7
10 109,6 32,3 328 431.1 0.85
5 80 70 25 248 56 174 1385 161
5 31,8 7,4 212 163.9 1.57
10 124,3 25,3 238 263.8 0.96
7 80 70 25 272 63 196 1507 112
5 40,7 9,4 233 183.2 1.09
10 230,6 26,1 145 149.0 0.95
3 80 80 2.5 27.1 6.1 109 144,1 1,22
5 36.0 8,3 216 171.9 1.3
10 173,5 33,5 239 287.6 0.83
PMA oil additive 50 - 2.5 23.4 5.1 154 127,7 2,5
5 27,6 6,1 177 141.5 2.44
10 40,1 8,6 201 162.8 2.46
20 96,5 17,4 198 194.1 2.44

2 The apparent polymer treat rates were calculated so that the kinematic viscosity at 100 °C equals the kinematic viscosity of
the PMA-based commercial oil additive at a polymer treat rate of 2.5 wt%.
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Table S2: Overview of the measured dynamic viscosities (77), and calculated Roelands Slope Indices (RS/) and
dynamic viscosity indices (DVI).

:
gt it |l | 9 @ ow
3 40 70 20 82.5 0.77 0.04 179.2
40 36.0
60 20.6
80 14.2
100 10.6
120 8.3
3 80 70 20 120.4 0.71 0.04 184.0
40 55.8
60 31.8
80 22.0
100 15.5
120 12.8
5 80 70 20 147.5 0.66 0.04 187.7
40 65.6
60 37.1
80 28.6
100 21.2
120 15.5
3 80 80 20 184.0 0.66 0.02 187.8
40 87.8
60 53.2
80 36.7
100 26.3
120 18.7
5 80 80 20 208.1 0.79 0.02 176.6
40 93.3
60 57.0
80 34.6
100 21.4
120 14.3
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tapered P(I-co-S) sequential (Pl-b-PS) Advances in polymerization techniques

block profile block profile provide access to molecular architectures
beyond the conventional AB diblock or ABA
triblock copolymers, thus offering the

opportunity to tailor the resulting

properties by the chemical composition.

viscometry
sedimentation velocity

diffusion
scaling relationships

Kuhn length

Concerning the potential of an extension to
linear multiblock copolymers for bulk
materials, progress has been made.
However, in spite of the high and conti-
nuous attention to such multiblock polymer systems, little is known about their dilute solution

properties and as a consequence regarding basic macromolecular parameters, which
determine their conformation and solution behavior. Therefore, this work aims at
understanding the structure-property relationships in dilute solution. We present a
comprehensive systematic study of sequential and tapered multiblock copolymers (IS).l based
on isoprene and styrene in a non-selective solvent. The polymers are characterized by
complementary approaches. With this information at hand, the gross conformation in toluene
is investigated, implementing the classical scaling relationships between hydrodynamic
characteristics derived from analytical ultracentrifugation, intrinsic viscosity, and related
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experiments. Furthermore, the statistical segment lengths are estimated by taking excluded
volume and draining effects into account. All multiblock copolymers showed the expected
behavior of a flexible polymer chain in dilute solution. Yet, for homologous polymer series
coinciding in their block number, subtle differences in rigidity for the different block profiles
were deducible. Both methods revealed a more rigid and hence expanded chain conformation
for the sequential structures compared to their tapered analogues. Polymers which differ in
molar mass and block number do not follow the classical scaling relationship with respect to
their intrinsic viscosity, evidencing that the solution properties are further influenced by the
block number even in non-selective solvents. This conclusion is further underlined by
significantly higher magnitudes of the Kuhn segment lengths compared to the homologous
tri-, penta- and heptablock copolymer series.

Introduction

Block copolymers are of great interest due to the chemical connection, i.e., covalent bond
between the constituent blocks. In case of incompatible blocks like polydienes and polystyrene
spatially limited nanophase separation occurs, combining the inherent properties of each
polymer both in bulk and in solution.!* The practical use of nanophase separation in bulk has
been widely explored, with thermoplastic elastomers (TPEs) or high impact materials being the
most prominent examples of block copolymer-based materials with outstanding mechanical
properties./>3! Concerning the application of polydiene-polystyrene block copolymers in
solution, hydrogenated polymers were commercialized as lubricating additives, modifying the
temperature impact on the viscosity of the oil.[*!

By variation of intrinsic parameters comprising molar mass, number of blocks, ratio of the
comonomers but also the block profile, which can be defined in case of sequential block
copolymers, gradual in case of tapered block copolymers,’ but also ideally random!® if
appropriate randomizers are used, it is possible to specify polymer properties. Furthermore,
extrinsic parameters like the choice of the solvent, the temperature and the concentration
influence the acquired solution properties. With the progress of the last decades achieved in
the field of anionic polymerization techniques, sophisticated block copolymer architectures
including high block numbers with well-defined molar masses and narrow distribution (P<1.1)
are readily accessible.!>78]

A specific peculiarity of block copolymer in solution relies on their ability to self-assemble,
which tremendously influences the viscosity of the polymer’s solution. This has been
demonstrated in an elegant work in the 1970ies by Paul et al., who examined the viscosity of a
polystyrene-block-polybutadiene-block-polystyrene (abbreviated as SBS) solution at low and
high concentration and correlated it to the thermodynamic interaction between the polymer
and the solvent.”! The latter was quantified by the Hildebrand solubility parameter &, which
can be related to the polymer-solvent interaction for non-polar systems, with small differences
in &describing a maximized enthalpic miscibility.'® For dilute solutions, they observed a
maximized intrinsic viscosity [77] for a solubility parameter of the solvent in the vicinity to the
ones of the copolymer, i.e., a thermodynamically good solvent for both constituent blocks. This
reflects the most expanded polymer coil conformation due to the favorable polymer-solvent
interaction, which results in the highest contribution to the solution’s viscosity. In pronounced
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contrast to this, the relative viscosity 7. of concentrated solutions exhibits a minimum in the
same O range. This evidences the formation of intermolecularly self-assembled structures in
solvents with disparate solubility parameters compared to the copolymer, which possess a
higher hydrodynamic volume than the unassociated unimeric polymer coils, this way increasing
the viscosities of the polymer solutions.?

Various works are dedicated to the concentration- and temperature-dependent intermolecular
aggregate formation'? and numerous simulation studies modeled the self-assembly!*?,
However, less systematic investigation addressed the unimeric polymer chains at high dilution
in non-selective solvents. Since this is the foundation for understanding their behavior at higher
concentration or in more selective solvents, the focus of this work lies on their conformational
analysis.

For a homopolymer, the chain conformation in a theta-solvent can be described according to
the Fixman-Stockmayer equation, which relates the unperturbed Gaussian chain dimension to
its intrinsic viscosity.™*3! Investigations of copolymers based on styrene (S) and methyl
methacrylate (MMA) provided insight into the validity for copolymers. In case of statistical
copolymers, the polymers did not comply with the Fixman-Stockmayer equation. This was
ascribed to the heterocontacts between the repeating units of the different comonomers,
which cause a chain extension and hence deviation from a Gaussian distribution. On the
contrary, diblock copolymers obey this relation in the special case of extremely long blocks,
where heterocontacts are minimized and both blocks adopt a Gaussian conformation.!*>

Concerning copolymers based on isoprene (l) and styrene (S), analogous results were obtained.
In 1972, Prud’homme et al. reported diblock copolymers to follow the Fixman-Stockmayer
behavior in cyclohexane and even in toluene as a good solvent for both constituent
polymers.[*® The comparison of the Sl diblock with SIS triblock copolymers revealed only minor
deviations, indicating that the effect of the heterocontacts on the coil dimension is almost
negligible.''”? Cramond and Urwin observed a maximum of the polymer expansion for Sl diblock
copolymers at a comonomer ratio close to unity in toluene, cyclohexane and methylisobutyl
ketone.*® Furthermore, in their work from 1977 they compared a sequential diblock to its
tapered counterpart with identical comonomer ratio and found a similar behavior. Even for
random copolymers and (Sl); hexablock copolymers, the evaluation of the intrinsic viscosities
in toluene as a good solvent and methylisobutyl ketone as poor solvent only indicated a minor
influence of heterocontacts on the chain conformation.*® Schlick and Levy investigated the
intrinsic viscosity of (IS)nl multiblock copolymers with 3, 5, 7 and 9 blocks at two different
overall molar masses in toluene. They found an increase in [77] with decreasing block lengths,
i.e., increasing block number.?% They accounted this chain expansion to the avoidance of
heterocontacts due to the incompatibility of the two comonomers, which would coincide with
the initially described observations for PS-b-PMMA diblock copolymers. However, since this
literature was published as early as 1960, it is not possible to make a profound statement
regarding the precision and dispersity of the two multiblock copolymer series with molar
masses of approximately 16 and 160 kg-mol!due to limited analytical possibilities at the time
of publication. Yet, turbidimetric analyses indicated decent homogeneities.

Besides these quite early conformational analyses, conclusions on the chain conformation were
also drawn from scattering experiments published in the 1990ies. Tsunashima and coworkers
investigated dilute solutions of SB diblock copolymers in three non-selective solvents
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(tetrahydrofuran, benzene and thiophenol) and in a polydiene-selective solvent (n-decane).[?!!
In good solvents highly extended chains were observed, whereas the comparison of the DLS
data in the selective solvent revealed collapsed polystyrene segments surrounded by the
swollen polydiene block. Lairez and coworkers performed comparable experiments on dilute
solutions of SIS triblock copolymers in tetrahydrofuran as a good solvent and n-heptane as
polydiene-selective solvent.?? They discussed the observed radii of the unimers against the
background of the two different chain conformation, which comprise the extended structure
with two collapsed end blocks and the looped structure with the two solvophobic end blocks
intramolecularly aggregating in one core. From the observation of comparable radii in both
solvents they deduced that the unimers adopt an extended chain conformation, since the
looped, ring-like conformation would result in a radius being smaller by the factor of 2°° than
linear polymers.123!

Whether a triblock copolymer forms a loop allowing the interaction between the terminal
blocks was discussed theoretically by Wang and Mattice.?*! They identified the loss of entropy
due to the coronal loop and the interfacial energy gain by favored interaction of the
solvophobic moieties to be the major factors affecting the ratio of associated and unassociated
unimers. By this rather simple consideration of a triblock copolymer, it becomes apparent that
extrinsic as well as intrinsic parameters specified at the beginning influence the chain
conformation in dilute solution.

By the introduction of multiple blocks per polymer chain, the balance between minimizing the
interface between the constituent blocks and the interaction between the solvophobic blocks
and the solvent becomes even more complex. Zhang et al. predicted the intramolecular self-
assembly of multiblock copolymers with 20 blocks, showing that single as well as bridged
flower-like micelles are supposed to form, depending on the block flexibility of the solvophilic
block and the solvent selectivity.!?!

Wotoszczuk et al. simulated the chain conformation of multiblock copolymers with 8 blocks in
a selective solvent with varying solvent quality and compared these results to a homopolymer
of the solvophobic comonomer and a simple diblock.?®! For the homopolymer, the diblock and
the multiblock, extended chain conformation were predicted if the excluded-volume
interaction dominate. In case of the solvophobic homopolymer and the diblock copolymer, a
single coil-to-globule transition with a collapsed solvophobic block was predicted upon
decreasing solvent quality. Interestingly, no change in the conformation of the solvophilic block
of the diblock was observed. In contrast, a two-step transition was proposed for the multiblock
with decreasing mean-squared end-to-end distances for both the solvophilic and solvophobic
blocks, the latter exhibiting a stronger shrinkage. First, a conformation with individual collapsed
solvophobic blocks connected by more swollen solvophilic blocks was simulated (pearl-
necklace structure), followed by a compact globular structure. In case of the globular structure,
the number of contacts between the solvophobic moieties and the solvent are further reduced,
implying that the penalty of loop formation of the solvophilic blocks is overcome at highly
worsened solvent qualities for the solvophobic blocks. Furthermore, they compared the onsets
of the transition of multiblock copolymers with varying block lengths, showing that the
transition to globular state occurs at better solvent qualities for longer individual block lengths.

These experimental results as well as the theoretical consideration emphasize the complexity
of block copolymer solutions. In this context, this work aims at elucidating the influence of the
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block profile on polymer conformation in toluene as a good solvent, relying on an extended
series of systematically varied multiblock copolymer samples.

In the current work, we systematically characterize dilute solutions of (IS).l multiblock
copolymers covering a wide range of molar masses (40 — 400 kg-:mol™) and block numbers (3 —
13), while keeping the overall ratio of solvophilic to solvophobic units constant. For each chain
composition tapered and sequential block structures are introduced, with the tapered
copolymers exhibiting a rather sharp, but nevertheless gradual change in comonomer
composition along every diblock sequence, while the sequential copolymers evince a pure
block structure.

The gross conformation of the polymer chains in toluene as non-selective solvent are deduced,
implementing the classical scaling relationships. Further calculation of the Kuhn segment
lengths allows to assess information on the rigidity of the different homologous polymer series
studied throughout this work.

Experimental Section
Materials and General Polymerization Procedure

The solvent cyclohexane (Fisher Science, 299.8%) was dried over sodium with benzophenone
as an indicator. Methanol (MeOH, Fisher Science, 299.9%) was used as purchased. The
stabilizer of isoprene (I, Acros Organics, 98%) and styrene (S, Acros Organics, 99%) was
removed by filtering the monomers through a column containing basic aluminum oxide and
purified hereafter by degassing and distillation over calcium hydride (Acros Organics, 93%) and
trioctylaluminium (Sigma Aldrich, 25 wt% in hexanes). Sec-butyllithium (sec-Buli, Acros
Organics, 1.3 M in cyclohexane/hexane (92/8)) was used as supplied.

All purification and reaction steps were conducted under Schlenk condition, meaning that all
glassware was flame-dried three times prior to use and all manipulations were carried out
either under high-vacuum (1:10 mbar) or an argon atmosphere. First, the monomers were
dried under reduced pressure and room temperature over ground calcium hydride over night
after degassing by three freeze-thaw-cycles. On the next day, the monomers were distilled into
a flask containing trioctylaluminum obtained by evaporation of the solvent under reduced
pressure. Again, purification was performed over night at room temperature and reduced
pressure. Then, the monomers were distilled into a graduated ampoule, which was flooded
with argon after thawing. Cyclohexane was freshly distilled under normal pressure and drained
into an evacuated glass reactor with a Nd stirring bar. The reaction flask was flushed with argon
after cooling cyclohexane to room temperature. The ampoules were mounted to the reaction
flask with transition pieces connected to the Schlenk line.

The initiator sec-BuLi was added to the solvent in an argon counterflow. Subsequently, the
whole glass apparatus was sealed, and the solvent was heated to either 40 °C or 60 °C for the
preparation of tapered or sequential block copolymers, respectively. Then, the first monomer
feed was added under vigorous stirring. The reaction time for each pure block or tapered
diblock was calculated using a kinetic Monte-Carlo simulation. Typical reaction times per block
or tapered diblock sequence ranged between 30 min and 5 hours, depending on the
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concentration and temperature. Details can be found in the Supp. Inf. of previous
publications./>®! To guarantee full monomer conversion, the calculated reaction times were
extended by 10%. After all monomer feeds and their consumption, the living chain ends were
terminated by addition of methanol in an Argon counterflow. The polymers were precipitated
pouring the reaction solution into a 5-10-fold excess of methanol, dried at reduced pressure
for at least one week and stored in the absence of light at -20 °C under argon atmosphere.

Viscometry

The intrinsic viscosities [77] were averaged over the values obtained by the Huggins and the
Kraemer extrapolation procedures (equations 1 and 2), analyzing the specific or relative
viscosities 775, and 7, at varying concentration c.

= = ] + k) (1)

B0 =[] + k[n]2c 2)

The relative viscosities of the polymer solutions in toluene were recorded using an Anton Paar
Automated Microviscometer. The respective flow times of the solvent and the polymer
solutions were determined in a measuring system of capillary/ball combination at 20 °C at a
tilting angle of 45°. Huggins extrapolation plots exemplified for series 1 are given in the Supp.
Inf. (see Figure S2).

Size Exclusion Chromatography

Size exclusion chromatography (SEC) was performed in THF using a differential refractive index
detector coupled with a differential viscometer and a multiangle light scattering (MALLS)
detector, yielding the average molar masses (M, and My, My and Ms) as well as the intrinsic
viscosity [77]. The number- and weight-average molar masses M, and M, were obtained by the
universal calibration method, M, corresponds to the molar mass from viscosity detection and
Mis is the weight-average molar mass by MALLS detection. Besides, the refractive index
increments dn-dc! were determined at 25 °C using an Optilab rEX system with a 658 nm laser
supplied by Wyatt.

Analytical Ultracentrifugation

Sedimentation velocity analysis were performed using a Beckman Coulter Proteomelab XL-I
analytical ultracentrifuge with double-sector aluminum centerpieces with a 12 mm optical path
length. The centerpieces were placed in a four-whole rotor (An-60Ti), applying a rotor speed of
40000 to 60000 rpm depending on the sample. Sedimentation was followed by the
interference optical detection system. The data were analyzed using the continuous c(s)
analysis in the Sedfit program, which is based on the numerical solutions of the Lamm
equation.?”]
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In the first place, processing the velocity sedimentation data with the modern analytical
solutions (Sedfit or others), allows determination of both the sedimentation coefficients (and
their distributions) and the translation diffusion coefficients, which in turn leads to the molar
mass determination via the Svedberg relationship (equation 3).

Msp = soRT - [Do(1 —vpo)]™t =R - [s] - [D]™* (3)

soand Do denote the sedimentation and the translation diffusion coefficients at infinite dilution,
whereas [s] and [D] are the intrinsic sedimentation and translation diffusion coefficients. R is
the universal gas constant, T the absolute temperature, v the partial specific volume of the
polymer and py the solvent density. The term (1-vpv) is also called the buoyancy factor.

The translation diffusion coefficients estimated by the c(s) analysis are initially represented in
a form of the frictional ratios (f/fspn), Where f is the translation friction coefficient for a given
macromolecule or particle and fsph is that of a solid spherical particle having the same mass and
density as the given macromolecule or particle. This is a well-known analytical construct in
polymer physics (and biophysics) that can be used in particular as a measure of particle
asymmetry as well. The c¢(s) analysis provides the weight-average frictional ratio of all species
in the sample. The values along with the sedimentation coefficients were extrapolated to zero
solute concentration (f/fspn)o and used to calculate the molar masses via the the modified
Svedberg equation (equation 4), with Na denoting the Avogadro number.

1.5
Mgg=9m-2%5-N, - ([S] : ( ! ) > 0> (4)
0

fsph

The hydrodynamic characteristics, which permit access the gross conformation of polymers in
solution, are the intrinsic viscosity [7], the translation diffusion coefficient at infinite dilution
Do as well as the sedimentation coefficient at infinite dilution so. According to the equations 5
(Flory-Fox relation), 6 (Stokes-Einstein-Kirkwood relation) and 7 (Svedberg relation), all
parameters scale with the hydrodynamic radius of the polymer coil in solution, or to be more
precise, the mean-square end-to-end distance of the polymer chain <h?>. Since the intrinsic
viscosity scales with hydrodynamic size to the power of 3 (equation 5), it is most sensitive to
size variation.

[7] = @ - (h?)3/2- M~ (5)
Do = kT - (P-m - (h2)1/2)"" (6)
So=M-(Ny-P-ng-(R2)/2) " (7)

@ and P denote Flory hydrodynamic parameters, ks is the Boltzmann constant, and 70 the
solvent viscosity.

Since these hydrodynamic characteristics are related to the same macromolecular parameters
such as molar mass and mean-square end-to-end distance ([7]~<h?>32M?, Do~<h?>/2,
so~M<h?>"2), the interrelation between these characteristics can be established via the
hydrodynamic invariant Ao (equation 8).1232% The intrinsic diffusion and sedimentation
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coefficients can be calculated by equation 9 and 10, respectively, with the buoyancy factor
depending on the polymer’s partial specific volume and the solvent density (equation 11).

Ao = (R-[s]-[DI*[nD'/® = R-[s]- n]*/3 - M2/ (8)
[D] =Dg 1o -T™" (9)
[s] = 50 1o(1 —vpo)~" (10)

Density Measurements

The partial specific volume v was determined by density measurements according to the
procedure of Kratky et al. (equation 11).5

(p — po) = (1 —vpg)c (11)

Density measurements were performed with a DMA 5000M density meter supplied by Anton
Paar at concentration cin the range of (0.05-2.3)-102 g-mL™. The determination of the required
partial specific volume is exemplarily shown for series 1 in the Sup. Inf. (see Figure S3).

Hydrodynamic Characteristics in Cyclohexane

This work summarizes the in-depth study of the multiblock copolymers’ chain conformation in
toluene as non-selective solvent. By increasing the solvent quality towards one of the two
blocks, the influence of the block profile on the gross conformation of the polymer coils in
solution is expected to be prominent as well. Preliminary velocity analyses in cyclohexane at
varying temperature are given in the Supp. Inf. (see Hydrodynamic Characteristics in
Cyclohexane, Figure S4). Detailed investigation of these complex systems will be subject of
upcoming works.

Results and Discussion

The scope of this work comprises a systematic conformational analysis of dilute solutions of
multiblock copolymers with varied block number based on isoprene and styrene in toluene as
a good solvent for both constituent comonomers.

For this purpose, (IS)nl multiblock copolymers covering a wide range of molar masses (40 —
400 kg-molt) and block numbers (3 — 13) are investigated, while keeping the overall ratio of
solvophilic to solvophobic units (70 mol% isoprene and 30 mol% styrene) constant. On top, for
each chain composition tapered and sequential block structures are introduced, with the
tapered copolymers exhibiting a rather sharp, but gradual change in comonomer composition
along every diblock sequence. Figure 1 visualizes the tri- and multiblock copolymers studied in
this work. The tapered structures (Figure 1, right) are simulated based on the reactivity ratios
of isoprene and styrene ad 40 °C in cyclohexane (r=10.9 and rs=0.029)."!
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Figure 1: Schematic representation of the polymer series analyzed within this work showing the distribution
of the comonomers isoprene (orange) and styrene (cyan) along the polymer chain (molar-based
composition diagrams showing the mean incorporation (y axis) at every conversion (x axis)). Lightly
colored polymers are missing in the systematic series.
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Previous works showed that the statistical copolymerization of isoprene and styrene in
nonpolar solvents like cyclohexane results in the formation of a tapered diblock structure with
a gradual transition from polyisoprene to polystyrene.!®3! Repeating this statistical
copolymerization step allows the synthesis of tapered multiblock copolymers. On the other
hand, the sequential block structures were obtained implementing iterative stepwise
polymerization of first isoprene and, after full consumption, styrene. For both structures with
different block profiles (tapered and sequential), polyisoprene exhibits almost exclusively 1,4-
units (=93%) since it is polymerized in cyclohexane. Table S1 summarizes the molecular
characteristics of the synthesized polymers. Well-defined polymers could be obtained. SEC
measurements show monomodal, narrow molar mass distributions with low dispersity (see
Figure S1).

In this work, four systematic polymer series have been investigated (Figure 1) comprising three
series of polymers with identical block number, whose individual block lengths vary with the
overall molar mass (series 1, 2 and 3 corresponding to the tri-, penta- and heptablock
copolymers, respectively). The polymers of series 4 exhibit an identical degree of
polymerization per individual polystyrene block and the molar masses within this series
increases by chain extension by a diblock sequence.

Intrinsic Viscosity Determination

The intrinsic viscosities were measured in THF and toluene, using a differential viscometer
coupled to SEC and a rolling ball viscometer, respectively.
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Figure 2: Correlation between the intrinsic viscosities for the triblock (series 1, top left), pentablock (series 2,
top right), heptablock copolymers (series 3, bottom left) and copolymers with the same degree of
polymerization per PS block (series 4, bottom right). The intrinsic viscosities were obtained by
rolling-ball viscometry [7]toluene and SEC coupled to a differential viscosimeter [ 77]mr, measured in
toluene and THF, respectively.
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Extrapolation to zero concentration according to the Huggins and Kramer relation (equation 1
and 2) gave the intrinsic viscosities, whose magnitudes were averaged out. Both toluene and
THF are thermodynamically good solvents for polystyrene and polyisoprene. Figure 2 shows
that the intrinsic viscosities in toluene and THF show practically the same values. However, for
series 3 and series 4, the intrinsic viscosities of the tapered structures seem to be slightly lower
than for the sequential structures. Yet, they correlate among themselves, with the sequential
structures exhibiting a slightly better correlation than the tapered structures. This proves the
consistency between the measurements in THF and toluene, emphasizing the validity of the
below described approach for the estimation of the average molar mass relying on
hydrodynamic invariants.

Molar Mass Determination

A multiplicity of orthogonal experiments was conducted to determine the molar masses. These
comprise size exclusion chromatography in THF and velocity sedimentation experiments in
toluene, yielding M,, My, My, Msin THF and Mg in toluene (see Experimental Part). Mg is
calculated by the modified Svedberg equation (equation 4). All initially obtained values are
listed in Table S2. As can be seen, in many cases, a notable discrepancy between the values is
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Figure 3: Plot of the hydrodynamic invariants Ao calculated by equation 8 against the different molar masses
for the triblock (series 1, top left), pentablock (series 2, top right), heptablock copolymers (series 3,
bottom left) and copolymers with the same degree of polymerization per PS block (series 4, bottom
right). The grey lines mark the limits of the range in which the molar masses were used for the
calculation of an average molar mass.
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In order to operate with the statistically most relevant and physically sound values for a given
macromolecular population, the concept of the hydrodynamic invariants Ao was used.

As described before, the hydrodynamic invariant Ap expresses the interrelation of the three
fundamental solution characteristics, i.e., the intrinsic viscosity [7], the translation diffusion
coefficient Do, and the sedimentation coefficient so (equation 8) that are related to the molar
mass and the size of the macromolecules.

Theoretically, the limits of the hydrodynamic invariant are Ap=2.914 and 4.15-101° g-cm?s2K?
mol*/3, corresponding to the lower limit of a solid impermeable spherical conformation and a
rigid polymer and therefore an expanded chain conformation, respectively.?®2°! Generally, the
experimental Ag values of flexible linear polymers in thermodynamically good solvents are in
the range of (3.2+0.2)-10° g-cm?s2K*mol™*/3,

Figure 3 shows the distribution of hydrodynamic invariants Ao for the different molar masses.
The grey lines marking the “acceptable” range of Ao (A0=(3.2+£0.4)-10*° g-cm?s2K'* mol'*/3) that
was applied to select the most relevant molar mass values that were further used for the
conformational analysis. The average molar mass values are shown in Table S2.

Conformation Analysis in Toluene

Classical Scaling Relationships

In order to access information on the gross conformation of the multiblock copolymers in the
non-selective solvent toluene, which is a good solvent for both polyisoprene and polystyrene,
classical scaling relationships for the intrinsic viscosity [ 7], the diffusion coefficient Do at infinite
dilution, and the sedimentation coefficient sp at infinite dilution are examined. According to
equations 12-14, for homopolymers both the hydrodynamic characteristics performed under
rotational ([77]) and translational friction (so, Do) exhibit power-law dependencies on the molar

mass M.
[n]~MPm (12)
Dy~MPPo (13)
So~MPso (14)

Figure 4 shows the power-law dependencies for the polymer series investigated. The scaling
indices b; are derived from the slope of a linear fit of the double logarithmic plot of the
hydrodynamic characteristics against the molar mass and compiled in Table 1.

In order to validate and further proceed with the analysis of the scaling indices and gross
conformation, their intercorrelation must be fulfilled within the known relationships.
(equations 15 and 16). These values are given in Table 1 as well.

|bp, | + bs, = 1 (15)

bp, = (1 + by)/3 (16)
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Figure 4: Double logarithmic plot of the sedimentation coefficient so at infinite dilution (red), the diffusion
coefficient Do at infinite dilution (green) and the intrinsic viscosity [7] (blue) in toluene at 20 °C
against the average molar mass May of the triblock (series 1, top left), pentablock (series 2, top right),
heptablock copolymers (series 3, bottom left) and copolymers with the same degree of
polymerization per PS block (series 4, bottom right). The slope of the linear fits corresponds to the
scaling indices bi.

It should be noted that for polymers with an identical number of blocks (series 1-3), scaling
relationships have linear trends and obey the interrelation within the experimental error
according to equation 15 and 16, which is typical for homologous polymers. However, in case
of multiblock copolymers with the same individual block lengths (series 4), the hydrodynamic
characteristics, do not comply with the power-law dependencies on the molar mass M. This is
most pronounced for the intrinsic viscosity [77] because it is most sensitive to changes in the
hydrodynamic size. Most likely this can be related to different amounts of heterocontacts,
which influence the molecular dimension in solution. Therefore, they cannot be considered as
structural homologues.

The magnitude of the scaling indices (series 1-3) refers to a random coil conformation in
thermodynamically good solvents. Similar scaling indices were established for the respective
homopolymers (b (Pl)tuee30 = 0.728032 and bpy(PS)*vene25 C= pS 0.736!%%). Differences in the
intrinsic viscosities with increasing block number as noted by Schlick and Levy?” cannot be
observed.

Comparing the scaling indices of the intrinsic viscosity for the different block profile structures
within the homologous series, the sequential copolymers exhibit higher values than the
tapered analogous. From this results from rotational friction experiments, it can be deduced
that the sequential copolymer coils adopt a more extended conformation, whereas the tapered
copolymers are more flexible.
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Table 1: Overview of the scaling indices of the the intrinsic viscosity b[n]' diffusion coefficient bDo, and
sedimentation coefficient bSO derived from a linear regression of the double logarithmic plot of the

corresponding hydrodynamic characteristic and the molar mass M (see Figure 4). Besides, the values
to evaluate the interrelation according to the equations 14 and 15 are given.

multiblock series  (IS)al block type by bp, by, bs, + |bp,|  (1+bpy)/3
wpered | oo sose  sonpy| 0¥ 053
Px(S)/block=150
sequential 0.714 -0.544 0.448 1.00 0.57

+0.087 +0.191 +0.015

Thermodynamic Rigidity of the Polymer Chains

Further interpretation of the hydrodynamic data is related to the evaluation of the
conformational parameters that define the polymer conformation and consequent behavior in
solution. The fundamental conformational parameters are the thermodynamic rigidity (Kuhn
segment length) A and the diameter of the polymer chains d. The rigidity primarily depends on
the interaction of the polymer’s chain segments among each other as well as with the solvent.
With 1 > by > 0.5 and or 0.33 < by < 0.5, both excluded volume effects and intramolecular
draining effects have to be taken into account. Therefore, the Gray-Bloomfield-Hearst theory,
which describes translational friction based on a worm-like necklace model, was applied
(Equation 17).134 Calculations were performed using the parameter &, which characterizes the
deviation of the mean-square end-to-end distance from the ideal Gaussian due to volume
swelling effects (<h®> M1%¢€),

oo (.3 MO oy PMy [InA  34\71
51PNy = (5 3= 0)) S MO0 4 50 (B2 () —0(0)) )

where P is the Flory hydrodynamic parameter, Na the Avogadro number, gis the hydrodynamic
parameter, M, the mass per unit lengths of the polymer, M is the average molar mass of the
whole polymer, and ¢(¢) is a function which can approximated by ¢(£)=1.431+2.645+4.7152.13]

The mass per unit lengths M, was averaged over the mass of a isoprene and a styrene repeating
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unit and weighted with its molar fraction. The hydrodynamic parameter ¢ is calculated by
equation 18.13¢
2b[ 1—1

e=—2—=2" |bp,| -1 =1-2b, (18)
Figure 5 displays the linear regression according to the Gray-Bloomfield-Hearst theory for the
polymer series investigated. For the homologous series with identical block number (series 1-
3) good correlation can be found, whereas the values of the polymers which vary in molar mass
and block number (series 4) scatter more pronouncedly. The slope of the corresponding
dependencies will yield the rigidity parameter, while the hydrodynamic diameter d can be

calculated from the intercept of the linear regression.

triblocks (series 1) pentablocks (series 2)

x1010 x101°
- 5 L - 5 5
2 2
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Q Q
23 53
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4 4
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1 » . s 1 i s i
100 200 300 100 200 300
a2 gm ol o2 gm ol
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x101° x101°
w 5r w57
2 2
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§ § >
23 o 3t
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g g
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1 . . . 1 X . .
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M1V gmol"I M1V gmol'1

Correlation between the intrinsic diffusion coefficient [s] and the molar mass M according to the
Gray-Bloomfield-Hearst theory (equation 16) of the triblock (series 1, top left), pentablock (series 2,
top right), heptablock copolymers (series 3, bottom left) and copolymers with the same degree of
polymerization per PS block (series 4, bottom right). The corresponding thermodynamic parameters
&, the slopes of the linear fits and the Kuhn segment lengths A derived thereof are given in Table 2.

Figure 5:

The derived Kuhn segment lengths are listed in Table 2. With average Kuhn segment lengths of
Atp= 1.4 nm and Aseq= 1.9 nm, the tapered structures of the homologous series 1-3 exhibit
shorter Kuhn lengths. In spite of the higher errors of the linear regression for series 4, this trend
is also valid. Significantly longer Kuhn lengths are obtained, which again indicates that the block
number affects the chain conformation.

The theoretical treatment of a polymer chain according to the Kuhn theory considers a polymer
chain being composed of freely joined segments. These segments with their Kuhn segment



265 Chapter 8

lengths being larger than the individual length of a repeating unit accounts for restricted bond
and torsion angles. As a result, the Kuhn segment length is a measure for a polymer’s stiffness,
which translates to the sequential structures being stiffer than their tapered analogues.

Table 2: Thermodynamic parameters £ (equation 16), the slopes of the linear fits of Figure 5 according to the
Gray-Bloomfield-Hearst theory (equation 16) and the Kuhn segment lengths A in toluene.

multiblock series  (IS)nl block type £ slope / 10% cm™ A/nm
triblock tapered 0.16 2.23+0.06 1.61
copolymers sequential 0.12 1.76 + 0.04 1.85
pentablock tapered 0.20 2.83+0.13 1.39
copolymers sequential 0.12 1.71+0.06 1.98
heptablock tapered 0.18 2.70+£0.24 1.23
copolymers sequential 0.14 1.95+0.08 1.79
tapered 0.16 2.06 £0.27 1.94

Px(S)/block=150

sequential 0.10 1.44 £ 0.35 2.38

In conclusion, the data from translational friction experiments imply that the sequential
copolymer coils are more rigid than their tapered counterparts. This observation is in line with
the data from rotational friction experiments (vide supra), also indicating a more extended coil
conformation for the sequential structures.

On a molecular level, the higher flexibility of the tapered structures is rooted in the gradient
distribution of the isoprene and styrene repeating units, which results from the statistical
incorporation during copolymerization. The comonomer incorporation is controlled by the
crossover rate constants, with ks, >> kis. With the fast crossover from styrene to isoprene,
isoprene is strongly favored as the living chain end and hence isoprene is preferentially
incorporated at the beginning of the copolymerization. Yet, the polyisoprene block is
interrupted by single styrene repeating units. With proceeding copolymerization, the
concentration of isoprene decreases and styrene is incorporated into the polymer chain to a
larger extent. After all isoprene is consumed, the remaining styrene is polymerized resulting in
a pure polystyrene block, which is effectively shortened compared to the sequential
counterpart with an identical molar mass and molar ratio of the comonomers. Since the
tapered structures are more flexible, one might speculate that the styrene repeating units
adjacent to isoprene repeating units cause less restrictions with respect to bond and torsion
angle.
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Conclusion

This work presents a systematic study of the gross solution conformation of sequential and
tapered multiblock copolymers based on isoprene and styrene, the latter exhibiting a gradual
transition between the comonomers per diblock sequence.

The solution properties in toluene as non-selective solvent have been studied comprehensively
by velocity sedimentation experiments, viscometry, and densitometry. These experiments
ensure a straightforward characterization of the polymer systems with high accuracy.
Independent determination of the intrinsic viscosities confirmed the validity of the solution
characterization. Absolute molar masses of the multiblock copolymers covering the range from
40 - 400 kg'-mol! were determined by complementary approaches, such as size exclusion
chromatography with light scattering detection or with a combination of refractive index
detection and differential viscometry. Even though narrow and unimodal size distribution were
obtained, sometimes the absolute techniques failed. Based on the hydrodynamic invariants,
the consistency between the solution properties and the determined molar masses was
examined, allowing for averaging over the statistically most relevant values.

With the solid set of solution characteristics and molar masses at hand, the gross conformation
of different polymer series was assessed implementing classical relationships between the
hydrodynamic characteristics and the molar mass. Evaluating polymers with identical block
numbers revealed good agreement, showing that the polymer series of triblock, pentablock
and heptablock copolymers can be treated as homologues. The magnitude of the scaling
indices lies in the range for flexible polymer systems in a thermodynamically good solvent, as
it is expected for polyisoprene and polystyrene in toluene. The scaling behavior of the intrinsic
viscosities (rotational friction) for different gradient types evidenced a more extended chain
conformation for the sequential multiblock copolymers compared to their tapered
counterparts. This is in line with the statistical chain parameters calculated from sedimentation
analyses (translational friction), yielding higher Kuhn segment lengths and hence a higher
rigidity for the sequential block copolymers of the homologous polymer series.

Polymers with varied molar mass by extending the chain architecture with a diblock sequence
do not comply with the classical scaling behavior in the case of the intrinsic viscosity, which is
expressed in poor correlation of the hydrodynamic characteristic with the molar mass. This
indicates that the solution properties of multiblock copolymers in a good solvent do not only
depend on the molar mass but also the number of heterocontacts, which increases with the
block number. This is further emphasized by significantly higher magnitudes of the Kuhn
segment lengths compared to the homologous tri-, penta- and heptablock copolymer series.
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Figure S1: SEC traces (THF, Rl detector) of the series with different molar masses (1 row left: 40, 1% row right:
80, 2" row left: 120, 2" row right: 160, 3" row left: 200, 3" row right: 240, 4" row left: 320, 4*" row
right: 400 kg-mol?). Derived number average molar masses and dispersities are comprised in Table

S1.
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Table S1: Overview of the characteristics of the statistically copolymerized multiblock copolymers
P(l-co-S)n-b-PI with a tapered interface (tap) and the sequentially polymerized multiblock
copolymers (PI-b-PS).-b-Pl (seq) obtained by SEC coupled to a Rl detector as well as by *H NMR. The
corresponding SEC traces are given in Figure S1.

(1S)nl block number target M M(PI)/? M(PS)/_# M, ? R Pa(l)®  @a(l)®
blocktype  #=2n+1 [kg-mol?] | (ke'mol™l  [kgmol™] | pomoryy P [%] %]
3 40 12 16 52.6 114 703 94
P 5 40 8 8 45.9 115 69.9 94
D 40 12 16 33.8 115 69.2 93
e 5 40 8 8 35.4 116  69.5 93
3 80 25 29 91.0 1.08 724 94
tap 5 80 17 15 96.3 105 728 94
7 80 13 10 94.3 1.06 727 94
T 80 24 32 96.2 106 673 94
seq 5 80 16 16 109.0 105  69.2 93
7 80 12 11 95.3 1.06  69.3 93
3 120 36 47 133.5 1.04 687 94
tap 5 120 24 24 130.8 1.04  69.7 94
7 120 18 16 131.1 106 704 94
ST T T e 36 47 120.9 107 69.0 94
seq 5 120 24 24 132.4 1.09  69.4 94
7 120 18 16 136.3 108  69.8 94
3 160 48 63 163.2 107 69.9 94
5 160 32 32 158.9 1.08  70.9 94
P 7 160 24 21 170.2 1.08  70.0 95
9 160 19 16 158.6 1.09 689 94
T 48 63 155.9 107 69.1 93
5 160 32 32 151.0 1.09 702 93
> 7 160 24 21 168.6 109  70.0 93
9 160 19 16 151.1 110 716 94
tap 11 200 20 16 190.2 112 705 94
" seq 11 200 20 16 193.6 112 69.2 94
3 240 72 95 277.5 108  69.2 94
5 240 48 47 273.9 114 687 94
7 240 36 32 303.5 114 689 94
P 9 240 29 24 324.9 117 69.4 94
11 240 24 19 257.9 115 69.4 94
13 240 21 16 272.8 117 69.6 94
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_____________“—_—?:_““ 240 72 95 268.7 1.14 69.3 94
5 240 48 47 306.1 1.18 69.6 93
7 240 36 32 246.9 1.06 68.9 93
*ed 9 240 29 24 304.5 1.15 70.0 93
11 240 24 19 254.8 1.13 68.7 93
13 240 21 16 275.1 1.14 69.2 93
3 320 97 127 376.1 1.05 69.8 94
tap 5 320 64 63 361.7 1.12 68.6 95
7 320 48 42 369.9 1.09 69.2 94
_“—_““—““““3:_““ 320 97 127 400.5 1.06 69.9 93
seq 7 320 48 42 387.8 1.08 69.1 94
9 320 39 32 373.6 1.07 68.4 93
tap 3 400 121 158 556.0 1.07 70.3 94
_“—_““—““““3:_““ 400 121 158 558.6 1.08 70.0 94
> 5 400 81 79 476.9 1.07 69.6 94

a Determined by SEC (THF, PS calibration standard, RI detector). The number average molar masses are overestimated
because of the incorporation of 70 mol% isoprene. ® determined by 'H NMR (400 MHz, CDCl3) integrating on the

1,4-polyisoprene (6=4.8-5.4 ppm), 3,4-polyisoprene (6=4.5-4.8 ppm), and polystyrene signals (6=6.2-7.4 ppm).

Table S2: Overview of the average molar masses of the statistically copolymerized multiblock copolymers
P(l-co-S)n-b-Pl with a tapered interface (tap) and the sequentially polymerized multiblock
copolymers (PI-b-PS)n-b-Pl (seq) obtained by different characterization techniques, which include
SEC measurements in THF using universal calibration (M» and Mu), a differential viscometer detector
(Min1) and a multi-angle light scattering detector (Mis) as well as AUC measurements in toluene (Ms;).
The mean values of the molar masses May were calculated by averaging over the molar masses which
were validated by their hydrodynamic invariant. Excluded values are indicated by an italic front.

(IS}l #=2n+1 target Mn M _ My _ M _ Mis _ Mt _ May
[kg:-mol™] | [kg:mol?] [kg:mol™] [kg:mol?] [kg-mol?] [kg:-mol™®] | [kg-mol?]

3 40 42.0 44.0 35.0 30.0 24.3 32.5

3 80 78.0 85.0 55.0 63.0 77.1 75.8

z 3 120 113.0 125.0 84.0 87.0 76.3 119.0
.é 3 160 135.0 152.0 97.0 118.0 194.9 135.0
é,.-’- 3 240 188.0 243.0 200.3 243.0
3 320 315.0 393.0 256.8 354.0

3 400 392.0 524.0 235.0 3744 430.1

3 40 42.0 45.0 30.0 33.0 35.6 35.2

- 3 80 78.0 87.0 56.0 57.0 62.5 63.4
'g 3 120 105.0 118.0 75.0 78.0 101.6 108.2
Z_ 3 160 140.0 172.0 89.0 123.0 1315 141.6
3 3 240 253.0 277.0 270.0 177.2 266.7
3 320 289.0 367.0 283.5 313.2
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3 400 375.0 509.0 368.8 417.6
5 40 44.0 47.0 36.0 28.0 35.8 333
~ 5 80 93.0 104.0 70.0 80.0 92.9 92.5
-% 5 120 123.0 141.0 91.0 101.0 120.1 121.3
z_ 5 160 126.0 144.0 82.0 121.0 1324 130.8
& 5 240 230.0 310.0 140.0 254.1 282.1
5 400 367.0 466.0 350.5 3945
s w0 | 22 | 22
~ 5 80 72.0 81.0 50.0 60.0 35.7 52.6
é 5 120 102.0 121.0 75.0 89.0 85.7 99.4
z_ 5 160 138.0 174.0 85.0 138.0 142.1 148.0
8 5 240 266.0 326.0 276.0 153.8 289.3
5 320 314.0 388.0 239.1 351.0
7 80 73.0 84.0 56.0 66.0 59.3 70.6
2 7 120 100.0 136.0 82.0 121.0 93.8 106.6
}E 7 160 133.0 154.0 88.0 128.0 145.2 140.0
§ 7 240 174.0 212.0 224.6 203.5
7 320 308.0 379.0 294.0 327.0
A 750 830 520 520 1091 | 597
2 7 120 107.0 124.0 71.0 86.0 59.3 78.5
§ 7 160 130.0 161.0 58.0 134.0 63.3 132.0
é‘ 7 240 201.0 368.0 223.0 343.0 156.9 212.0
7 320 243.0 332.0 154.0 276.0 304.0
3 40 42.0 44.0 35.0 30.0 24.3 325
< 5 80 93.0 104.0 70.0 80.0 92.9 88.0
'g 7 120 100.0 136.0 82.0 121.0 93.8 112.7
2 9 160 136.0 154.0 96.0 119.0 121.6 132.6
)
v 11 200 199.0 230.0 162.0 180.0 154.9 180.3
13 240 182.0 262.0 24.0 78.1 140.0
I ™ 2o 450 00 30 w6 | B2
< 5 80 72.0 81.0 50.0 60.0 35.7 71.0
'g 7 120 107.0 124.0 71.0 86.0 59.3 105.7
2_ 9 160 140.0 169.0 66.0 124.0 61.7 132.0
S 11 200 141.0 183.0 88.0 167.0 193.6 181.2
13 240 110.0 335.0 453.0 467.0 99.0 169.1

For some polymers no M or Mis is given. In case of the molar masses based on viscosity it was not possible to calculate a

molar mass due to the narrow molar mass distribution. In case of MALLS detection, exceedingly high molar masses deviating

by two orders of magnitude were obtained and hence are not given. This inaccuracy might arise from an imprecise evaluation

due to small dependencies of the scattering intensity on the the concentration and the scattering angle or a limitation of the

Zimm equation to very dilute samples, this way giving only high apparent molar masses.
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Figure S2: Huggins extrapolation plots for the determination of the intrinsic viscosities in toluene [ 77]toluene for

concentration ¢ / 102 gmL'1

concentration ¢ / 102 gmL'1

the sequential (left) and tapered (right) triblock copolymers (series 1).
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Figure S3: Dependence of the difference in density of the solute p and the solvent po on the polymer
concentration c for the sequential (left) and tapered (right) triblock copolymers (series 1). The slope
of the linear fit corresponds to the buoyancy factor (1- vpv), from which the partial specific volume
v is calculated. (1- vPo)seq= 0.0010716-10°C; (1- UO0)seq= 0.0011016-10°C.

Hydrodynamic Characteristics in Cyclohexane

By increasing the solvent quality towards one of the two blocks, the influence of the block
profile on the gross conformation of the polymer coils in solution is prominent as well.

In the following, preliminary data on the sedimentation profiles of the highest molar mass
triblock copolymers in cyclohexane at varying temperatures are discussed. With cyclohexane
being a good solvent for polyisoprene and a theta-solvent for polystyrene at 34.01*-34.5 °Cl?
(as indicated by their Hildebrand solubility parameters Jcciohexane®> ©=16.8 MPa%>,
Orap?° ©=16.7 MPa%° and &s>° ©=18.7 MPa®°)! the change of the enthalpic contribution of
polystyrene can be followed with increasing temperature. At the theta-temperature, the long-
range forces between the polystyrene repeating units which cause a contraction are balanced
by the interaction with the solvent which lead to coil expansion, thus resulting in unperturbed
dimensions of the polystyrene blocks.
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Figure S4 displays the distributions of the sedimentation coefficients for the sequential as well
as the tapered triblock copolymer of 400 kg-mol™. With only one polystyrene block, the triblock
displays the simplest block structure incapable of intramolecular association of multiple
polystyrene blocks per chain. Generally, an increase in the sedimentation coefficient at
constant molar mass displays that the polymer coil becomes more compact, thus decreasing
the frictional coefficient which results in a higher sedimentation speed.
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1r ——toluene, 20 °C 1r ——toluene, 20 °C
—cyclohexane, 15 °C ——cyclohexane, 20 °C
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Figure S4: Normalized differential distributions of the sedimentation coefficients of the sequential (left) and
tapered (right) triblock copolymer with 400 kg-mol! measured in toluene at 20 °C being a good
solvent for both comonomers isoprene and styrene (green) as well as in cyclohexane at increasing
temperatures (dark blue: 15 °C, blue: 20 °C, orange: 34 °C, red: 38 °C), with 34 °C corresponding to
the theta-temperature for polystyrene. The concentrations of the polymer solutions range between
0.15-0.2%.

Both polymers exhibit comparable sedimentation coefficients and hence dimensions in toluene
at 20 °C (green traces), which is a good solvent for both polyisoprene and polystyrene. In
cyclohexane, the polymers contract, i.e., the sedimentation coefficients increase. At 20 °C (blue
traces) both the sequential and the tapered triblock show drastically increased sedimentation
coefficients, which is reasoned in the collapse of the polystyrene block. Upon increasing the
temperature to 34 °C (orange traces), which corresponds to the theta-temperature for
polystyrene, the polymer chains become more and more drained by solvent, which is reflected
in smaller sedimentation coefficients. Again, both the block- and the block-like structure show
comparable dimensions in solution.

Though, by further increasing the temperature to 38 °C (red traces), the sedimentation profiles
of the two types of block copolymers differ. For the sequential triblock, no change in the
sedimentation coefficient can be observed, whereas for the tapered triblock the coil dimension
further increases.

One can speculate that with the effective pure polystyrene block being shorter in the case of
the tapered structure, polymers with a gradual block transition are more sensitive to changes
of the interaction between the polymer and the solvent and more easily drained by the solvent.

Since cyclohexane is a model solvent for naphthenic oils!*, understanding the relationship
between the polymer structure and its solution behavior is not only of fundamental
importance, but also of practical interest for lubricant formulations. In-deep investigation of
the presented multiblock copolymers in a selective solvent will be subject of further studies.
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The living anionic copolymerization of 1,3-dienes such as isoprene (l) or butadiene (B) can
afford a variety of different polymer microstructures which determine the material’s
properties. One decisive factor for the stereochemistry is the polarity of the medium, which
can be ascribed to the proposed coordinative mechanism in nonpolar media. In a combined
synthetic, kinetic and theoretical study the homopolymerization of two new 1,3-diene
monomers with a rigid, prescribed cisoid or transoid geometry as well as their copolymerization
with isoprene is examined in cyclohexane as a typical nonpolar solvent. Real-time 'H NMR
spectroscopy provides kinetic data and hence the reactivity ratios at different temperatures.
Furthermore, reaction pathways are modelled and followed by density functional theory (DFT)
calculations to support the experimental observations. The results show that a cisoid geometry
with in-plane double bonds is mandatory for propagation, and that the necessary ring
distortion in case of the cyclic cisoid diene accounts for its higher activation barrier, leading to
gradient formation in statistical copolymerization experiments with isoprene.



277 Chapter 9

Introduction

The significance of a high 1,4-stereoselectivity of polydienes derives from the low glass
transition temperature, which enables a wide temperature range application window.*! The
stereochemistry of polydienes is known to depend on manifold parameters. The key
parameters are (i) the counterion, which influences the aggregation strength with the living
chain end, (ii) the solvent and (iii) the presence of polar modifiers, which profoundly alters the
aggregation itself and thereby the polymerization mechanism.>3 A mechanistic hypothesis
including a six-membered coordination of the propagating chain end and the incoming
monomer was initially proposed by Bywater™ in 1965 to explain the high 1,4-content in
polydienes polymerized in nonpolar media with lithium as a counterion. This concept was
further specified by Gebert and coworkers®®!, providing an explanation for the final cis/trans-
ratio of the 1,4-units. Upon coordinative 1,4-addition of isoprene, a cisoid repeating unit is
formed, which can isomerize between cis and trans. The isomerization rate is competitive with
the timescale of monomer addition, explaining the mixture of cis and trans 1,4-units. (Figure
1)_[6]

Since a high 1,4-microstructure content of polydienes is a result of the specific nature of the
interaction between the carbanionic chain end, the lithium counterion and the diene, the
microstructure control is lost, if other alkali counterions or Lewis bases coordinating the
counterion are used.”!

Figure 1: Proposed propagation mechanism for the carbanionic polymerization of 1,3-dienes. In nonpolar
media, the chain end is strongly coordinated by the lithium counterion and the initially formed cis-
unit can isomerize into the trans-form. The subsequent monomer addition via a six-membered
transition state including the incoming monomer is faster in case of a cis-chain end. In nonpolar
media, the living chain end has a pronounced ionic character, leading to higher vinylic contents.
Modified from™! (Scheme 1.10), showing the anionic propagation of 1,3-butadiene and neglecting
the isomerization of 1,4-chain ends.
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In this work, the importance of the cyclic coordination is examined relying on a combined
experimental and theoretical approach based on the polymerization behavior of cyclic diene
monomers with a prescribed cisoid or transoid geometry, the latter preventing the proposed
cyclic six-membered transition state. This is achieved using the monomers 1,2-dimethylene-
cyclohexane (DMCH) and (5R)-5-isopropenyl-2-methyl-1-methylene-2-cyclohexene (IMMCH)
and is supported by density functional theory (DFT) calculations (Figure 2).

Besides these considerations, one should be aware that also substitution pattern and sterics
strongly affect the microstructure. Due to the cyclic nature and the transoid geometry of
IMMCH, a 1,3-disubstitution cannot be circumvented, encompassing a potential reason for
differences in polymerizability.

Figure 2: Top: Monomer systems employed in this work. The numbering of DMCH and IMMCH does not
correspond to IUPAC but describes the reactive moieties in analogy to isoprene. Bottom: 3D
visualization of the DMCH conformers with assigned dihedral angle.

This is demonstrated on one hand at the example of 2,3-diphenylbutadiene!®, resulting in a
polymer with nearly exclusive 1,4-microstructure even in cyclohexane, with as little as
10 equivalents of THF to modify the cis/trans-1,4 ratio and to enhance solubility. On the other
hand, the 3,4-content obtained when polymerizing allylidene monomers®® (1,1-disubstituted
butadienes) increases with the bulkiness of the substituents despite polymerization in benzene
at elevated temperatures. Reviewing literature-known 1,3-dienes with constrained geometry,
cyclohexadiene represents the simplest structure of a cyclic diene with fixed cisoid geometry.
It was reported to be polymerizable by anionic techniques, however, this monomer is prone to
side reactions like hydride elimination or allylic proton abstraction. Therefore, amine-
(DABCO™, TMEDAI%1Y) or ether-type additives (DME!?) were implemented. To date, DMCH
has been polymerized only in a radical®**3! or cationic!*® manner, and a high-melting, brittle
polymer with poor solubility even in boiling toluene was obtained.

In contrast to the cisoid dienes, manifold exo-methylene dienes with a fixed transoid structure
have been reported and were polymerized radically or cationically®®, among them also
IMMCH, resulting in a high T;-polymer (113 °C!*l). Concerning an anionic approach, merely two
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polymers of transoid dienes, benzofulvene and methylenecyclopentene, have been discussed
so far. Benzofulvene was polymerized in benzene at temperatures ranging from 0 °Cl*¢7! to
55 °C*”l giving 1,4-polydiene-contents above 74%. Nevertheless, this monomer can be
regarded as a special case, because the planar cross-conjugated m-system results in a high
reactivity.[*®! The electronic structure relevance was proven by the comparison of benzofulvene
with its acyclic counterpart, whose polymerizability is lower due a higher partial charge at the
C4. Methylenecyclopentene was polymerized in pure cyclohexane in a controlled manner,
giving a polymer with a dispersity of £=1.12.1'"1 However, high temperatures of 70 °C and
reaction times of 4 days were necessary to achieve full conversion. In contrast, 4 days of
polymerization at 40 °C resulted in solely 21% conversion. Full conversion at moderate reaction
times and conditions could only be realized with the addition of TMEDA.

Conclusively, no living anionic polymerization of a transoid diene in nonpolar solvents at mild
conditions that are also suitable for the copolymerization with i.e., isoprene was reported.
Therefore, the deductions of this work are of general significance with respect to the
introduction of new diene monomers for carbanionic polymerization in nonpolar media.

Results and Discussion

Theoretical Considerations employing Computational Modelling

DMCH and IMMCH were chosen as model compounds due to their prescribed cisoid and
transoid configuration, respectively. Firstly, the geometries of the monomers were simulated
by DFT calculations, showing deviations in the torsion angle from 0° or 180°, leading to a
diminished overlap of the double bonds’ p, orbitals. The ring strain twists the double bonds out
of the plane by roughly 30° in case of DMCH having a boat conformation and by 7° for IMMCH
(Figure 2). However, the chair conformation of DMCH with a torsion angle of 50° is
energetically favored over the boat conformation. Secondly, the predicted partial charges are
interpreted in terms of reactivity.

On a molecular level, different reactivities can be explained by the nucleophilicity of the living
chain end and the electrophilicity of the propagating monomer. The comparison of the partial
charges of the monomers’ carbons 1-4 affords an insight into the most likely reaction center.
All discussed monomers exhibit a lower partial charge at C1 compared to C4 (Figure S1), leading
to the conclusion that this reaction site is most likely attacked in a 1,4-addition step.
Furthermore, the C1 electron densities lead to the order IMMCH > | > DMCHpgoat > DMCHchair
with respect to electrophilicity.

To support these predictions experimentally, the chemical shifts of the carbon-signals in 13C
NMR spectra can be considered. The more downfield shifted the signal is, the more likely is the
nucleophilic attack. With Ommci=127.6 ppm > Jisoprene=113.6 ppm > Opmch=107.9 ppm, this
ranking solely based on electron density can be confirmed.

Finally, the predicted geometry of the precursors and the reaction pathways are discussed.
Despite a strong conjugation of the double bonds of IMMCH, the fixed transoid geometry
prevents the coordination of the chain end by the lithium counterion by both double bonds
(Figure 3).
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Figure 3: 3D visualization of the chemical structure of the precursor of the IMMCH homopropagation (Me-
IMMCH-Li + IMMCH) obtained by DFT calculations. The coordination solely by one double bond is
clarified by assigning the carbon atoms 1-4.

On the contrary, DMCH can coordinate the reactive chain end with both double bonds,
however under ring distortion allowing a significant overlap and hence w-conjugation (¢=8°,
Figure 4).

Figure 4: 3D visualization of the chemical structure of the precursor of the DMCH homopropagation (Me-
DMCH-Li + DMCH) obtained by DFT calculations. The coordination by both double bond is clarified
by assigning the carbon atoms 1-4.

This distortion is reflected in the trajectories of the reaction pathways for the addition of a
DMCH monomer (Figure 5, blue trajectories). Generally, the addition of a monomer unit to a
polydienyl-lithium chain end is simulated. The residual chain is simplified as a methyl group,
and only the terminal unit is specified. All four pathways start with a precursor complex,
wherein the incoming monomer coordinates the lithium counterion loosely by one double
bond. During the reaction progress, the monomer is tilted and in case of DMCH also distorted,
allowing a coordination by both double bonds. At the end of the reaction pathway, the covalent
bond is formed, and the system’s geometry is reorganized.

Examining the geometries at different stages of the reaction progress, the activation barrier of
DMCH additions can be assigned to the ring flip from a chair conformation, that coordinates
the lithium counterion with only one double bond (Figure S2, geometry 1), into a boat
conformation (Figure S2, geometry 6), that is further distorted minimizing the torsion angle
(Figure S2, geometry 8).
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Figure 5: Reaction pathways for the four possible propagation steps copolymerizing isoprene with DMCH:
homopropagation step of DMCH (dark blue, PDMCH-Li + DMCH), homopropagation step of isoprene
(dark green, PI-Li + 1), and the crossover propagation steps (light blue, PI-Li + DMCH, and light green,
PDMCH-Li +1).

Although the absolute activation and reaction energies are not comparable due to neglecting
aggregation phenomena, it is possible to draw a conclusion on a tendency, since the simulated
additions of isoprene (Figure 5, green trajectories) also start with the coordination of solely one
double bond. In systems comprising one monomer that rather adds the other monomer
(k11<k12 = ri<1) and a second monomer that rather homopolymerizes than crossing-over to
the first monomer (ka2>k21 = r>1), the statistical copolymerization experiment results in a
steep gradient. The diverging activation energies of the isoprene and DMCH addition reasoned
in the distortion of the latter monomer indicate, that this holds true for this system, i.e., the
formation of a tapered diblock structure in which first monomer 2 (l) is incorporated, followed
by the formation of a block of monomer 1 (DMCH).

These conclusions coincide with the experimental results (vide infra), comprising the gradient
formation in isoprene-DMCH copolymerizations, where only the exo-cis isomer reacts, and
IMMCH lacks polymerizability.

Real-time H NMR Kinetics

The monomer incorporation in statistical copolymerization experiments of isoprene and DMCH
was tracked by in-situ *H NMR measurements (compiled in Table 1).

Pronounced gradient formation with a first block enriched in isoprene and a subsequent pure
PDMCH block is observed, which is in agreement with the theoretically predicted reaction
behavior. The gradient is flattened upon increasing the reaction temperature, which can be
ascribed to a higher probability to overcome the activation barrier of the DMCH distortion.
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Figure 6: Top: Stacked 'H NMR spectra evaluated for the copolymerization at 60 °C. Bottom left: Plot of the
monomer depletion against total conversion for isoprene (green, g) and exo-cis DMCH (blue, m) at
25 °C, 40 °C and 60 °C. Bottom right: Plot of the relative concentration [M:]/[Mo] over time for the
three DMCH isomers exo-cis (blue, m), endo-cis (yellow, 0’) and trans (orange, r’’+m’’) at 25 °C, 40 °C
and 60 °C. All spectra were recorded with magnetic field strengths of 500 MHz.
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This conclusion is further supported by the fact, that DMCH homopolymerizes slowly at room
temperature but is readily consumed at elevated temperatures, as can be seen in the plot of
the monomer consumption (Figure 6, Figure S3). For polymerizations using initiator
concentrations of 1.3 M, the reaction at 25 °C is not completed even after 30 h, whereas full
consumption is reached at 40 °C and 60 °C even at a time scale of a few hours (Figure S4). Thus,
at comparably high concentrations only few data points are available for evaluation.
Consequently, the estimated reactivity ratios are prone to fitting errors, and the experiments
were repeated at a tenfold dilution.

Table 1: Experimentally determined values for the reactivity ratios of isoprene (n), and 1,2-
dimethylenecyclohexane (rowmcn) in cyclohexane-di..

temperature initiator concentration n romcH
25°C 13m 11.51 0.087
40 °C 0.13™m 9.96 0.100
60 °C 0.13 ™ 6.88 0.145

The calculated reactivity ratios were estimated by fitting the experimentally obtained monomer depletion of isoprene ( 5~6.4-
6.3 ppm) and DMCH (0~4.6-4.5 ppm) (Figure 6) until a conversion threshold of 50% using the Jaacks equation (non-terminal
model).

Looking at the plot of the logarithmic reciprocal concentration over time (Figure S3), the
absence of termination reactions and moreover simultaneous initiation of all chains is
manifest. Living conditions are visualized by a linear relation. This seems to be the case in all
systems considered.

Furthermore, it can be concluded that the DMCH incorporation is accelerated after full
isoprene consumption. Lastly, the relative concentrations of the different DMCH isomers are
worth being discussed (Figure 6). While the amount of exo-cis isomer depletes during the
reaction, no alteration in the signal intensity of the trans or even endo-cis isomer with a 1,4-
disubstituted moiety is evident, implying that these isomers do not take part in the
polymerization.

Copolymerization of Isoprene and Dimethylenecyclohexane

These insights were used in copolymerization experiments on laboratory scale. Here, the major
obstacle was to maintain proper solubility during copolymerization of isoprene and DMCH,
which is a key parameter for uniform chain growth and hence living polymerization.

The growing chain with early repeating units consisting of isoprene is to a certain extent
capable of keeping the polymer dissolved in cyclohexane. However, with increasing DMCH
content or overall molecular weight, the reaction solutions became turbid, indicating
precipitation of the still growing polymer chains. These polymers exhibited comparably low
DMCH contents, further supporting the interpretation of a solubility-restricted polymerization
behavior at late stages of the reaction.
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Table 2: Entry 1-8: One-step tapered block copolymers based on isoprene (1) and dimethylenecyclohexane
(DMCH) synthesized in cyclohexane at either room temperature, 40 °C or 60 °C. The initial concen-
trations of the monomers were calculated by the equation (ni+npmch)-Veyciohexane®. Entry 9:
Homopolymer of DMCH synthesized in tetralin at 140 °C to maintain solubility of the formed

polymer.

reaction conditions  Pn(DMCH) [mol%)] M. [kg-mol?] b DSC¢
#

T[°C] c[mol-L'}] target NMR? | target NMR?® SEC® SEC® Tg[°C]  Tem(eryst) [°C]
1 25 1.8 7 4.8 5 5.25 5.78 1.04 -66 -
2 25 1.8 15 9.2 5 6.23 6.18 1.04 -65 -
3 25 1.8 23 15.0 5 6.35 6.14 1.04 -61 -
4 25 1.8 31 20.0 5 6.20 6.73 1.04 -53 -
5 25 1.8 41 22.8 5 6.35 6.45 1.04 -51 -
6 40 1.0 30 17.8 20 n.d. _2_;._4“ 1.04 -48 “;;(_)_(ZL_Z_)“.
7 40 1.0 30 14.7 40 n.d. _AI?:._G__ 1.06 -55 ““1;(_) _____
8 60 1.0 30 19.9 40 n.d. 40.2 1.05 -50 106 (45)
9 140 0.9 100 100 5 4.28 - - 53 130

2 Molar masses and monomer contents were determined by the integration on the quaternary carbons of 1,4-PDMCH
(130.5 ppm), 1,4-PI (135.3 ppm), 3,4-PI (147.6 ppm), the methine (125.2 ppm) or methylene protons (111.6 ppm) of 1,4- and
3,4-Pl in case of the 5 kg-mol! and the methyl carbon of sec-BuLi (11.8 ppm) in an inverse gated 13C NMR (CDCls, 600 MHz,
d1l = 105) in case of the copolymers or an inverse gated 3C NMR (C2D.Cls at 100 °C, 126 MHz, d1 = 15s) in case of the
homopolymer. b Determined by SEC (THF, PI calibration standard, Rl detector). Since the higher molecular weight samples
tended to aggregate, full SEC traces and a detailed discussion are given in the ESI (Figure S24). The here given molar masses
and dispersities rely only on the analysis of the main signals. ¢ The glass transition or melting temperatures were determined
by differential scanning calorimetry (-140—200 °C, 10 °C-min1). n.d.: Molar masses could not be determined by NMR because
of a too poor signal-to-noise-ratio to integrate on the methyl carbon of sec-BulLi (11.8 ppm).

In order to counteract precipitation, reaction conditions with lower monomer concentrations
for higher molar mass polymers favoring solubility (Table 2, entries 6-8) and for entry 8
additionally a higher reaction temperature flattening the copolymer’s gradient were chosen. In
this way, several gradient copolymers with varied molar masses (5-40 kg-mol?) and
composition (at maximum 23 mol% DMCH) were realized and characterized by NMR and SEC
(Table 2, Figures S248&S25). The 2D NMR experiments (Figures $27-S31) revealed an exclusive
1,4-incorporation of DMCH.

Copolymerization experiments at room temperature with 2 or 20 equivalents of THF only
altered the ratio of the polyisoprene microstructures towards higher vinyl content, whereas
the microstructure of PDMCH showed solely 1,4-units. Solubility of the formed copolymer
remained an issue despite the increase in solvent polarity.

The polymers’ thermal properties were examined by DSC (Table 2, Figure 7), revealing melting
of PDMCH starting at 130 °C for the homopolymer (entry 9), whose synthesis is discussed in
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the next section. A weak glass transition of PDMCH can be assigned at 53 °C. The second
heating curves of the low molar mass copolymers (entries 1-5) only show a glass transition in
the range of -66 —-51 °C, gradually increasing with increasing DMCH content. This observation
of solely one T, at intermediate temperatures together with the absence of melting indicates
that no phase separation occurs.

A CP 1K g'1 (exo up)
Cj

-100 -50 0 50 100 150 200
T/°C
Figure 7: Third cycles (heating curves) of the DSC measurements of the copolymers (1-8) and the PDMCH
homopolymer (9) listed in Table 2. Temperature range: -140 — 200 °C, heating and cooling rates:
10 °C-min™.

The DSC diagrams of the copolymers of higher molar mass (entries 6-8) feature a glass
transition in the range of -48 —-55 °C, that increases when lowering the molar mass (entry 7
vs. 6) or the steepness of the gradient (entry 7 vs. 8). Furthermore, melting of PDMCH domains
is most pronounced for entry 7 explained by the largest PDMCH block, presumably leading to
the most extended domain size and segregation strength. This is also reflected in the onset of
melting that equals the one of the homopolymer, whereas entry 6 and 8 exhibit lowered
melting temperatures. Besides, entry 6 and 8 show cold crystallization starting at 42 — 45 °C,
tentatively explained by the PDMCH domains being partially quenched into an amorphous
structure that becomes sufficiently mobile accessing the glass transition temperature.
Regardless of this crystallization, melting is comparably weak, further supporting the argument
of less pronounced segregation.

Homopolymerization of Dimethylenecyclohexane

Besides copolymerization experiments with isoprene, also the homopolymerization of DMCH
was investigated. Enabling the homopolymerization requires a solvent, in which the formed
polymer is soluble. Experiments in boiling cyclohexane, mixtures of cyclohexane with THF or
toluene led to precipitation during polymerization and thus ill-defined specimens, whereas the
reaction in tetralin at 140 °C was successful (Table 2, entry 9). The formation of a well-defined
polymer was proven by DOSY NMR (Figure S23) and MALDI-ToF mass spectrometry (Figure
S17). Again, exclusive 1,4-incorporation was confirmed by 2D NMR experiments (Figures S18-
S22).
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PDMCH synthesized by radical or cationic polymerization was described in literature published
as early as 1954 as oily for low molar masses, but as a brittle and high-melting, colorless solid
for high molar masses.!'3 Due to limited possibilities at the time of publication, a detailed
investigation by methods like SEC or DSC was not provided. We hereby quantify the thermal
behavior by DSC (vide supra, Table 2, Figure 7), revealing a Tg around 50 °C and a melting onset
at 130 °C.

Copolymerization of Isoprene and Isoprenylmethylmethylenecyclohexene

In analogy to DMCH, IMMCH was employed for the copolymerization with isoprene. However,
the copolymerization in pure cyclohexane did not lead to a notable incorporation of the trans-
diene, as shown by NMR (Figure S32) and MALDI-ToF mass spectrometry (Figure S34).
Therefore, experiments in mixtures of cyclohexane and THF (ntue/Ninitiator=2, 20, 200) were
conducted in order to modify the reaction mechanism towards a more ionic character (Figure
1).

As proven by MALDI-ToF mass spectrometry (Figure S34), the presence of THF as a modifier
increases the content of polyisoprene with one or two IMMCH repeating units, but no
significant consumption of IMMCH was achieved. Even with 200 equivalents of THF, the MALDI-
ToF mass spectrum shows that pure polyisoprene homopolymer is the main product (Figure 8,
orange assignment), whereas polyisoprene with one or two IMMCH units incorporated (Figure
8, green and red assignments, respectively) are only observed as sub-distributions. NMR
(Figures S35-S39) and SEC data (Figure S33) reveal the formation of well-defined polyisoprene.
The molar masses of all polymers lie in the range of the targeted Pl block, for which reason an
inactivation of the chain end by IMMCH can be excluded. In conclusion, the transoid 1,3-diene
IMMCH is not reactive under the given conditions.

In addition, homopolymerization experiments in pure cyclohexane as well as cyclohexane
mixtures with THF were conducted, but again no polymerization was observed.

1r
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508} o P(In-co-IMMCHm) with m=1

S P b b o P(l_-co-IMMCH ) with m=2

z I

206 ©

[ b P |

e

= b 3

T \

NO04l

i ")

E

—

o 7

Z 0.2

A
1 1

1000 1500 2000 2500 3000 3500 4000
m/z
Figure 8: MALDI-ToF mass spectrum of P(I-co-IMMCH) in cyclohexane in the presence of 200 equivalents of
THF. Matrix: DCTB, ionization agent: AgTFA, mode: linear. The distribution of pure polyisoprene Pl
with n=10-40 (orange), the distribution of polyisoprene with one IMMCH repeating unit (green), and
the distribution of polyisoprene with two IMMCH repeating units (red) are assigned.
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Experimental Section

A detailed experimental description of the monomers as well as polymer syntheses in batch
can be found in the Supp. Inf.. Furthermore, supplemental spectra and results of DFT
calculations are given.

Real-Time *H NMR Method

The kinetic studies were performed with a 500 MHz Bruker Avance lll system. All spectra were
referenced internally to residual proton signals of the deuterated solvent. All kinetic
experiments were performed in cyclohexane-di;. The comonomer mixtures (9-10 wt% in
cyclohexane-di;) were prepared in a glove box, and subsequently initiated with only one drop
of a sec-butyllithium solution. The monomers as well as the deuterated solvent were purified
by distillation over calcium hydride and in case of the monomers furthermore with
trioctylaluminum prior to use. The mixtures were filled into a conventional NMR tube and
sealed with a rubber septum.

One spectrum was recorded prior to initiation. After the initiation at 1.3 M (1.3 M in
cyclohexane/hexane 92/8 in case of the kinetics at 25 °C; also 40 and 60 °C for comparison,
although only few data points could be collected) and at 0.13 m obtained by dilution with
cyclohexane in case of the kinetics at 40 and 60 °C, the NMR experiments were started without
locking and shimming.

All spectra were measured with 1 scan at 500 MHz and the experiments were performed with
time intervals between the spectra of 100 s, due to the long T1 relaxation times of isoprene
and exo-cis DMCH (7-1,|25 =40 S, 7-1,|60 =37 S, T1,DMCH25 =14 S, TLDMCH60 =29 S).

Since the decrease of the monomer signal and hence mathematically spoken the derivative of
the signal’s integral is analyzed, insufficient relaxation has only a minor effect. Regardless of
this fact, T: relaxation times vary with the viscosity of the reaction solution. Therefore,
experiments with longer d1 times are performed, even though fewer data points are especially
disadvantageous for the fit of rapid reactions. The reaction temperature was held constant at
25,40 or 60 °C.

The polymerization was terminated with degassed methanol after full conversion; the polymer
was analyzed by SEC in THF with Pl standard. The monomer depletion data were evaluated
regarding the reactivity ratios using NIREVAL Software from Dr. Tobias Johann, Dr. Marvin
Steube and Prof. Dr. Holger Frey.[??

NMR Spectroscopy

2D NMR spectra were recorded using a Bruker Avance Il 600 with 600 MHz (*H) or 151 MHz
(3C) and a 5 mm TCl-cryo probe with z-gradient and ATM, 500 MHz (H) or 126 MHz (*3C) or
400 MHz (*H) or 101 MHz (*3C).

The spectra are referenced internally to residual proton signals of deuterated solvent.



Polymerization of Rotationally Constrained 1,3-Dienes 288

SEC Measurements

Size exclusion chromatography was carried out in THF on an instrument consisting of a Waters
717 plus autosampler, a TSP Spectra Series P 100 pump, a set of three MZ-Gel SDplus columns
based on SDV with particle sizes of 5 pm (porosities of 100, 10% and 10° A for molecular weight
areas <3 000, 1 000-40 000 and 10 000-2 000 000 Da, respectively) and RI (35 °C) as well as UV
detectors (254 nm). 100 uL of the sample solution were loaded, and it was operated at room
temperature at flow rates of 1 mL-mint. Polyisoprene standards used for calibration were
provided by Polymer Standard Service.

DSC Measurements

Thermal properties were studied using a Mettler-Toledo DSC 823 differential scanning
calorimeter. The instrument was calibrated using indium, zinc and water as a standard. Two
heating and one cooling cycle were performed at a rate of 10 °C-min! in a temperature range
between -140 and 200 °C. Glass or melting temperatures were extracted from the second
heating cycle.

MALDI-ToF Mass Spectrometry

Mass spectra were recorded using a Bruker Autoflex Max with a smartbeam-Il solid state laser.
The specimens were studied in linear positive mode, using trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]lmalononitrile (DCTB) as a matrix and silver trifluoroacetate (AgTFA)
as ionization agent in the ratio 10:10:1 (specimen/matrix/salt).

DFT Calculations

DFT calculations were performed on MOGON Il at the high-performance computing center of
the Johannes Gutenberg-University Mainz using ORCA 4.2.1. software.? The B3LYP hybrid
density functionals!??! were used as the calculation of the analytical Hessian matrix is available.
Furthermore, the D3BJ!?3! atom-pairwise dispersion correction to the DFT energy with Becke-
Johnson damping was enabled. The def2-TZVP valence triple-zeta basis set!?* was selected and
for an accurate single point energy TightSCF was chosen together with a Grid6 integration grid.
The RIJCOSX approximation?® was implemented together with a GridX8 for accurate geometry
optimization, as it offers large accelerations. Finally, geometrical Counterpoise Corrections
(gCP)?% were enabled to prevent artificial overbinding effects. Solvation was not considered,
since the experimentally used cyclohexane has a low dielectric strength (£=2.02) and therefore
only negligible solvent effects.

To simulate a complete reaction pathway with a climbing image (Cl) including a transition state
(TS), the NEB-TS method?”! (Nudged Elastic Band with Transition State optimization) was
implemented, inputting the precursor and product geometries. Visualization of the geometries
and orbitals were performed using IboView18.
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Conclusion

The copolymerization behavior of isoprene with the cyclic dienes DMCH and IMMCH exhibiting
a rather rigid, prescribed cisoid and transoid geometry, respectively, was examined in
cyclohexane via in situ 'H NMR measurements and DFT calculations. Remarkably, experimental
observations correlated with the predicted reactivities.

Simulations revealed a high activation barrier for the 1,4-addition of DMCH ascribed to the ring
distortion that is necessary to allow a coordination of the living chain end by both double
bonds, which are in plane. On the contrary, in case of IMMCH no coordination of both double
bonds was found and hence, no 1,4-addition predicted despite significant m-conjugation.

Copolymerization experiments verified this hypothesis, showing gradient formation in
isoprene/DMCH copolymerizations in cyclohexane with exclusive 1,4-addition of DMCH, but
hardly any IMMCH incorporation in isoprene/IMMCH copolymerizations in cyclohexane.
Detailed understanding was achieved by H NMR kinetics, the derived reactivity ratios
evidencing a flattening of the gradient’s steepness upon temperature increase. Besides, no
decrease of the two isomers of exo-cis DMCH could be detected, of which one comprises a
fixed transoid geometry (trans DMCH). This suggests that at least an influence of the
substitution in 2-position of IMMCH preventing anionic polymerization can be excluded. Still,
the 1,3-disubstitution pattern of IMMCH could affect the polymerizability compared to DMCH.
However, together with the partial charges of IMMCH, the inertness of trans DMCH further
indicates that IMMCH did not copolymerize at the given conditions because of its transoid
geometry and thus coordination by only one double bond of this monomer. Consequently, a
possible sterical hindrance only plays a minor role. Furthermore, also the homopolymerization
of DMCH could be implemented, using the high-boiling solvent tetralin, which is suitable for
carbanionic polymerization.

In summary, we demonstrate the requirement of two cisoid oriented double bonds with strong
m-conjugation for the 1,4-addition of a 1,3-diene in nonpolar media at moderate reaction
conditions and timescales, in line with the commonly accepted reaction mechanism. DFT
simulations are proven to be useful to gain an insight into comonomer systems prior to
experiments and hence assess feasibility.
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Supporting Information
Materials

The solvents cyclohexane (Fisher Science, 299.8%) and tetrahydrofuran (THF, Fisher Science,
299.8%) were dried over sodium with benzophenone as indicator. 1,2,3,4-Tetrahydro-
naphthalene (tetralin, TCl, >97%) was dried with sec-butyllithium and 1,1-diphenylethylene
(DPE, abcr, 98%) as indicator. The solvents methanol (MeOH, Fisher Science, 299.9%), pentane
(Fisher Science, 299%) and N,N-dimethylacetamide (DMAC, Acros Organics, 99.5%) were used
as purchased. The chemicals 2-methylcyclohexanone (Acros Organics, 98%), R-(-)-carvone
(Sigma Aldrich, 98%) dimethyl sulfone (abcr, 99%), potassium tert-butoxide (KO'Bu, TCl, >97%)
and methyl triphenylphosphonium bromide (Sigma Aldrich, 98%) were used without further
purification.

The stabilizer of isoprene (I, Acros Organics, 98%) was removed filtering the monomer through
a column containing basic aluminium oxide and purified hereafter by degassing and distillation
over calcium hydride (Acros Organics, 93%) and trioctyl aluminum (Sigma Aldrich, 25 wt% in
hexanes). The synthesized monomers DMCH and IMMCH were purified in analogy to isoprene.
Sec-Butyllithium (sec-BulLi, Acros Organics, 1.3 M in cyclohexane/hexane (92/8)) was used as
supplied for reactions on laboratory scale but diluted in dried cyclohexane for the kinetic
investigations of fast polymerization reaction.

Preparation of 1,2-Dimethylenecyclohexane (DMCH)

The monomer was synthesized in a modified procedure described by Garst et al 1, dissolving
the starting material 2-methyl-cyclohexanone (30.3 g, 32.78 mL, 0.27 mmol, 1eq.) and
dimethyl sulfone (58.5 g, 0.62 mmol, 2.3 eq.) in DMAC (377 mL). The solution was heated to
75 °C and subsequently potassium tert-butoxide (72.7 g, 0.65 mmol, 2.4 eq.) was added
portionwise to avoid a huge temperature increase. After at least 3 hours the reaction was
completed (tracked by *H-NMR) and was allowed to cool down to room temperature. Then,
the DMAC reaction solution was diluted with water (260 mL) and extracted against pentane (3
times & 180 mL). The combined organic phases were washed with water several times (5-6
times @ 100 mL) to remove all DMAC traces. The organic phase was dried over magnesium
sulfate and purified by distillation. First, pentane was removed (40 °C, 800 mbar), and then
DMCH was fractionated with a Vigreux column (69-70 °C, 120 mbar), yielding a mixture of the
three isomers that was enriched in exo-cis DMCH (43% yield). The ratio of the isomers can be
deduced from NMR measurements (Figures S5-S10).

exo-cis:

1H (400 MHz, CDCls) 8[ppm] = 4.92 (dt, J=2.4, 1.1 Hz, 2H, m), 4.64 (dt, J=2.8, 1.5 Hz, 2H, m), 2.25
(m, 4H, 0), 1.63 (m, 4H, p).

13C (100 MHz, CDCls3) 8[ppm] = 149.83 (2C, N), 107.96 (2C, M), 35.43 (2C, O), 26.92 (2C, P).
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endo-cis:
1H (400 MHz, CDCls) 8[ppm] = 5.56 (m, 2H, 0’), 2.01 (m, 4H, p’), 1.77 (m, 6H, m’).
13C (100 MHz, CDCl3) 8[ppm] = 133.83 (2C, N’), 122.04 (2C, O’), 23.01 (2C, P’), 19.79 (2C, M’).

trans:

14 (400 MHz, CDCls) 8[ppm] = 5.68 (m, 1H, r”), 4.86 (s, 1H, m”), 4.74 (s, 1H, m”), 2.59 (s, 1H, q”’),
2.35 (ddt, J=7.8, 4.4, 1.4 Hz, 2H, 0’), 2.12 (m, 2H, p”’), 1.81 (m, 3H,
t’).

13C (101 MHz, CDCls) 8[ppm] = 144.94 (1C, ), 132.81 (1C, N”’), 123.41 (1C, R”*), 107.79 (1C, M*),
32.90 (1C, Q“), 32.52 (1C, 0*), 26.53 (1C, P”), 19.38 (1C, T”).

Preparation of (5R)-5-Isopropenyl-2-methyl-1-methylene-2-cyclohexene (IMMCH)

The monomer was synthesized via a Wittig reaction starting from (R)-(—)-carvone. The reaction
flask was flame-dried and put under argon atmosphere before distilling the dried THF (170 mL)
into the reaction flask. Methyltriphenylphosphonium bromide (27.51 g, 77 mmol, 1.1 eq.) was
dissolved in THF and subsequently potassium tert-butoxide (8.64 g, 77 mmol, 1.1 eq.) was
added to generate the corresponding ylide in situ. Afterwards, the carvone (10.52 g, 10.96 mL,
70 mmol, 1.0 eq.) was added via syringe and the reaction mixture was stirred for 14 hours at
room temperature. After completion, the reaction mixture was diluted with roughly 15 mL of
pentane, filtered two times and the solvents pentane and THF were removed by distillation
under reduced pressure. Afterwards, the crude product was obtained by distillation out of the
TPPO melt (oil bath temperature: 160 °C, crude product distilled at 80 °C and 160 mbar) and
then fractionated with a Vigreux column (90-94 °C, 34 mbar), yielding pure IMMCH (56% yield).
Figures S11-S15 show the 2D NMR analysis and the Figure S16 proves full removal of all TPPO
residues by 3P NMR.

14 (400 MHz, CDCls) 8[ppm] = 5.69 (ddq, J=5.4, 2.8, 1.4 Hz, 1H, m), 4.90 (m, 1H, p), 4.79 (m,
1H, p), 4.74 (m, 2H, w), 2.46 (m, 1H, q), 2.30 (m, 1H, r), 2.28
(m, 1H, @), 2.20 (m, 1H, s), 2.09 (m, 1H, s), 1.82 (dt, J=2.4, 1.4
Hz 3H, t), 1.74 (t, J=1.1 Hz 3H, v).
13C (101 MHz, CDCl5) 8[ppm] = 149.35 (1C, U), 144.98 (1C, N), 132.63 (1C, O), 127.77 (1C,
M), 109.12 (1C, W), 108.41 (1C, P), 42.25 (1C, R), 37.49 (1C,
Q), 31.89 (1C, S), 20.85 (1C, V), 19.40 (1C, T).

General Procedure for Carbanionic Polymerization

The monomers were dried over calcium hydride and trioctylaluminium, and then distilled into
an anionic flask. Polymerizations at room temperature were performed in an argon-flooded
glove box and hence the solvents and reagents added volumetrically under argon atmosphere.
For polymerizations at higher temperatures, the monomers were added to dried solvents in
argon counterflow using syringes and the solution was tempered to the desired temperature.
Afterwards, the required amount of sec-BuLi was added under vigorous stirring. The living chain
ends were terminated by addition of methanol. The polymers were precipitated pouring the
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reaction solution into a 5-10-fold excess of methanol, dried at reduced pressure for at least one
week and stored in the absence of light at -20 °C under argon atmosphere.

Homopolymerization of 1,2-Dimethylenecyclohexane (PDMCH)

Tetralin (4.6 mL) was cryotransferred into the reaction flask and the monomer DMCH (0.45 g,
0.54 mL, 4.6 mmol, 45.7 eq.) was added via a syringe under argon atmosphere. The reaction
solution was heated up to 140 °C while stirring. Upon reaching the reaction temperature, the
ititiator sec-Buli (0.07 mL, 1.3 m, 0.09 mmol, 1 eq.) was added using a syringe and the reaction
solution was stirred vigorously. After 3 hours, the polymerization was terminated adding
0.1 mL of methanol. The hot reaction solution (105 °C to preserve solubility) was precipitated
into 30 mL methanol. The polymer was dried at reduced pressure a white solid was obtained
in quantitative yield. The raw NMR solution did not show any sign for unreacted monomer
traces. An exclusive 1,4 incorporation can be proven by 2D NMR analysis (Figures S18-523).

1H (500 MHz, C,D,Cls) 8[ppm] = 2.11 (4H, m), 2.04 (4H, o), 1.63 (4H, p), 0.95 (3H per chain,
d), 0.90 (3H per chain, a).
13C (126 MHz, C,D,Cls) d[ppm] = 130.42 (2C, N), 32.36 (2C, M), 29.72 (2C, O), 23.52 (2C, P),
18.81 (1C per chain, A), 11.39 (1C per chain, D).

Copolymerization of 1,2-Dimethylenecyclohexane with Isoprene (P(I-co-DMCH))

The preparations of the 5 000 g-mol™* polymers with differing DMCH ratio were performed at
room temperature inside a glove box; the preparations of the 20 000 g-mol™* or 40 000 g-mol?
polymers with 30 mol% DMCH at 40 °C or 60 °C were performed in a fume hood using Schlenk-
technique. The reactions with a higher target molar mass of 20 000 and 40 000 g-mol™* were
first conducted with an initial monomer concentration of 1.8 mol-L%, as done for the 5 000
g-mol? polymers. Due to gelation issues, the initial monomer concentrations
(c=(n+Npmch)- Veyaohexane 1) had to be reduced to guarantee proper mixing and prevent gelation
(see Table 2).

The procedure is exemplified for a 40 000 g-mol? polymer with 40 mol% DMCH. Dried
cyclohexane (62 mL for an initial monomer concentration of 1.0 m) was fleshly distilled and
transferred into the reaction flask and the monomers DMCH (exo-cis: 2.67 g, 3.18 mL,
24.7 mmol, 190 eq.; the absolute amount of the isomeric mixture was factored in the purity
determined by *H NMR prior to use) and isoprene (2.52 g, 3.71 mL, 37.0 mmol, 285 eq.) were
added via a syringe under argon atmosphere. The reaction solution was heated up to the
targeted reaction temperature abd then the ititiator sec-Buli (0.10 mL, 1.3 M, 0.13 mmol, 1 eq.)
was added using a syringe while stirring the reaction solution vigorously. The next day (~16
hours), the polymerization was terminated adding 0.2 mL of methanol. The polymer was
precipitated into 600 mL methanol, and dried at reduced pressure. A white solid was obtained
in quantitative yield. The raw NMR solution did show complete conversion over night at
elevated reaction temperatures, but unreacted DMCH traces for reactions over night at room
temperature (Figure S26). The polymers were characterized by 2D NMR, what is exemplified
for one specimen (Figures S27-S31).
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IH (600 MHz, CDCls) 8[ppm] = 5.1 (1H, g), 4.8 (1H, k), 4.7 (1H, k), 2.0 (2H, h), 2.0
(2H, eSs), 2.0 (4H, m), 2.0 (2H, etrars), 2.0 (4H, o),
1.7 (3H, fis), 1.6 (3H, ftrans), 1.6 (3H, 1), 1.5 (4H,
p), 1.5 (2H, i), 0.9 (3H per chain, d), 0.8 (3H per
chain, a).

13C (151 MHz, CDCls) 3[ppm] = 147.6 (1C, C¢>%), 135.2 (1€, C;24), 130.4 (2C, N),
125.2 (1C, G), 111.6 (1C, K), 48.1 (1C, J), 39.9 (1C,
Etrans), 32.6 (2C, M), 32.3 (1C, E°5), 29.8 (2C, O),
29.1 (1G, 1), 26.5 (1C, H), 23.8 (2C, P), 23.5 (1C,
Feis), 18.7 (1C per chain, A), 18.2 (1C, L), 15.7 (1C,
Ftrans) 11.8 (1C per chain, D).

Depending on the initial monomer concentration, the DMCH ratio and the reaction
temperature, the reaction solutions became turbid or even gelated, what was tried to be
avoided to ensure unhindered diffusion. However, the 0.5 m reaction solution of the
40 000 g-mol-1 polymer 40 mol% was turbid, but of comparatively low viscosity and hence still
stirrable.

Copolymerization of (5R)-5-isopropenyl-2-methyl-1-methylene-2-cyclohexene with
Isoprene (P(l-co-IMMCH))

All reactions were performed inside a glove box. Cyclohexane (6.6 mL), the monomers IMMCH
(1.00 mL, 0.88 g, 5.94 mmol, 22.8 eq.) and isoprene (0.59 mL, 0.40 g, 5.94 mmol, 22.8 eq.) and
in three out of four cases the modifier THF (0.04 mL, 2 eq./ 0.42 mL, 20 eq./ 4.22 mL, 200 eq.)
were transferred into a glass vial equipped with a magnetic stirrer and sealed with a septum
cap. Next, the ititiator sec-Buli (0.20 mL, 1.3 m, 0.26 mmol, 1 eq.) was added under stirred
vigorously. After 24 hours, the polymerization was terminated adding 0.3 mL of methanol. The
polymer was precipitated into 50 mL methanol. The polymer was dried at reduced pressure
giving a colorless viscous liquid. The NMR of the raw raction solutions (Figure S32 exemplified
for the reaction without THF) and also of the precipitated polymers revealed that no isoprene
was left after polymerization, but IMMCH remained within the reaction solution unreacted
(integral ratio of PI(g)/IMMCH(m) (1.00/0.92)). Homopolymerization experiments of IMMCH in
cyclohexane, mixtures of cyclohexane with 2, 20 or 200 equivalents of THF and pure THF at
room temperature failed. The polymers were characterized by 2D NMR, what is exemplified
for one specimen (Figures S35-S39).

1H (600 MHz, CDCl3) 8[ppm] = 5.3 (1H, g), 4.9 (2H, k), 2.2 (2H, h), 2.2 (2H, es),
2.1 (2H, etrans), 2.1 (1H, j), 1.8 (3H, fi5), 1.7 (3H,
ftrans) 1.7 (3H, 1), 1.5 (2H, i), 0.9 (3H per chain,
d), 0.9 (3H per chain, a).

13C (151 MHz, CDCls) 8[ppm] = 147.6 (1C, C43#), 135.2 (1C, C>4), 125.4 (1C, G),
111.7 (1C, K), 48.1 (1C, J), 40.1 (1C, Etrans), 32.4
(1C, ESs), 31.4 (1C, 1), 26.7 (1C, H), 23.5 (1C,
Feis), 19.2 (1C per chain, A), 18.5 (1C, L), 16.0
(1C, Ftrans) 11.5 (1C per chain, D).
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Supporting Information obtained by DFT Calculations

Figure S1 summarizes the Loewdin electron densities, the dihedral angle between the two
double bonds as well as the 3D visualization of the monomers used. In case of DMCH, both the
chair as well as the boat conformation are shown.

Figure S2 illustrates the arrangement of the living PDMCH-Li chain end with a DMCH monomer
molecule during the reaction pathway, showing the 3D geometries during polymerization and
assigning these structures to different stages of the reaction progress. Here, the residual chain
is simplified as a methyl group and only the terminal unit, i.e., DMCH, is specified.

Figure S1: Chemical structures of the monomers dimethylenecyclohexane (DMCH), (5R)-5-isopropenyl-2-
methyl-1-methylene-2-cyclohexene (IMMCH) and isoprene (l) with assigned partial charges and
dihedral angle between the double bonds obtained by DFT calculations.
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Figure S2: 3D visualization of the chemical structures along the reaction pathway of the DMCH
homopropagation (PDMCH-Li + DMCH) obtained by DFT calculations. The dihedral angle between
the double bonds is noted below the corresponding stage of reaction progress (values of x-axis:
0.00, 0.11, 0.22, 0.33, 0.44, 0.55, 0.66, 0.77, 0.88, 0.99 that are marked with a cross). For
simplification and less computing effort, the residual chain is simulated by a methyl group, which
is why influences of repeating units except the ultimate one are neglected.
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Supporting Information concerning the in situ *H NMR Kinetics

Figure S3 contains the plots of the logarithmic reciprocal concentration and the relative
concentraions over time, respectively.

Figure S4 shows all plots for kinetical investigations at 40 and 60 °C, that were performed at
higher initiator concentrations of (one drop of a 1.3M sec-Buli solution), demonstrating the
comparably speeded up reaction compared to room temperature.
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Left: Plot of the logarithmic reciprocal concentration In([Mo]/[M:]) over time for both monomers
isoprene (green) and DMCH (blue). Right: Plot of the relative concentrations ([M:]/[Mo]) over time
for both monomers isoprene (green) and DMCH (blue). Top: Copolymerization at 25 °C, initiated
with a 1.3m sec-Buli solution. Middle, bottom: Copolymerizations at 40 and 60 °C, respectively,

initiated with a 0.13m sec-BulLi solution.
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1.3m sec-Buli solution.
NMR spectra of DMCH

Figure S5: 'H-NMR spectrum (400 MHz, CDCl3) of exo-cis DMCH and its isomers endo-cis DMCH and trans
DMCH. The mixture is enriched in the reactive isomer exo-cis DMCH.
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Figure S6: H-NMR spectrum (400 MHz, CDCl3) of exo-cis DMCH and its isomers endo-cis DMCH and trans
DMCH with comparatively high amounts of the unreactive isomers.

Figure S7: 3C-NMR spectrum (101 MHz, CDCls) of exo-cis DMCH and its isomers endo-cis DMCH and trans
DMCH. The mixture contains comparatively high amounts of the unreactive isomers endo-cis and
trans DMCH to facilitate assignments.
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Figure S8: HH-COSY-NMR spectrum (400 MHz, CDCls) of exo-cis DMCH and its isomers endo-cis DMCH and
trans DMCH. The mixture contains comparatively high amounts of the unreactive isomers endo-
cis and trans DMCH to facilitate assignments.

Figure S9: H3C-HSQC-NMR spectrum (400/101 MHz, CDCls) of exo-cis DMCH and its isomers endo-cis DMCH
and trans DMCH. The mixture contains comparatively high amounts of the unreactive isomers
endo-cis and trans DMCH to facilitate assignments.
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Figure S10: *H'*C-HMBC-NMR spectrum (400/101 MHz, CDCls) of exo-cis DMCH and its isomers endo-cis DMCH
and trans DMCH. The mixture contains comparatively high amounts of the unreactive isomers
endo-cis and trans DMCH to facilitate assignments.

NMR spectra of IMMCH

Figure S11: *H-NMR spectrum (400 MHz, CDCl3) of IMMCH.
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Figure S12: *C-NMR spectrum (101 MHz, CDCls) of IMMCH.

Figure S13: 'H'H-COSY-NMR spectrum (400 MHz, CDCls) of IMMCH.
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Figure S14: H'3C-HSQC-NMR spectrum (400/101 MHz, CDCls) of IMMCH.

Figure S15: 1H!3C-HMBC-NMR spectrum (400/101 MHz, CDCls) of IMMCH.
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Figure S16: 3!P-NMR spectrum (162 MHz, CDCls) of IMMCH proving that no TPPO residues are present.

MALDI-ToF spectrum and NMR spectra of PDMCH
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Figure S17: MALDI-ToF mass spectrum of PDMCH homopolymer. Matrix: DCTB, ionization agent: AgTFA,
mode: linear.
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Figure S18: *H-NMR spectrum (500 MHz, C.D2Cls) of PDMCH measured at 100 °C.

Figure S19: Inverse gated *C-NMR spectrum (125 MHz, C2D:Cls) of PDMCH measured at 100 °C.
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Figure S20: *HH-COSY-NMR spectrum (500 MHz, C2D:Cls) of PDMCH measured at 100 °C.

Figure S21: *H'3C-HMBC-NMR spectrum (500/125 MHz, C2D2Cls) of PDMCH measured at 100 °C.
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Figure S22: H'*C-HMBC-NMR spectrum (500/125 MHz, C2D2Cls) of PDMCH measured at 100 °C.

Figure $23: *H-DOSY-NMR spectrum (500 MHz, C.D2Cls) of PDMCH measured at 100 °C.
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SEC measurements and NMR spectra of P(l-co-DMCH)

Figure S24: SEC traces (eluent: THF, detector: RI, calibration standard: Pl) of the polymers obtained by

copolymerization of isoprene and DMCH in cyclohexane. The SEC traces of copolymer of hifher
molecular weights show multimodality (bottom), what could be caused by partial aggregation of
the polymer in THF. To reinforce this assumption, SEC measurements were performed at
concentrations of 0.5 (dashed lines) and 1.0 mg-mL™ (solid lines) and the relative intensity of the
peaks was compared. The alteration of this ratio with the concentration supports this theory,
which is why only the main peak (top) is taken into account to determine the individual molar
masses and dispersities.
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Figure S25: Inverse gated !3C-NMR spectra (151 MHz, d1=10s, CDCls) of the polymers obtained by

copolymerization of isoprene and DMCH in cyclohexane. The signals evaluated for the
determination of the molar mass or incorporation ratio of isoprene and DMCH are shown.
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Figure $26: H-NMR spectrum (400 MHz, CDCls) of the raw reaction solutions of the copolymerization
experiments of isoprene and DMCH. Residual monomer signals are assigned in italic and grey;
polymer signals are denoted in black. Since the methylene protons of cis-exo DMCH are still visible
in case of the two spectra of the top, it can be concluded that the copolymerization was not
completed after one night at room temperature, although the reaction solutions were higher
concentrated. The raw reaction solutions of the polymerization experiments at 40 °C or 60 °C show
no sign of residual monomers.

Figure S27: *H-NMR spectrum (600 MHz, CDCls) of the polymer obtained by copolymerization of isoprene and
DMCH in cyclohexane at 40 °C.
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Figure S28: Inverse gated *C-NMR spectrum (151 MHz, CDCls) of the polymer obtained by copolymerization
of isoprene and DMCH in cyclohexane at 40 °C.

Figure S29: 'H'H-COSY-NMR spectrum (600 MHz, CDCls) of the polymer obtained by copolymerization of
isoprene and DMCH in cyclohexane at 40 °C.
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Figure S30: *H3*C-HSQC-NMR spectrum (600/151 MHz, CDCls) of the polymer obtained by copolymerization of
isoprene and DMCH in cyclohexane at 40 °C.

Figure S31: 'H3C-HMBC-NMR spectrum (600/151 MHz, CDCls) of the polymer obtained by copolymerization
of isoprene and DMCH in cyclohexane at 40 °C.
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MALDI-ToF spectra, SEC and NMR spectra of P(I-co-IMMCH)

Figure S32: H-NMR spectrum (400 MHz, CDCls) of the raw reaction solution of the copolymerization

experiment of isoprene and IMMCH. Residual monomer signals are assigned in italic and grey;
polymer signals are denoted in black.

Figure S33: SEC traces (eluent: THF, detector: Rl, calibration standard: Pl) of the polymers obtained by

copolymerization of isoprene and IMMCH in cyclohexane (black solid line), in cyclohexane with 2
equivalents of THF (black dashed line), in cyclohexane with 20 equivalents of THF (black dash-
dotted line) and in cyclohexane with 200 equivalents of THF (black dotted line). Since 5000 g-mol
! and 50 mol% (~23 repeating units) of both isoprene and IMMCH were targeted, the observed
molar masses together with the NMR and MALDI-ToF data show the consumption of all isoprene,
but hardly no incorporation of IMMCH. The SEC trace of the polymer formed in the presence of
200 equivalents of THF shows multimodality, what could either be because of coupling in presence
of oxygen during termination, or side reactions with THF. This could be the decomposition of THF
by deprotonation at C2 and subsequent reverse [3+2] cycloaddition of the resulting anion, yielding
ethylene and lithium enolate. Ethylene can react with alkyllithium compounds giving a saturated
carbanionic chain end, while the enolate terminates the chain if it is added and beyond this can
coordinate the lithium counterion strongly.
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Figure S34: MALDI-ToF mass spectra of P(I-co-IMMCH) in cyclohexane with 0 (top), 2 (middle) or 20 (bottom)

equivalents of THF. Matrix: DCTB, ionization agent: AgTFA, mode: linear. The distributions of
pure polyisoprene Pl, with n=10-40 are assigned in the main plot, while the distributions of
polyisoprene with one or two IMMCH repeating units are marked In the cutouts on the right.
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Figure $35: *H-NMR spectrum (600 MHz, CDCls) of the polymer obtained by copolymerization of isoprene and
IMMCH in cyclohexane. Only signals of Pl are detectable.

Figure $S36: *C-NMR spectrum (151 MHz, CDCls) of the polymer obtained by copolymerization of isoprene and
IMMCH in cyclohexane. Only signals of Pl are detectable.
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Figure S37: *H'H-COSY-NMR spectrum (600 MHz, CDCls) of the polymer obtained by copolymerization of
isoprene and IMMCH in cyclohexane. Only signals of Pl are detectable.

Figure S38: H3C-HSQC-NMR spectrum (600/151 MHz, CDCls) of the polymer obtained by copolymerization of
isoprene and IMMCH in cyclohexane. Only signals of Pl are detectable.
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Figure $39: H*C-HMBC-NMR spectrum (600/151 MHz, CDCls) of the polymer obtained by copolymerization
of isoprene and IMMCH in cyclohexane. Only signals of Pl are detectable.

[1] M.E. Garst, L. J. Dolby, S. Esfandiari, R. A. Okrent, A. A. Avey, J. Org. Chem. 2006, 71, 553.
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ABSTRACT: Two series of well-defined multiblock four-arm
tapered star copolymers with “arms” of the type poly(styrene)-
block-poly(isoprene-grad-styrene), (S1/S),, were synthesized on a
multigram scale with short reaction times. Targeted molecular

Pi selective Thermal B N g

hydrogenation properties O
« ‘emperature

weight (M) values ranged from 80 to 240 kg mol™' with order '\,
polystyrene (PS) compositions of 40 and 60 wt %. Narrowly T s
distributed (P = 1.04—1.12) copolymers were obtained regardless - d w 3
of M and without additional purification beyond precipitation. At srci - ppogmiareig Mechani i

sufficiently high M, members of the 40 wt % PS series possessed star Polymers
either a cylindrical or bicontinuous morphology, whereas the 60

wt % PS series yielded lamellae. The star copolymers outperformed their corresponding linear analogues with respect to ultimate
toughness and elongation at break. Young’s moduli of up to 304 11 MPa were reached, and the overall toughest (83 + 2 MJ/m?)
star copolymer exhibited the highest strain at break (1198 + 34%). Catalytic hydrogenation of the PI segments was achieved
selectively without saturation of styrene units at conversions of >98%. More pronounced strain hardening occurred upon
hydrogenation. Modulus, toughness, and ultimate strength of the linear tapered copolymer increased substantially upon
hydrogenation to poly(styrene)-block-poly((ethylene-alt-propylene)-grad-styrene), SEP/S. However, these mechanical properties for
the star copolymer were found to decrease upon hydrogenation to (SEP/S),. These materials, particularly the unsaturated
multiblock stars of the highest M, are promising candidates for future advanced materials that require extremely tough elastomers.

CMultigram scale, low & Strain

B INTRODUCTION tetra[ 3-(chloro-dimethylsilyl)propyl]silane (TCDMSPS) as a
new CA, with maximized reactivity toward living polymer
chains and less-dense cores to improve the coupling
efficiency.'® The addition of tetrahydrofuran (THF) is
known to increase the coupling rate of polybutadienyl- and
polyisoprenyllithium with chlorosilanes, as first observed by
Mays and co-workers'®'® and quantified by Burns and
Register.'® Combining these two principles, the rapid synthesis
of low-dispersity tapered star copolymers with arms of the type
poly(isoprene-grad-styrene) was achieved without the need for
further purification beyond precipitation.'

The formation of such “tapered” copolymers in a more
general sense dates back to 1969 with the work of Kraus et
al”'” and Worsfold.'"" Diene monomers are known to form
block-like structures with styrene or alkylstyrenes during
statistical copolymerization in apolar media.'”~*' Although
such copolymers can undergo microphase separation com-

Star copolymers with glassy (hard) microdomains linked into a
network in a rubbery (soft) matrix represent a versatile
polymer architecture as they exhibit a unique set of material
properties, rendering them suitable for many commercial
applications.'™” One of the most reliable pathways for the
synthesis of star copolymers via living anionic polymerization
utilizes the so-called “arm-first” approach wherein the linear
polymer arms are synthesized in a first step and subsequently
chemically linked at their chain ends via an effective coupling
procedure. In contrast, the so-called “core-first” method
capitalizes on multifunctional anionic initiators, which are
effective for the synthesis of well-defined stars only if the
growth of all arms can be initiated simultaneously.” Introduced
in 1962 by Morton and co-workers,” chlorosilanes still
represent one of the most useful classes of coupling agents
(CAs) for the synthesis of well-defined star copolymers as they
are known to undergo almost no side reactions. An excess of
living polymer arms is typically reacted with a small quantity of Received:  March 19, 2020 Hatromole “ll'"
the coupling agent. To ensure homogeneity, the crude product Revised:  April 25, 2020
is subsequently fractionated to isolate the desired material in Published: May 19, 2020
high purity. A variety of complex star architectures have been

precisely designed, carefully synthesized, and extensively

studied using this method.'""”'” We recently introduced

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.macromol 0c00645

v ACS PUb“C&tiOﬂS 4422 Macromolecules 2020, 53, 4422-4434



319

Chapter Al

Macromolecules

pubs.acs.org/Macromolecules

parable to block copolymers synthesized via sequential
monomer addition, it was found that an increased tapered
sequence induces mixing of the two different domains.””**’
Consequently, the order—disorder transition temperature
(Topr) decreases. The possibility to thereby adjust morpho-
logical and mechanical properties was explored by Knoll and
co-workers in their extensive studies of different ABA triblock
copolymers consisting of styrene and butadiene.” ™ Such
triblock copolymers generally capitalize on chain anchoring by
glassy polystyrene (PS) domains in a rubbery matrix of
polybutadiene (PB) or polyisoprene (PI). The formation of
bridges and entangled loops is known to be crucial for good
material properties (e.g, high toughness and strain at break).**
This bridging fraction is known to increase significantly for
linear perfectly alternating multiblock copolymers.”™** Star
block copolymers are also known to possess bridging fractions
beyond normal ABA triblock copolymers, with a strong
dependence on the number of arms.** Furthermore, star
copolymers intrinsically exhibit advantageous properties such
as superior ultimate strength and lower viscosity in solution,
which are of great interest for industrial applications.”” A
prominent commercial product that capitalizes on such
excellent properties is Styrolux.'

Increasing molecular weight (M) and using different
monomers are possibilities to increase the degree of interblock
segregation. In addition, selective hydrogenation of specific
polymer segments can increase the Flory—Huggins parameter
(%) and Topr dramatically.*® PS-b-PI represents such a system
when the PI block is selectively hydrogenated to ~];rol)a'(styrc-:ne)-
block-poly(ethylene-alé-propylene), PS-b-PEP.*~*’ However,
complete and selective hydrogenation of PI without PS
saturation at high conversions, short reaction times, and
without damaging the polymer chains or the macromolecular
architecture is known to be challenging.’**' The well-
researched diimide procedure®™>° for the hydrogenation of
polydienes can be accompanied by polymer chain scission,
double bond addition products, and coupling or cyclization
reactions, and requires relatively high temperatures.’® In
comparison, catalytic methods for selective polydiene hydro-
genation are of great industrial interest’” ® but are less
frequently described in the literature.’ ~** The exact metal
ratio (M/Al) of Ziegler-type catalysts is known to be crucial to
balance selectivity and reactivity."”*® Besides strongly
enhanced thermal stability, altered mechanical properties
such as pronounced strain hardening are known to result
upon selective h!drogenation of PI in PS-b-PI-b-PS triblock
copolymers.®>*

Multiarm star copolymers of the type (SI),, where x
represents chg number of arms, have been studied
extensively.”’~”” Compared to their linear counterparts, they
are known to exhibit higher strength, lower strain at break, less
permanent set, and pronounced yielding.'””® However, a
systematic study of the mechanical properties of well-defined
multiblock star copolymers of the type (SIS),, ideally with high
enough ¥N to induce self-assembly into nanosegregated
morphologies, has not yet been reported. Besides theoretical
work™ on (BAB); star self-assembly, most synthetic pathways
for such architectures rely on controlled radical polymerization
techniques with individual block sizes not exceeding S kg
mol™'.7”7% Meyer and Widmaier®® compared (SI), stars and
(SIS), star copolymers with respect to their shear strength and
adhesive properties as a function of their number of arms.
Their finding of significantly increased shear strength of (SIS),

4423

as compared to (SI), star copolymers sparked our interest for a
systematic study on the mechanical properties and self-
assembly of such multiblock copolymers as a function of M
and PS content (weight fraction of styrene, ws) while keeping
the overall number of arms constant.

In this work, we present a three-step synthesis procedure
(including coupling) for tapered multiblock four-arm star
copolymers of the type (SI/S), based on the block-like
copolymer formation of isoprene and styrene in apolar media,
which produces a steep downchain gradient in a living
statistical copolymerization, combined with a highly efficient
coupling strategy. Two different series of star copolymers
(overall PS compositions of 60 and 40 wt %, respectively) are
presented and studied in detail with an emphasis on the phase
state and its influence on thermal and mechanical properties.
Material changes upon selective hydrogenation of the PI blocks
were also of interest and thus analyzed with respect to order
and mechanical properties.

B EXPERIMENTAL SECTION

Reagents and Sample Designation. All chemicals were
purchased from commercial suppliers (Acros, Sigma-Aldrich, Fisher
Scientific, and Alfa Aesar). Deuterated solvents were obtained from
Deutero GmbH or Cambridge Isotope Laboratories. Isopropyl
alcohol and methanol were used as-received without further
purification. The detailed synthesis protocol for the coupling agent
is described elsewhere.'*** In all of the copolymers synthesized, the
first block (polystyrene) consists exclusively of styrene units, while the
second block (poly(isoprene-grad-styrene)) consists of both isoprene
and styrene units, but with a strong downchain gradient that is
effectively a tapered isoprene—styrene diblock itself. The sample
codes used to describe the copolymers are as follows: (S1/S),-60-240
represents a four-arm star with arms of the type poly(styrene)-block-
poly(isoprene-grad-styrene). The targeted wg was 60 wt % and the
targeted M (on a number-average basis) was 240 kg mol™.
Additionally, (S1/5)-60-60 represents the corresponding linear
analogue, while (SEP/S),-60-240 represents the hydrogenated star
copolymer, where EP abbreviates ethylene-alt-propylene, the
repeating unit of hydrogenated 1,4-PL

General Synthesis Procedure for (SI/S), Tapered Star
Copolymers. All polymerizations were conducted in 250 mL
Schlenk flasks sealed with a fluoropolymer stopper and O-ring in
dry cyclohexane at ambient temperature in an argon-filled glovebox
(MBraun UNILAB, <0.1 ppm of O, and <0.1 ppm of H,0).
Cyclohexane was purified by stirring over diphenylhexyllithium
(adduct of sec-butyllithium and 1,1-diphenylethylene) and vacuum-
transferred into the polymerization reactor. Styrene and isoprene were
both dried by stirring over CaH, overnight, followed by vacuum
distillation into another flask with a fluoropolymer stopper and O-
ring. All flasks were transferred into the glovebox and 0.5 mL of sec-
butyllithium (1.3 M in cyclohexane/hexane 92:8) was added to the
polymerization flask via a syringe (1 mL, MBraun). The polymer-
ization was initiated via the addition of the calculated charge of
styrene via a syringe. The solution was stirred until full monomer
conversion according to the reaction times of previous reports.“‘g"
Subsequently, a mixture of isoprene/styrene was added to the living
polystyryllithium (PSLi) solution in order to achieve the desired
block/tapered copolymer sequence; the same quantity of styrene was
used in the first and second monomer addition steps. The
concentration of the final monomer/solvent mixture was generally
10—15 wt 9%. After complete monomer conversion, 0.25 equiv
(typically 92 + 0.5 mg) of TCDMSPS was added dropwise as a stock
solution (100 equiv/equiv Li) in THF (dried over sodium
benzophenone ketyl and vacuum-transferred onto activated 0.3 nm
molecular sieves) to the living polymer. The coupling reaction was
run until decolorization, which was typically achieved within less than
1 h. To precipitate the polymer, the mixture was added dropwise into
a 10-fold excess of isopropyl alcohol with a small amount of butylated
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hydroxytoluene (approximately 0.5 wt % based on polymer mass) for
stabilization. The precipitate was separated by filtration and dried
under reduced pressure for several days. Tapered linear copolymers of
the same kind were synthesized similarly but excluded the coupling
step. Instead, the living polymer chains were terminated with degassed
methanol (1 mL) prior to precipitation.

Selective Pl Hydrogenation of Tapered Star and Linear
Copolymers. The PI blocks of the tapered star and linear
copolymers were hydrogenated using the previously reported Ni/Al
catalyst,””*”7" in a 1:4.25 Ni/Al atomic ratio. The hydrogenation
was performed under 400 psi H, at room temperature in a 2 L Parr
reactor with a mechanical stirrer. Typically, 5 g of the polymer was
dissolved in 1.5 L of cyclohexane. The catalyst was freshly prepared
for each charge via the addition of 10 mL of triethyl aluminum (AIEt;,
1 M in hexanes) to 1.04 g of Ni(II) 2-ethylhexanoate (78% in 2-
ethylhexanoic acid) in 30 mL of cyclohexane in a separate vessel
previously purged with N, for 45 min. Catalyst charges were added at
1 h intervals by connecting this vessel directly to the reactor. Aliquots
for NMR analysis were sampled every 30 min after the catalyst
addition; 3—4 catalyst charges were enough to result in at least 98%
saturation regardless of the copolymer architecture and molecular
weight. The reaction mixture was subsequently stirred with an equal
volume of aqueous citric acid (10 wt %) until the dark color of the
catalyst disappeared. The organic phase was first separated, then
concentrated under reduced pressure via a rotary evaporator, and the
polymer was finally precipitated in isopropyl alcohol before drying
under vacuum overnight.

Preparation of Polymer Films. Polymer films were cast from
chloroform (analytical grade, Fisher Scientific) using glass Petri dishes
with a diameter of 3.5 cm. Typically, 2.5-3 g of the polymer
(depending on M and ws) was dissolved in 20 mL of chloroform. The
films were prepared by slow solvent evaporation over the course of
one week. After removal of the films from the Petri dishes, they were
dried under vacuum overnight. These as-cast films were used directly
for all mechanical measurements (dynamic mechanical and stress—
strain).

Molecular, Property, and Phase Characterization. Size-
exclusion chromatography (SEC) measurements were performed
using a Waters 515 HPLC pump, two 30 cm Polymer Laboratories
PLgel Mixed-C columns, a Wyatt Technologies miniDAWN TREOS
light-scattering detector (4 = 658 nm, room temperature), and a
Wyatt Optilab T-rEX differential refractive index (dRI) detector (4 =
658 nm, 298 K). Weight-average molecular weight (M,,) values were
calculated from the multiangle laser light-scattering (MALLS)
detector signals and evaluated via the software ASTRA V6.1. The
dn/dc values for the star and linear copolymers were weight-fraction-
weighteclM with respect to PS, PI, and PEP content from NMR
analysis. The respective homopolymer dn/dc values (PS:*” 0.189 mL/
g PI:*7 0.130 mL/g, and PEP: 0.079 mL/g) were measured at 298 K
and 658 nm. Apparent dispersities (D) were computed from the dRI
signal, with the elution times calibrated with narrow-distribution
linear PS standards. '"H NMR spectra (400 MHz, 295 K) were
recorded on a Bruker AVANCE II 400 spectrometer equipped with a
5 mm BBFO-SmartProbe with z gradient as well as a SampleXPress
60 sample changer. All hydrogenated polymers were measured on a
Bruker AVANCE III (500 MHz, 295 K) equipped with a QCI
("H/"C/"N/?H) cryoprobe, a BACS-120 automated sample
changer, and a BCU-05 temperature controller (Bruker BioSpin,
Billerica, MA). Spectral features were referenced internally to the
signal of the deuterated solvent (CDCI;).

The glass transition (T,) temperatures of the copolymers were
characterized via differential scanning calorimetry (DSC) with
PerkinElmer DSC 7 and DSC 8500 instruments, each with a type
II intracooler and calibrated with indium and tin. All copolymers were
evaluated at a heating rate of 10 K/min. Typically, a minimum of 10
mg of the polymer was used for the analysis and each polymer was
measured at least twice to ensure data reproducibility. Dynamic
mechanical thermal analysis (DMTA) was conducted on a TA
Instruments RSA-3, using the shear sandwich fixture (0.5 mm gap); a
frequency of 1 rad/s was employed at a heating rate of 5 K/min and a

strain amplitude of 1%. Measured T, values were discerned from the
peak value of the tan § curve or the temperature of the steepest decent
in a plot of log G’ versus T, where G’ denotes the dynamic storage
modulus. Uniaxial tensile, initial (R'), and final (R) recovery
measurements”” were performed on an Instron 5865 load frame.
Specimens for the analysis were stamped out using an ASTM D1708
dogbone die. For all tests, a constant crosshead speed of 5.08 cm/min
was applied. From the stress—strain measurements, the Young's
modulus (Ey) was calculated from the crosshead displacement by
taking the steepest slope of the elastic regime in the stress—strain
curve. The ultimate strength (6,) and strain at break (g,) were
extracted from the point of failure. The ultimate toughness of the
materials was calculated by integrating the stress—strain curve. All
reported average values are based on at least three replicates.

Small-angle X-ray scattering (SAXS) measurements were recorded
using CuKa radiation (RigakuMicroMax 007 X-ray generator with
Osmic Confocal Max-Flux curved multilayer optics). Two-dimen-
sional diffraction patterns were recorded on a Mar345 image plate
detector at a sample—detector distance of 2076 mm. Intensity
distributions as a function of the modulus of the total scattering
vector, q = (47/A) sin(26/2), where A is the radiation wavelength
(0.154 nm) and 26 is the scattering angle, were obtained by radial
averaging of the 2D datasets. Samples in the form of thick films (~1
mm) were prepared as described above. Temperature-dependent
measurements lasting 1 h were obtained by heating the films from 293
to 453 K in increments to obtain the structure factor and identify
Topr values. For transmission electron microscopy (TEM), to discern
the real-space morphologies of the (SI/S),-40-240 copolymer before
and after thermal annealing, bulk films were cryosectioned with a
diamond knife on a Leica UC7 ultramicrotome maintained at 153 K.
Electron-transparent sections measuring ca. 100 nm thick were
positioned on 400-mesh copper grids, which were then immediately
contacted with a steel block after removal from the cryochamber to
preclude condensation on (and damage to) the sections without
introducing any other liquids. To enhance contrast between the
microdomains, the sections were subsequently exposed to the vapor
of a 2% OsO,(aq) solution for 90 min at ambient temperature in an
isolated container to ensure the complete reaction of, and thus
selectively stain, the unsaturated isoprene units. Finally, a thin (~$
nm) layer of carbon was evaporated onto the sections to reduce
charging effects during imaging. Images were acquired on a field-
emission FEI Talos F200X microscope operated at an accelerating
voltage of 80 kV.

M RESULTS AND DISCUSSION

Synthesis and Selective Hydrogenation. The architec-
ture and block sequence of the multiblock (SI/S), tapered star
copolymers were specifically designed to achieve tough,
flexible, and transparent polymers with different morphologies.
Analysis of the resulting mechanical properties as functions of
M, architecture, copolymer composition, and phase state was
of major interest. Therefore, the synthesis was optimized with
respect to three major aspects: (i) few steps and short reaction
times, (ii) highly efficient coupling without the need for
painstaking purification protocols such as repeated fractiona-
tion, and (iii) multigram scale. Thus, a triblock sequence was
chosen for the block sequence of each multiblock tapered star
copolymer’s “arm”, with glassy PS outer blocks and rubbery
polyisoprene inner blocks. Upon multifunctional linkage of the
copolymer chains, a symmetrical pentablock architecture of the
type SI/S-CA-S/IS, where CA denotes the coupling agent, is
prepared. This block sequence does not generate any dangling
ends from unanchored PI blocks, which are known to reduce
the elasticity of the polymer network.****~"!

Instead of a conventional five-step sequential synthesis
procedure, three steps (Scheme 1) were followed: (1)
initiation of styrene to form the first PS (outer) block, (2)

https:/dx.doi.org/10.1021/acs.macromol.0c00645
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Scheme 1. One-Pot Synthesis Route for Well-Defined
Multiblock Tapered Star Copolymers
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addition of a mixture of isoprene and styrene to form the
rubbery PI midblock and second PS (inner) block, and (3)
coupling with the previously reported CA tetra[3-(chloro-
dimethylsilyl)propyl]silane (TCDMSPS)."* The same quantity
of styrene was used in the first and second monomer charges.
Based on the disparate reactivity ratios of isoprene (r; = 12.8)
and styrene (rg = 0.051) in apolar media (cyclohexane), this
monomer mixture forms a block-like gradient copolymer with
a steep gradient within the blocks;'® downchain composition
profiles calculated with these reactivity ratios are plotted in
Figure S1 in the Supporting Information. This CA possesses
maximized reactivity with respect to living anionic polymer
chain ends because of the monochlorosilane moieties and
partially alleviates steric constraints because of the propyl
spacers.”” To further accelerate the coupling reaction, the CA
was added as a solution in THF. The fading of the orange color
of the solution (resulting from PSLi living chain ends, see
Figure S2 in the Supporting Information) indicates coupling
conversion and therefore was utilized to qualitatively assess the
necessary reaction times. Complete decolorization generally
occurred in less than 1 h.

With this approach, well-defined multiblock star copolymers
with tapered triblock arms exhibiting the block sequence PS-b-
P(I-grad-S) with overall 60 and 40 wt % PS and monomodal,
narrow molecular weight distributions (apparent D = 1.04—
1.12) were synthesized. The SEC elution traces (Figure 1)
reveal that only minimal levels of lower-molecular-weight side
products (terminated PS first block, uncoupled arm) remain.
All star copolymers possess <3 wt % uncoupled arms; note
that, even when present, these SI/S arms do not form dangling
ends in the polymer network as uncoupled diblock arms in
(SI), stars do, because the SI/S arms contain PS blocks at both
ends. All SEC elution traces were recorded after precipitation
without any further purification. The molecular weights
ascertained via SEC with a MALLS detector (see the
Experimental Section for details) generally agree with the
target values. '"H NMR analysis was used to determine the
weight fraction (wi™*) of PS. Good agreement with the feed
ratio (w&!) with only minor average variation (+2%) was
achieved, and the results of these molecular analyses are
compiled in Table 1.

Selective hydrogenation of the PI blocks was carried out
with the Ni/Al catalyst, at ambient temperature. Representa-
tive SEC elution traces of the unsaturated (SI/S),-60-240 and
Pl-saturated (SEP/S),-60-240 highest molecular weight
tapered star copolymer before and after hydrogenation are
presented for comparison in Figure 2a, and the corresponding
'H NMR spectra are included in Figure 2b (more detailed
spectra are provided in Figures S3 and S4 in the Supporting
Information). The disappearance of the signals in the region of
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Figure 1. SEC elution traces (normalized dRI) of (SI/S), tapered star
copolymers with (a) 60 wt % PS and (b) 40 wt % PS.

Table 1. Overall Synthesis Results of (SI/S), Tapered Star
Copolymers with 60 and 40 wt % PS, Tapered Linear (SI/S)
Copolymers, and Hydrogenated Derivatives

polymer whMR (%) MYAUS® (kg mol™) B = M/M,"
(81/8),-60-80 65 80 1.05
(S1/8),-60-120 63 101 1.06
(81/8),-60-160 60 141 1.06
(81/8),-60-200 62 197 1.09
(S1/8),-60-240 58 235 1.05
(S1/8),-40-80 38 69 112
(S1/8),-40-120 39 111 1.04
(81/8),-40-160 39 138 1.05
(S1/8),-40-200 40 188 1.08
(S1/5),-40-240 40 235 1.09
(81/8)-60-60 62 47 1.06
(S1/8)-40-60 41 54 1.06
(SEP/S),-60-240 57 249 1.04
(SEP/S)-60-60 61 50 1.05

“Obtained from 'H NMR spectroscopy in CDCl;. *Determined from
SEC measurements in THF (see the Experimental Section for
details).

4.5—5.5 ppm and the appearance of the signal between 0.5 and
1 ppm prove the hydrogenation of the PI blocks with at least
98% conversion. Note that, spectra were always recorded on
fairly concentrated samples (c.f. the CDCI, peak compared to

https://dx.doi.org/10.1021/acs.macromol.0c00645
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Figure 2. (a) SEC elution traces (normalized dRI) of (SI/S),-60-240
(black) and (SEP/S),-60-240 (red) tapered star copolymers. (b)
Corresponding 'H NMR spectra (500 MHz, CDCly 295 K) are
color-matched.

the aromatic signals) to ensure the maximum validity of the
analysis. Whereas '"H NMR spectroscopy is convenient to
analyze the degree of PI hydrogenation, the possibility of
partial hydrogenation of PS to poly(vinylcyclohexane), PVCH,
cannot be assessed because of signal overlap. *C NMR
analysis was used to ensure no hydrogenation of styrene units
occurred. Figure S$ in the Supporting Information displays the
3C NMR spectrum of (SEP/S),-60-240. Two signals from the
methylene carbon atoms of PVCH appear at 27 ppm in
CDCl,.”* As these two signals possess the highest intensities
(as they correspond to three carbon atoms) in the spectrum
and they do not overlap with resonances from PS, PI, or PEP,
the region between 26 and 28 ppm was used to ensure that no
hydrogenation of styrene occurred. If partial hydrogenation
occurred, new olefinic signals (such as from poly(1-vinyl-
cyclohexene))”® would be visible in the '"H NMR and *C
NMR spectra. No instances of these signals were detected. To
reach near-quantitative hydrogenation, the catalyst was added
3—4 times in 1 h intervals and the conversion was checked via
aliquots that were analyzed by 'H NMR spectroscopy as
described above. Following the first catalyst charge, the
conversion was typically found to have reached or exceeded
90%. Further catalyst additions increased the degree of
saturation stepwise within error to >98% (see Figure S6 in
the Supporting Information). Upon hydrogenation of the PI
blocks, the SEC elution traces slightly shifted toward lower
elution times (see Figures 2a and S7 in the Supporting
Information). The molecular weight by MALLS changed by
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+5% for the hydrogenated copolymers, which is in good
agreement with theoretical estimates considering the un-
certainties in dn/dc and the MALLS analysis.

Thermal Properties. The thermal properties of the two
series of (SI/S), tapered star copolymer films, which appeared
optically transparent to the unaided eye (see Figure S8 in the
Supporting Information), were analyzed by DSC and DMTA
according to the measurement conditions described in the
Experimental Section. Nearly all copolymers exhibited two
glass temperatures calorimetrically, but this does not
necessarily confirm micro ?hase separation between the blocks,
as Lodge and McLeish® have reported that even miscible
systems can exhibit two glass temperatures because of the
phenomenon of self-concentration. For both star copolymer
series, the two T, values approach each other upon decreasing
M (Figure 3a), with the weaker M dependence for the PI T,

a 380
360 F » .
§ & #
340 F & § .
320F # . & T, PS block 60 wi% PS (DMTA)
. T PS block 40 wi% PS (DMTA)
2300' a rPsmcomwqusc;
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2> A T, Pl block 60 wi% PS (DSC)
260 b ® TPl block 40 wt% PS (DSC)
240 Z Z z z
220 ¥ . E 3 . :
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(SI/S),-60-240 (SI/S)-60-60 (SV/S),-60-240 (SV'S)-60-60

Figure 3. (a) T, values of (SI/S), tapered star copolymers (60 and 40
wt % PS series) determmed by both DSC (midpoint, 10 K min™") and
DMTA (steepest descent in log G’, 1 rad/s) as a function of MYAUS,
A comparison of T, values measured for hydrogenated and
unhydrogenated star copolymers, as discerned by DSC, is given in

(b).

reflecting the smaller Kuhn length of PI [Ix(PI) = 0.74 nm]
relative to PS [Ix(PS) = 1.48 nm].”* In addition, the T, values
approach each other more closely in linear tapered copolymers
compared to their star analogues, as evidenced by the DSC
thermograms included in Figure S9 in the Supporting
Information. The highest PS T, values (367 + 1 and 348 +
8 K), as well as the lowest PI T, values (227.0 +£ 0.1 and 221 +
1 K), are observed for the highest-molecular-weight star
copolymer in each series: (SI/S),-60-240 and (SI/S),-40-240,
respectively. The (SI/S), tapered star copolymers with 40 wt
9% PS (vs 60 wt % PS) generally exhibit lower PS T}, values at a
given star M,, because of their shorter PS blocks. Furthermore,
the T, values of the PI domains (220—224 K at 40 wt % S;

httpsy/dx.doi.org/10.1021/acs.macromol.0c00645
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238—243 K at 60 wt % S) increase with PS content and are
sngmﬁcantly higher than that for PI homopolymers (204—208
K)’® because of incorporation of styrene units into the Pl-rich
portions of the tapered microstructure (see Figure S1 in the
Supporting Information). The T, values measured by DMTA
(see Figures S10 and S11 in the Supporting Information for
representative results) and included in Figure 3a for
comparison are seen to agree well with the values acquired
from DSC, with the DMTA-derived values being slightly
higher for the highest-molecular-weight star copolymers. Upon
hydrogenation of the PI blocks, the soft block (PEP vs PI) T,
values increased by only 1 K on average, in agreement w1th
previous reports;*"*®* the I, value for PEP homopolymers is
higher (by ~S K) than that for pL’ Accordmg to DSC, the PS
T, values do not show a consistent change upon hydrogenation
(Flgure 3b), but DMTA (Figure S12 in the Supporting
Information) reveals a consistent increase in PS Ty by S—10K.
Both hydrogenated and nonhydrogenated copolymers of the
40 wt % PS series exhibit lower PI (PEP) T, values (and lower
PS T, values) because of the greater overall PI (PEP) fraction
in the copolymers. Additional insight regarding the degree of
mixing is obtained from SAXS, as discussed in the following
section.

Order and Morphology. The phase state of the (SI/S),
tapered star copolymers, the tapered linear (SI/S) copolymers,
and their hydrogenated derivatives, as determined by SAXS
analysis, is summarized in Table 2. Example SAXS results are

Table 2. Phase State of Tapered Star and Linear
Copolymers

copolymer Wy

designation (%) phase state
(S1/S),-60-80 65 DIS for T > 293 K
(81/8),-60-120 63 DIS, approaching Topr by cooling to 293 K
(S1/8),-60-160 60 LAM, Topr = 398 + 5 K
(S1/8),-60-200 62 LAM up to 453 K (Topr not accessible)
(S1/8),-60-240 S8  LAM up to 453 K (Topr not accessible)
(S1/5),-40-80 38 DISfor T>293K
(S1/5),-40-120 39 DISfor T>293K
(S1/8),-40-160 39 DIS for T > 293 K
(81/8),-40-200 40  CYL without long range order up to 373 K,

Topr = 438 % 15 K

(S1/8),-40-240 40  BIC up to 453 K (Topy not accessible)
(S1/5)-60-60 62 LAM, Topr = 408 + 15 K
(S1/8)-40-60 41  hexagonally-packed CYL, Topr = 408 + 15 K
(SEP/S),-60-240 57  LAM, up to 453 K (Typy not accessible)
(SEP/S)-60-60 61  LAM, up to 453 K (Topr not accessible)

presented in Figures 4 and S for the tapered linear and star
copolymers, respectively. Additional details for each of the
copolymers studied by SAXS are provided in Figures S$13—S25
in the Supporting Information. The intensity profile for the
tapered linear (SI/S)-60-60 (Figure 4a) displays Bragg
reflections with relative g values of 1:3, corresponding to a
weakly ordered lamellar morphology (LAM) with a periodicity
of 18.8 nm. In contrast, the tapered linear (SI/S)-40-60
(Figure 4c) reveals a weak higher-order peak at 3'/2 times the g
value of the primary peak (periodicity 21.9 nm), indicating a
weakly ordered hexagonally packed cylindrical (CYL)
morphology at 393 K. Both (SI/S)-60-60 and (SI/S)-40-60
transition to disorder at Topy = 408 + 15 K (see Figure S13 in
the Supporting Information). Selective hydrogenation of the PI
blocks promotes microphase segregation, as evidenced by an
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increase in the domain spacing from 18.8 to 24.4 nm in (SI/S)-
60-60 compared to (SEP/S)-60-60, as well as an increased
intensity of the third-order peak (Figure 4b).

Representative SAXS curves acquired for the tapered star
copolymers are provided in Figure S. In the case of (SI/S),
with 60 wt % PS (Figure Sa), the Bragg reflections at q ratios of
1:2:3 verify a lamellar morphology with a periodicity of 22.6
nm (at T = 423 K). When the PS fraction is reduced to 40 wt
% (Figure Sc), the as-cast film shows an indistinct scattering
pattern; the structure at 293 K resembles CYL without long-
range order (which would show higher-order peaks with
relative g values of 1:2:7'/%:3). Heating to 423 K induces a
sharpening of the peak and the emergence of a shoulder on the
low-q side of the principal peak, at a g ratio of 2232
suggestive of an irregular bicontinuous (BIC) morphology; thls
structure is confirmed by TEM in the following section.
Interestingly, the latter morphology is the one closer to
equilibrium as it persists on cooling to ambient temperature.
As with the linear copolymers, selective hydrogenation of the
PI blocks drives the stars to stronger segregation (Figure S17
in the Supporting Information), producing a lamellar
morphology exhibiting long-range order (Figure Sb).

These results for the tapered (SI/S), stars can be used to
construct a phase diagram (cf. Figure 6). Because of the
unknown interaction parameter in the tapered systems, the
quantity M, /T is plotted instead of the pertinent yN.
Nevertheless, the phase diagram indicates a lamellar morphol-
ogy for the stars with 60 wt % PS and either a CYL or BIC
morphology for 40 wt % PS, indicating that the CYL/BIC
boundary lies close to 40 wt % PS. Several additional
compositions would be required to generate a complete
phase diagram.

To further elucidate the morphology of the tapered (SI/S),
star with 40 wt % PS, TEM images were collected from both
an as-cast film and a film annealed at 423 K for 6 h to match
the SAXS measurement. Representative images are displayed
in Figure 7 and reveal that the morphologies in both cases
appear qualitatively similar and spatially complex, not cylinders
arranged on a hexagonal lattice. Because the tapered I/S
sequences consist of both styrene and isoprene units, the
thermodynamic incompatibility between the S-rich and I-rich
blocks is expectedly lower than that of analogous S and I
blocks of comparable size, as previously established in the
related case of block-random copolymers.” In this latter class
of diblock copolymers, the interblock thermodynamic
incompatibility is not only reduced but, depending on the
composition contrast between the blocks, fluctuations at the
ODT can also be mitigated.” This decreased incompatibility,
coupled with vitrification of the styrene units, is most likely
responsible for incomplete microphase separation when the
copolymer films are initially cast from solution at ambient
temperature (Figure 7a,b).

As a consequence, the electron contrast between the
microdomains is lessened. Thermal annealing promotes an
improvement in the extent of microphase separation in this
copolymer because the microdomains appear more well-
defined (Figure 7c,d), suggesting that the distribution of
correlation distances narrows upon annealing, in agreement
with the SAXS results presented in Figure Sc. Interestingly,
however, the morphological dimensions and symmetry do not
discernibly change in terms of lattice ordering upon annealing.
For example, the microdomain periodicities determined from
specimens before and after annealing are 25.0 + 1.3 and 24.2 +

https://dx.doi.org/10.1021/acs.macromol.0c00645
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Figure 4. SAXS patterns for (a) tapered linear (SI/S)-60-60, (b) hydrogenated derivative (SEP/S)-60-60, and (c) (SI/S)-40-60 copolymers.
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Figure 6. Experimental phase diagram for tapered star (SI/S),
copolymers according to SAXS analysis, indicating the presence of
lamellae (LAM), cylinders (CYL), BIC, and disordered (DIS)
morphologies. For the BIC morphology, only data obtained during
cooling are included. The ODT boundary (dashed line) serves as a
guide for the eye.

1.5 nm, respectively (from 100 measurements of 10 different
images), which also agrees favorably with findings from SAXS.
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Figure 7. TEM images collected from the (SI/S),-40-240 copolymer
(a,b) as-cast from solution and (c,d) after thermal annealing at 423 K
for 6 h. Electron-opaque (dark) regions identify stained isoprene-rich
microdomains. Corresponding SAXS profiles are displayed in Figure
Sc.

Although some of the unstained styrenic microdomains might
exist as isolated cylinders in Figure 7, the overall morphologies
in both cases appear to be weakly bicontinuous, although
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without any particular symmetry (eg, gyroid,”” double
diamond,'” or Fddd'’'); rather, it appears to be a BIC
structure, consistent with the absence of clearly resolved
diffraction peaks in the SAXS pattern (Figure Sc). Previous
studies have documented the presence of blcontlnuous
morphologies in both tapered block copolymers™'®* and
linear multiblock copolymers.'”*'™ In diblock and triblock
copolymer systems, most of these bicontinuous morphologies
have been conclusively identified but not so in multiblock
copolymers.'” This suggests that the increased molecular
complexity that accompanies an increased number of blocks
per molecule can confound the development of a highly
ordered bicontinuous morphology, which generally requires
precise interfacial chain packing to ensure stability.'"®

Mechanical Properties. The ultimate properties of the
multiblock tapered star copolymers produced here were
investigated by uniaxial tensile measurements (see Figure
8§26 in the Supporting Information for representative stress—
strain plots). Hysteresis and recovery data are presented in
Figures $27—532 in the Supporting Information and confirm
that these materials behave as good thermoplastic elastomers.
Here, we focus on the properties at the point of mechanical
failure, which reveal clear trends with macromolecular
characteristics; these property values are presented as a
function of M,, in Figure 8. The stars with 60 wt % PS exhibit
higher ultimate strength (o}, up to 22 + 1 MPa in Figure 8a)
but lower strain at break compared with the stars containing 40
wt % PS (&, up to 1198 + 34% in Figure 8b). The multiblock
tapered star copolymers with 60 wt % PS possess higher
ultimate toughness (U) values at low molecular weights
compared to those with 40 wt % PS. This difference gradually
decreases with increasing M, to 83 + 2 and 87 + 6 MJ/m? for
(81/8),-60-240 and (SI/S),-40-240, respectively, in Figure Sc.
Although the ordered copolymers display higher values of 4y,
&, and U than the disordered ones, there is no obvious
discontinuity; that is, all these attributes increase smoothly
with increasing M,. This demonstrates that even dlsordered
copolymers show large local composition variations,” as
evidenced by the two T,s detectable by DSC. The PS blocks
reside in regions where Tg is above ambient temperature and
therefore act as effective physical cross-links even when the
system is disordered. Note, however, that the lowest-M star
copolymer with 40 wt % PS, (SI/S),-40-80, was too
mechanically weak for tensile testing, which is consistent
with our observation of only one clear T, discernible by DSC
(cf. Figure 3a) and the anticipated absence of physical cross-
links. Values of Ey, as well as the yield stress (o) and yield
strain (e,), showed weaker trends with respect to M, (see
Figures $33—S35 and Table S1 in the Supporting Informa-
tion), and again, no discontinuity is apparent upon passing
from disordered to ordered. The (SI/S),-40-120 copolymer
with a disordered morphology does not reveal a distinguishable
yield point. For the ordered star copolymers, the 60 wt % PS
series (LAM) exhibits a higher Ey (by ~10%), higher o, (by
~4x), and modestly lower &, than the 40 wt % PS series (CYL
or BIC) because of the connectivity of the glassy PS
microdomains.”®

The mechanical behavior and property values for the linear
(S1/8)-40-60 and (SI/S)-60-60 copolymers are generally
similar to those reported in previous studies of SIS triblock
copolymers with cylindrical and lamellar morphologies.”'"”
However, coupling the linear (SI/S) copolymers into star
copolymers results in significant quantitative and even
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Figure 8. Ultimate mechanical properties—(a) oy, (b) &, and (c)
U—of (SI/S), tapered star copolymers (60 and 40 wt % PS) as
functions of M,..

qualitative changes in mechanical behavior, resulting from
changes in morphology. Most notably, the (SI/S)-40-60
copolymer possesses a CYL morphology according to SAXS
and does not exhibit a yield point, while the corresponding
(S1/S),-40-240 copolymer has a BIC structure with an
unambiguous yield point at 6, ~ 2 MPa. These features are
comparable to those for linear SIS triblock copolymers with
CYL or gyroid morphologies, respectively.”> At both 40 and 60
wt % PS, coupling the linear copolymers into star copolymers
is responsible for significant increases in G, Oy and U,
reflecting higher levels of stress throughout the deformation.
The multiplicative factors by which these various properties
increase upon coupling linear copolymers into star copolymers

https://dx.doi.org/10.1021/acs.macromol 0c00645
Macromolecules 2020, 53, 44224434



Tapered Multiblock Star Copolymers: Synthesis, Selective Hydrogenation, and Properties

Macromolecules

pubs.acs.org/Macromolecules

are summarized in Table 3; the individual property values are
available in Table S1 in the Supporting Information.

Table 3. Relative Changes” in Mechanical Property Values
after Coupling (SI/S) Tapered Linear Copolymers into (SI/
S), Tapered Star Copolymers

star copolymer Ag, Ao, AU AEy Aeg, Ao,

(S1/8),-60240 12 16 15 16 12 1.6

(S1/S),-40-240 1.5 48 38 57  yielding only after
coupling

“Factors represent the ratio of values of property P for star versus
linear, that is, AP = P,,./Pycar

At least three phenomena may contribute to such property
enhancement: (1) an elevated bridging fraction in star
copolymers relative to linear copolymers,” (2) additional
fracture resistance imparted by bridging chains in the glassy
domains,*” which are absent in the linear copolymers but are
formed by the central PS blocks in the stars, and (3) increased
resistance to block “pullout” from the PS domains in the case
of the stars, particularly for the second (gradient) PS blocks. In
the linear copolymer, the chain length over which this gradient
PS block is essentially pure PS is shorter than the length of the
first PS block (by ~40%, see Figure S1 in the Supporting
Information) because some of the styrene in the second
monomer charge is statistically copolymerized into the
isoprene-rich midblock. Considering the simple case of a
difunctional CA, which yields an SI/S-CA-S/IS pentablock, the
central PS blocks (S-CA-S) are twice the length of the second
PS blocks in the precursor and are thus actually slightly longer
(by ~20%) than the PS endblocks. A similar situation pertains
to the four-arm star copolymers, which may be viewed as two
pentablock copolymers (SI/S-CA-S/IS) joined at their central
CA linkages. All three factors change simultaneously when
linear copolymers are coupled into star copolymers, so it is
difficult to identify their relative contributions, but they
collectively produce the substantial property improvements
evident in Table 3. An interesting comparison may be made
between the results in Table 3, wherein the number of blocks
per macromolecule is quadrupled by connecting four arms into
a star architecture, and the results of ref 85, in which the
number of blocks in tapered linear (I/S), multiblock
copolymers was varied (by varying n). At a fixed block M,
the linear multiblock copolymers®* display a moderate increase
in £, and o, with increasing n (from 3 to ), although not as
large as Ae, and Ao, values for star copolymers versus linear
copolymers in Table 3 (where the number of blocks per
macromolecule is quadrupled). However, the observed
increases in U and &, for the present stars versus linear are
not evident upon increasing n in the linear multiblocks® at a
fixed block M. Thus, the arrangement of these blocks in a star
architecture produces mechanical property improvements
beyond those achieved by simply connecting the same blocks
into a linear multiblock architecture.

The highest-M linear and star copolymers with 60 wt % PS
were selectively hydrogenated; all four copolymers (linear, star,
hydrogenated, and unhydrogenated) possess a LAM morphol-
ogy at ambient temperature (Table 2). Their stress—strain
curves are provided in Figure 9, and property changes upon
hydrogenation are listed in Table 4. For the linear copolymer
(S1/8)-60-60, Ey increased slightly (1.3X) upon hydrogenation
to (SEP/S)-60-60, but Ey for the star copolymer actually
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Figure 9. Stress—strain curves of the (SI/S),, SI/S, (SEP/S),, and
SEP/S copolymers with 60 wt % PS.

Table 4. Relative Changes” in Mechanical Property Values
after Hydrogenation of (SI/S), Tapered Star and (SI/S)
Tapered Linear Copolymers to (SEP/S), and (SEP/S)

hydrogenated polymer  Ag, Aay, AU AEy Ag Ao,
(SEP/S),-60-240 0.4 09 04 05 12 09
(SEP/S)-60-60 0.7 25 13 13 0.7 2.0

“Factors represent the ratio of values of property P for hydrogenated
versus unhydrogenated copolymer, that is, AP = Py, 4/P, 4.

decreases upon hydrogenation (see Table 4), despite the fact
that the rubbery modulus of PEP is ~3X that for PL’° This
difference must reflect subtle changes in hard (PS) domain
connectivity, for example, at grain boundaries or defects, as
there is no qualitative change in morphology upon hydro-
genation according to SAXS (see Table 2 and Figures S13 and
S14 in the Supporting Information). Enhanced strain harden-
ing is apparent for both linear and star copolymers upon
selective hydrogenation (Figure 9) because of the decreased
entanglement molecular weight (M,) of PEP relative to PI (by
3x).” As a consequence, &, is reduced (by a factor of 0.4) for
(SEP/S),-60-240 compared to (SI/S),-60-240, but less (by a
factor of 0.7) for the tapered linear analogue (Table 4).
Additional qualitative differences were observed between linear
and star copolymers regarding the effect of hydrogenation on
other large-strain properties. Values of 6, increase significantly
for the linear hydrogenated copolymer, by 2.5X for (SEP/S)-
60-60, whereas a slight decrease (by a factor of 0.9) was
recorded for the tapered star copolymer (SEP/S),-60-240. For
the tapered star copolymer, U decreased by a factor of 0.4 but
increased by 1.3X for the tapered linear analogue (Table 4).
These qualitative differences between the linear and star
copolymers upon hydrogenation (increases in 6 and U for the
linear copolymer but decreases for the star copolymer) reflect
differences in the high-strain behavior visible in Figure 9. In the
case of the star copolymer, strong strain hardening is evident
all the way up to break for both unsaturated and saturated
copolymers; the lower &, for the saturated copolymer thus
leads to a lower U upon hydrogenation. However, for the linear
copolymer, the unsaturated derivative undergoes weaker strain
hardening at high strain than its saturated derivative, leading to
a significant increase in 6, upon hydrogenation.

We believe that these changes are related to differences in
the ease of PS block “pullout,” as introduced above; the
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increased segregation strength of SEP/S versus SI/S will hinder
PS block pullout, increasing strain hardening and 6,. By
contrast, for the star copolymer, pullout is already disfavored
by coupling together the second PS blocks, so no further
improvement is observed upon hydrogenation. In summary,
the mechanical properties of the linear tapered triblock
copolymer benefit strongly from selective PI hydrogenation,
whereas the mechanical properties of the star copolymer are
adversely affected. The star copolymer behavior is similar to
sequential linear SIS and SEPS copolymers described in prior
reports,””** while the hydrogenation-induced increase in
mechanical properties of the present linear SI/S copolymers
results from an increase in segregation strength and the
corresponding impediment to PS block pullout.

B CONCLUSIONS

Multiblock four-arm tapered star copolymers with poly-
(styrene)-block-poly(isoprene-grad-styrene) “arms”, (SI/S),,
were synthesized in three steps with molecular weights ranging
from 80 to 240 kg mol™'. Low dispersities (apparent P =
1.04—1.12) were achieved regardless of M and without
additional purification beyond precipitation. At sufficiently
high M, an overall PS content of 60 wt % resulted in the
lamellar order, while either a CYL or BIC morphology was
observed at 40 wt % PS. Disordered morphologies prevailed at
lower M. With decreasing M, the T; values of PS and PI were
found to approach each other but even disordered block
copolymers typically displayed two T,s because of local
composition variations. Selective hydrogenation of the PI
segments of the highest-molecular-weight star and the
corresponding linear copolymers were achieved with high
yields (78—94%), conversions of >98%, and without PS
saturation via a Ni/Al (1:4.25) catalyst. The ultimate
properties (o, &, and U) of the star copolymers simulta-
neously increased as a function of M for both series, albeit
without a discontinuity as the material passed from the
disordered to an ordered state. The highest strain at break (&,
= 1198 + 34%), as well as the highest toughness (U = 83 + 2
MJ/m?), was recorded for the highest-molecular-weight star
copolymer with 40 wt % PS. Selective hydrogenation of the PI
segments of the (SI/S), tapered star copolymer with 60 wt %
PS and highest M, and the corresponding SI/S tapered linear
copolymer resulted in more pronounced strain hardening and
generally lower strain at break. Although the mechanical
properties of the weakly segregated linear copolymer benefited
significantly from selective hydrogenation, the mechanical
properties of the star copolymer decreased in a similar fashion
to those of sequential SIS copolymers. One-pot synthesis and
facile hydrogenation of multiblock star copolymers permit
access to tough, flexible, and transparent polymeric materials
on a multigram scale while exhibiting comparably short
reaction times and retaining low dispersity. Any uncoupled
arms are still incorporated into the physical network and thus
do not decrease the materials’ mechanical performance.
Therefore, this approach holds great promise for the
development of future complex macromolecular architectures.
These materials are not only conceivably useful for a plethora
of applications but also allow precise fundamental studies of
structure—property relationships in nanostructured elastomers
and their blends/composites.
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Figure S1. Calculated down-chain composition profiles for SI/S copolymers (linears and star

arms). The gradient block composition was calculated using the copolymerization equation,’

with the reported values? of 71 = 12.8 and rs = 0.051, accounting for the continuous change in

monomer mixture composition with conversion.

Figure S2. Polymerization reactor with orange color due to polystyryllithium (PSLi) chain

ends before coupling reaction.
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Figure S3. 'H NMR spectrum of (SI/S)s-60-240, 400 MHz, CDCls 295 K.
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Figure S4. '"H NMR spectrum of (SEP/8)4-60-240, 500 MHz, CDCl3, 295 K.
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Figure S5. °C NMR spectrum (attached proton test, APT) and expanded region of (SEP/S)s-

60-240, 500 MHz, CDCl3,295 K.
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Figure S6. Conversion as a function of the number of successive catalyst charges for PI-

selective hydrogenation of (SI/S)s-60-240 using a Ni/Al ratio of 1:4.25.
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Figure S7. SEC elution traces (normalized dRI) of (SI/S)-60-60 (solid black line) and (SEP/S)-
60-60 (dashed red line).

Figure S8. Solution processed (SI/S)4-40-240 tapered star copolymer transparent film.
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Figure 89. DSC thermograms (2™ heating cycle) of (S1/S)s-60-240 and (SI/S)-60-60.
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Figure S10. Isochronal DMTA thermal sweeps (storage modulus, G’; loss modulus, G”; and

tan 8) of (SI/S)4-60-240.
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Figure S11. Isochronal DMTA thermal sweeps (storage modulus, G’; loss modulus, G"; and

tan &) of (SI/S)-60-60.
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Figure S13. SAXS patterns for the tapered linear (SI/S)-60-60 at the indicated temperatures.

Arrows identify the positions of the Bragg reflections corresponding to a lamellar morphology

at 393 K. The Topr is estimated at 408 +15 K.
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Figure S14. SAXS patterns for the hydrogenated tapered linear (SEP/S)-60-60 at the indicated

temperatures, obtained on heating and subsequent cooling. The patterns confirm the existence

of a lamellar morphology up to the highest temperature (453 K).
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Figure S15. SAXS patterns for the tapered star (SI/S)s-60-240 at the indicated temperatures,

obtained on heating and subsequent cooling to 293 K. The patterns confirm the existence of a

lamellar morphology up to the highest temperature (453 K).
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Figure S16. SAXS patterns for the tapered star (SI/S)s-40-240 at the indicated temperatures,
obtained on heating and subsequent cooling to 293 K. Upon heating to 393 K, the main peak
sharpens and reveals a shoulder at low g, which persists upon heating to 453 K and subsequent
cooling. While the absence of clear higher-order peaks prevents an unambiguous assignment

from SAXS alone, TEM reveals an irregular bicontinuous (BIC) morphology both prior to and

after heating.
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Figure S17. SAXS patterns for the tapered star (SEP/S)4-60-240 at the indicated temperatures,

obtained on heating and subsequent cooling. The patterns confirm the existence of a lamellar

morphology up to 453 K.
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Figure S18. SAXS patterns for the tapered star (SI/S)4-60-80 at two temperatures as indicated.

The patterns confirm the existence of a DIS state.
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Figure S19. SAXS patterns for the tapered star (SI/S)4-60-120 at the indicated temperatures.

The patterns confirm the existence of a DIS state. Peak narrowing at lower temperatures reveals

its proximity to 7opr.
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Figure S20. SAXS patterns for the tapered star (SI/S)s-60-160 at the indicated temperatures,
obtained on heating. The patterns indicate a weakly-segregated lamellar phase at lower

temperatures and a transformation to the disordered phase at Topr =398 £ 5 K.

S11



Tapered Multiblock Star Copolymers: Synthesis, Selective Hydrogenation, and Properties 342
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Figure S21. SAXS patterns for the tapered star (SI/S)s-60-200 at the indicated temperatures,

obtained on heating and subsequent cooling to 293 K. The patterns confirm the existence of a

lamellar phase up to 453 K.
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Figure S22. SAXS patterns for the tapered star (SI/S)s-40-80 at the indicated temperatures,

obtained on heating, The patterns confirm the existence of a disordered phase for all 7> 293 K.
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Figure §23. SAXS patterns for the tapered star (SI/S)s-40-120 at the indicated temperatures,

obtained on heating. The patterns confirm the existence of a disordered phase for all 7> 293 K.
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Figure S24. SAXS pattern for the tapered star (SI/S)s+-40-160 at 293 K, confirming the

existence of a disordered phase.
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Figure S25. SAXS patterns for the tapered star (SI/S)s-40-200 at the indicated temperatures,
obtained on heating. The patterns confirm the existence of a CYL structure without long-range

order at T'< 423 K and a DIS structure at 7> 453 K, or Topr=438 + 15 K.
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Figure S26. Stress-strain curves of (SI/S)4 tapered star copolymers with (a) 60 and (b)

40 wt% PS.
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Strain hysteresis testing

The initial (R') and final recovery (RY) of the copolymers listed in Table 1 have been studied by
uniaxial extension with an Instron 5865 according to the method of Burns et al.? with a preset
strain (&) at a speed of 5.08 in/min. When & was reached, the crosshead was reversed until the
initial position was reached again. After the sample was allowed to rest for 5 min, the process
was repeated with increased strain. The applied strain values were chosen to be 25, 50, 100,
150, 200, 300, 400, and 500%. The initial strain (&) was taken from the point where the stress
reached zero upon unloading. The final strain (&) was determined from the values where the
stress first became greater than zero again upon the subsequent loading curve of the next strain

cycle. The recovery was thus calculated as R = (1 — &/&) and plotted in percent.
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Figure S27. Strain hysteresis of the (SI/S)4-60-240 star copolymer.
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Figure S28. Strain hysteresis of the (SI/S)-60-60 linear copolymer.

Figure S29. Strain hysteresis of the hydrogenated (SEP/S)4-60-240 star copolymer.
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Figure S30. Strain hysteresis of the hydrogenated (SEP/S)-60-60 linear copolymer.

As a function of applied strain, R' was found to change differently depending on copolymer
architecture and block chemistry (PI vs. PEP), as demonstrated in Figure S31. For a given
composition (60 wt% PS, saturated or unsaturated), recovery (both R' and Rf) is generally
similar for star vs. linear copolymers. Hydrogenation also does not have a major influence on
recovery (either R' and R"). It is perhaps worth noting that, despite modest variations across the
series, all of these copolymers behave as good thermoplastic elastomers, showing final
fractional recoveries > 90% at modest strain levels (<50%) and > 70% at high strain levels (up

to 600%).
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Figure S31. Initial recovery from strain results of (a) (SI/S)s and (SEP/S)4 tapered star

copolymers and (b) corresponding linear copolymers (SI/S) and (SEP/S).
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Figure S32. Final recovery from strain results of (a) (SI/S)s and (SEP/S)4 tapered star

copolymers and (b) corresponding linear copolymers (SI/S) and (SEP/S).
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Figure S33. Young’s moduli (Ey) of (SI/S)s tapered star copolymers with 60 and 40 wt% PS.
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Figure S34. Strain at yielding (&) of (SI/S)4 tapered star copolymers with 60 and 40 wt% PS.
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Figure S35. Yield stress (oy) of (SI/S)4 tapered star copolymers with 60 and 40 wt% PS.
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In-depth understanding of copolymerization kinetics and the resulting
polymer microstructure is crucial for the design of materials with well-defined
properties. Further, insights regarding the impact of solvents on
copolymerization kinetics allows for precisely tuned materials. In this regard,
in situ '"H NMR spectroscopy enables precise monitoring of the living anionic
ring-opening copolymerization (AROP) of ethylene oxide (EO) with the
glycidyl ethers allyl glycidyl ether (AGE) and ethoxy vinyl glycidyl ether (EVGE),
respectively. Determination of reactivity ratios reveals slightly higher reactivity
of both glycidyl ethers compared to EO, emphasizing a pronounced
counterion chelation effect by glycidyl ethers in AROP. Implementation of
density functional theory (DFT) calculations further illustrates the
complexation capability of ether-containing side groups in glycidyl ethers, in
analogy to crown ethers (“crown ether effect”). Investigation of the
copolymerization in i) THF-d; and ii) DMSO-d; shows an increasing disparity
of reactivity ratios for both glycidyl ethers compared to EO, clearly related to

chain end is feasible. Besides controlled
radical polymerization, living anionic poly-
merization (LAP) remains the most effi-
cient method for the synthesis of well-
defined copolymers with narrow molec-
ular weight distributions and controlled
monomer gradients. Detailed understand-
ing of the compositional profile of the
comonomers along the polymer chains is
of key importance in gradient or tapered
copolymers to adjust the thermal properties
in bulk!'-/ and consequently to control the
morphology!'*’] and properties of the re-
sulting materials.

To date, common methods for the evalu-
ation of reactivity ratios and the correspond-
ing comonomer gradient in the copolymer
chains formed have relied on the determi-
nation of the comonomer content at differ-

decreasing solvent polarity.

1. Introduction

In depth kinetic studies of the statistical copolymerization of dif-
ferent monomers have received renewed interest in recent years,
particularly for living polymerization techniques. In this case,
reactivity ratios mirror the monomer gradients along the chain
and thus “mapping” of the chain composition from initiator to
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ent stages of copolymerization. After termi-

nation at different stages of the reaction,®*!

samples were analyzed by gas chromatog-

raphy to determine residual monomer
content.!'”) These monitoring techniques are time-consuming,
often rather difficult to implement and may hold uncertainties
due to missing reproducibility, since the data are obtained from
different polymerization experiments. In comparison, triad anal-
ysis via 3C inverse gated (IG) spectroscopy!!'''?] is a reliable
method for the determination of the global microstructure, but a
large variety of samples must be synthesized for correct assign-
ment and evaluation of the corresponding triads. In addition, itis
not possible to derive the gradient structure. More recently, in situ
monitoring via near infrared (NIR) spectroscopy!’'*!*| was estab-
lished as a feasible analytical tool to directly correlate the poly-
merization kinetics with the copolymer microstructure for car-
banionic copolymerization. The in situ methods advantageously
permit to follow the mean composition over the whole conver-
sion range, that is, at all given chain positions, resulting in a full
compositional profile of the copolymers.”-'%! For instance, the in-
fluence of temperature!”) and polar additives''*!*l on the compo-
sitional drift and steepness of the gradient in isoprene/styrene-
based tapered block copolymers, synthesized via carbanionic
copolymerization, was recently investigated in great detail via
NIR spectroscopy.

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH CmbH
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The rather slow polymerization kinetics of the anionic
ring-opening polymerization (AROP) in polar aprotic solvents
facilitates NMR spectroscopic monitoring at room temperature.
This has been exploited to follow the monomer consumption
of epoxides!!®?21223] a5 well as activated aziridines!**?’! via
in situ '"H NMR spectroscopy. Depending on the comonomer
employed, the copolymerization of EO with monosubstituted
epoxides may result in rather different polymer microstructures.
For instance, preferred addition of EO over alkylene oxides!"!
and glycidyl amines!'®! to the active chain end has been ob-
served. In anionic copolymerization with EO, both propylene
oxide (ryo = 2.8, rpo = 0.25)""] and butylene oxide (ry, = 6.46,
rso = 0.148) exhibit significantly lower reactivities compared
to EO.1? In contrast, the copolymerization of EO with various
glycidyl ethers (GE) generally revealed an almost ideally ran-
dom distribution of the comonomer units along the polyether
backbone.!'720%.21] Considering the underlying reactivity ratios,
r, and rate constants, k (reo = kg po/krocer Teo = Kerce/ker o)
this copolymerization behavior necessitates kyo o = kgppo as
well as kgpor = kgoge and thus the product ryyerg; equals
unity. Consequently, non-terminal models, for example, the
Jaacks method'?! can be employed to investigate the underlying
copolymerization kinetics in AROQP. 282317

In addition to the chemical nature of the monomers, the polar-
ity of the solvent and its potential interaction with the counterion
affects the kinetics of AROP copolymerization. EO or substituted
epoxides have been investigated with regard to polymerization
kinetics in different aprotic polar solvents ranging from linear
and cyclic ethers!*®* to polar solvents like dimethyl sulfoxide
(DMSO)***%l and hexamethylphosphoramide (HMPA).I*6*%] De-
pending on the polarity of the solvents, ion pairs were observed
as reactive species in ethers,***!) whereas free ions were found to
be present in the case of the more polar DMSO* and HMPA.*%]
Nevertheless, although the homopolymerization kinetics in these
solvents is well understood, the influence of the solvent on the
copolymerization kinetics of EO with monosubstituted epoxides
remains largely unexplored.

In 2011, our group investigated the microstructure of copoly-
mers consisting of ethoxy vinyl glycidyl ether (EVGE) and EO
copolymerized with cesium alkoxides in THF via *C NMR triad
analysis. The post-polymerization analysis revealed a random
distribution of EVGE units along the polymer backbone while
no specific reactivity ratios were calculated.!*!! One year later,
Lynd, Hawker and coworkers reported a novel initiator-based
method for the calculation of the reactivity ratios based on post-
polymerization '"H NMR spectroscopy. Here, the AROP copoly-
merization of EO and monosubstituted epoxides, namely EVGE
and allyl glycidyl ether (AGE), was investigated in THF with
potassium alkoxides as active chain ends./*?!

To the best of our knowledge, merely the variation of the re-
activity ratios in the presence of electron donors has been inves-
tigated in detail for the copolymerization of epoxides to date.!'")
Further, online monitoring of the comonomer consumption dur-
ing copolymerization of EO with EVGE/AGE has not been com-
pared in-depth regarding the influence of substituents as well as
solvent variation.

In the current work we utilize in situ 'H NMR kinetics to eval-
uate and compare the reactivity ratios of the copolymerization of
EO with EVGE and AGE, respectively, both in tetrahydrofuran-

Macromol. Chem. Phys. 2023, 224, 2200209 2200209 (2 of 7)
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dg (THF-dg) and DMSO-d,, as solvents (Scheme 1). DFT calcula-
tions were employed, leading to an in-depth understanding of the
copolymerization kinetics.

2. Results and Discussion

2.1. Impact of Solvents on Copolymerization Kinetics of EO and
Glycidyl Ethers

The anionic ring-opening polymerization (AROP) of epoxides is
often performed in polar solvents to achieve ion pair separation
and consequently accelerate the polymerization. DMSO with a
dipole moment of 3.96 D is the solvent with the highest polarity
that can be utilized in AROP, besides the carcinogenic HMPA,
which was not used in this study for safety reasons. Thus, DMSO
can be considered as the ideal polar system with a high extent of
ion dissociation and free ions as the active species.**! On the con-
trary, THF exhibits a lower dipole moment of 1.63 D and accord-
ingly is a less polar solvent implemented in AROP, permitting
only partial dissociation of alkali metal alkoxides.'*’! The reactive
species of the alkoxide chain ends in THF can be characterized
as ion pairs, These ion pairs are in equilibrium with unreactive
aggregates,I*'l and polymerization in THF most likely mimics the
behavior in bulk polymerizations of epoxides. Therefore, DMSO
and THF represent a strongly polar and a comparably nonpolar
example to perform AROP of epoxides. Although several stud-
ies targeting the copolymerization of EO with various substituted
epoxides have been conducted in either THF, DMSO, or mixtures
of both, their influence on the copolymerization kinetics has not
been compared in a detailed manner to date. Based on this lack
of data, we elucidated the impact of solvent polarity on the incor-
poration of different epoxides in the polyether during the copoly-
merization of EO with monosubstituted epoxides via in situ 'H
NMR kinetics. To this end, model copolymerization reactions of
EO with the two typical glycidyl ethers AGE and EVGE, respec-
tively were performed, initiated by potassium benzyl alkoxide at
45°C in DMSO-d, and THF-d;, respectively. Potassium benzyl
alkoxide was selected as initiator as a commonly employed ex-
ample in AROP./*#2] By recording one spectrum every 30 s, the
monomer consumption was monitored over time (Figure 1, top),

As shown in Figure S1, Supporting Information, in DMSO,
the copolymerization of EO with AGE and EVGE exhibits high
propagation rates, with a half-life (509 conversion) of the respec-
tive glycidyl ether of 13 (AGE) and 20 min (EVGE), respectively.
A plot of comonomer consumption versus total conversion, as
shown in Figure 1 (bottom), shows that in both cases the glycidyl
ether is incorporated slightly faster than EO.

Implementation of the Jaacks equation!*] enabled the calcula-
tion of reactivity ratios for both copolymerizations with a coeffi-
cient of determination (R?) of 0.9995 (AGE) and 0.998 (EVGE),
respectively (Figure S2, Supporting Information). The Jaacks
model is a non-terminal, integrated model for ideal copolymer-
izations that originates in the simplification r, = r,” and relies
on the linearization of the Meyer-Lowry equation. The latter is
applicable, if the rate of monomer incorporation does not show
a strong dependence on the identity of the terminal unit, but on
the nature of the reacting monomers. Its strength lies in the re-
duction of potential errors caused by overfitting. The implemen-
tation of the non-terminal model is further justified by DFT cal-

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Scheme 1. Copolymerization for P(EO-co-AGE) and P(EO-co-EVGE), initiated by potassium benzyl alkoxide in DMSO-dg and THF-dg.
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Figure 1. Top: in situ "H NMR kinetics of the anionic copolymerization of EO with AGE in DMSO-d;, (left) and with EVGE (right), initiated by potassium
benzyl alkoxide at 45 °C; bottom: conversion of both comonomers versus total conversion.

culations, as discussed in a later section. Note that reactivity ra-
tios are defined as r, = k,,/k,, andr, = k,,/k,, with index
1 representing EO and 2 the respective glycidyl ether. Both gly-
cidyl ethers demonstrate rate constants of kg acr > Kacr o and
keveeevee > Kevae.po» Tesulting in the preferential incorporation
of AGE and EVGE in the early stages of the copolymerization.
The herein performed in situ kinetic experiments in DMSO con-

Macromol. Chem. Phys. 2023, 224, 2200209 2200209 (3 of 7)

sequently revealed reactivity ratios of ry,,"M° = 0.92 + 0.002
and r,:"MS = 1.08 + 0.002 as well as r;,"M5° = 0.81 + 0.001
and rpye"MS© = 1.23 + 0.002. Collectively, the copolymerization
of EO and AGE in DM SO shows nearly ideally random character,
whereas the copolymerization with EVGE results in a very slight
gradient microstructure. Based on the obtained reactivity ratios,
the molar composition diagrams F; versus total conversion il-
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Figure 2. Top: in situ '"H NMR kinetics in THF-dg of the anionic copolymerization of EO/AGE (left) and EO/EVGE (right), initiated by potassium benzyl
alkoxide at 45 °C; bottom: consumption M, /M, , _ o versus total conversion for P(EO-co-AGE) (left) and for P(EO-co-EVGE) (right).

lustrate the close to random (AGE) and slight gradient (EVGE)
microstructure (Figure S3, Supporting Information).

Subsequently, analogous in situ "H NMR kinetic experiments
were performed in THF to determine the polymerization kinet-
ics of ion pairs in equilibrium with unreactive aggregates. As ex-
pected, in THF both copolymerizations revealed significantly de-
creased propagation rates compared to DMSO, leading to half-
lives of 17.3 h (AGE) and 7.6 h (EVGE), respectively (Figures 2
and Figure S4, Supporting Information). The experiment was not
carried out to full conversion due to limited measurement time.
Nevertheless, the amount of data points reaching >70 % conver-
sion ensures a reliable evaluation of reactivity ratios by the Jaacks
equation (R? of 0.997 (AGE) and 0.992 (EVGE)) (Figure S5, Sup-
porting Information).

The differences in reactivity between EO and both glycidyl
ethers are notably more pronounced in THF in comparison to
the polar DMSO system, albeit without changing the overall
trend. Accordingly, reactivity ratios were determined as ry,"F =
0.78 + 0.001 and r,c;™F = 1.29 + 0.002 as well as r,,™F =
0.48 + 0.004 and ryc; ™M = 2.05 + 0.015. In THF, both copoly-
merizations exhibit soft gradient microstructures, illustrated in
the molar composition diagrams (Figure S6, Supporting Infor-
mation). In the case of P(EO-co-EVGE), the gradient determines
the nature of the terminal units, consisting almost exclusively of
EO repeating units, which can be important for further trans-
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formation of the chain end. The investigated polymerizations in
DMSO as well as THF resulted in polymers of low to moderate
dispersities (D < 1.19) (see Figure S7, Supporting Information).
A summary of the evaluated reactivity ratios compared to the
values reported by Lynd, Hawker and coworkers!*?| based on a
different method, that is, the end-group dyad (EGD) method as
well as the current results of our group evaluated by *C NMR
triad analysis (for EVGE)!*!] is given in Table 1. The reactivity ra-
tios evaluated for the copolymerization of EO and AGE in THF
are in good agreement for both methods (in situ and EGD), while
the error is decreased for in situ kinetics due to the large amount
of data points. However, the copolymerization of EO and EVGE
shows a pronounced discrepancy when comparing the different
methods. The EGD analysis yielded a more pronounced reactiv-
ity of EVGE compared to the established in situ method as well as
the C NMR triad analysis. Analysis via EGD enables facile and
quick first access to reactivity ratios subsequent to several poly-
merization experiments via 'H NMR spectroscopy, but it relies
on the first monomer addition steps at the initiator. In contrast,
in situ experiments reveal online results with a multitude of data
points over minutes up to hours reaction time, however necessi-
tating a demanding reaction set-up within the NMR spectrome-
ter. Nevertheless, the calculated reactivity ratios are independent
of the nature of the utilized initiator and enable precise results
with low error values, notably up to full monomer conversion.

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Table 1. Reactivity ratios evaluated by in situ "H NMR experiments using the Jaacks method,[?°] by EGDI*?] and '3C triad analysis.[!]

Monomer Method Solvent eo reo®” ree reet” eo X e R?
AGE Jaacks DMSO 0.92 0.002 1.08 0.002 1.00 0.9995
Jaacks THF 0.78 0.001 1.29 0.002 1.00 0.997
EGD THF 0.54 0.03 1.31 0.26 0.7
EVGE Jaacks DMSO 0.81 0.001 1.23 0.002 1.00 0.998
Jaacks THF 0.48 0.004 2.05 0.015 1.00 0.992
EGD THF 0.32 0.10 3.50 0.90 1.12
triad analysis THF feo R rge & 1

EO chain end + EO

EO chain end + AGE

EO chain end + EVGE

[ increasing chelation of potassium cation

)

Figure 3. Complexation of potassium by EO chain end with EO, AGE, and EVGE calculated by DFT.

2.2. Impact of Transition State on Monomer Reactivity

The described results demonstrate that the influence of cation
complexation on monomer reactivities during the polymeriza-
tion is more pronounced in THF rather than DMSO. Following
these findings, we postulate a transient “crown ether-effect” of
the investigated glycidyl ethers, causing the enhanced reactivity
of both glycidyl ethers compared to EO in THF, as also mentioned
by Lynd, Hawker et al.l*?] It is a known phenomenon that the ad-
dition of 18-crown-6, a cyclic oligo(ethylene glycol) consisting of
six EO repeating units, strongly complexes potassium cations in
THEF.[*] The distance of two methylene units between the oxy-
gens of 18-crown-6 is similarly found for the three oxygens in
EVGE. Based on this rationale, a preferential combined com-
plexation of the potassium cation with EVGE monomer and the
alkoxide of the propagating chain via chelation can be hypothe-
sized and investigated by quantum chemistry methods, namely
density functional theory (DFT) (Figure 3, right). In contrast, EO
exhibits only one coordination site per monomer and therefore
a lower complex coordination constant with potassium cations.
Consequently, this results in a higher probability to find EVGE
rather than EO in the chain segments close to the initiator, ex-
plaining the preferential incorporation of EVGE (ryc > 1) dur-
ing chain propagation. The chelation of potassium cations is less
pronounced for AGE, as only two possible coordination sites are
present in each AGE monomer (Figure 3, center). Therefore, the
stability constant of AGE complexes is lower than that of EVGE,
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but still somewhat higher than for EO, resulting in a merely
slightly preferred addition of AGE to the chain end in THF (r,¢
> Iig)-

The propagating chain ends of the three investigated
monomers were simulated using DFT calculations. As visualized
in Figure S8, Supporting Information, the presence of a glycidyl
ether, namely AGE or EVGE, as an ultimate or penultimate re-
peating unit of the growing chain allows for a complexation by
not merely the backbone oxygens of the former epoxide moiety,
but also by the glycidyl ether’s side chain. In the case of AGE,
the number of oxygens potentially coordinating to the potassium
counterion equals the number of coordinating atoms when the
backbone aligns with the counterion. On the contrary, with the
two oxygen atoms of the side chain of EVGE, the propagation
chain end with (pen)ultimate EVGE units further saturates the
complexation sites of the potassium counter ion. As discussed,
the coordination capability of the monomers to be added follows
the trend EO < AGE < EVGE (Figure 3).

The enhanced coordination of the potassium counterion by
the monomer going from EO and AGE to EVGE was observed
as a local energy minimum. Hence, the inherent entropic bene-
fitis a determining factor for the preferred chelation of the potas-
sium cation. Furthermore, we compared the electron densities of
the electrophilic methylene groups of the epoxides calculated by
DFT, which are attacked by the alkoxide during polymerization.
Since the bond angles of the different epoxides and hence the ring
strain of the monomers are comparable, the electron density is

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Table 2. Partial charges of the unsubstituted methylene carbon of the epox-
ide moiety of the monomers ethylene oxide (EO), allyl glycidyl ether (AGE),
and ethoxy vinyl glycidyl ether (EVGE) calculated by DFT without taking
solvation into account or rather in THF and DMSO using CPCM.

System EO AGE EVGE

Vacuum —0.285e -0.251e -0.251e
THF -0275e -0.242 e -0.249e
DMSO -0.273 e —0.240e —0.243 e

the pivotal parameter for the monomer reactivity. In Table 2, the
partial charges of the three monomers simulated in vacuum as
well as in THF and DMSO are given, using the implicit solvation
model CPCM.

Both investigated glycidyl ethers exhibit lower electron density
at their electrophilic carbon relative to EO. The trend is further
decreased for all epoxides with increasing dipole moment of the
respective solvent. Consequently, the partial charges give a first
indication for preferential incorporation of the glycidyl ethers at
the chain end compared to EO. The observed trend in monomer
reactivity is further verified by evaluating the electron densities
of the electrophilic epoxide methylene groups once coordinated
to the propagating chain end, (see Table S1, Supporting Informa-
tion).

This is in accordance with the observed trend from the in situ
'"H NMR kinetic experiments. Surprisingly, the unsubstituted
methylene carbon of AGE exhibits a higher electrophilicity than
the respective carbon of EVGE in all solvents. Considering the
afore described reactivity ratios, the potassium complexation of
glycidyl ethers appears to be the major contributing factor to the
copolymerization kinetics in THF, rather than the electrophilic-
ity itself. These findings suggest that the monomer, but not the
respective chain, primarily affects the incorporation with its spe-
cific complexation behavior. This further supports the implemen-
tation of the non-terminal model for the determination of reac-
tivity ratios by in situ 'H NMR measurements.

Additional considerations are required to understand the im-
pact of solvent polarity on the differences of the reactivity ratios in
THF and DMSO (rg;"M*° and rg; "'F). Compared to THF, DMSO
is a solvent with a high dipole moment. The resulting high polar-
ity of the solvent allows an excellent dissolution of ions. There-
fore, free ions are the primary active species, which mainly con-
tribute to propagation./*”! The strong solvation effect of DMSO
has a documented impact on complexes, for example, it is known
to decrease the stability constants of crown ether complexes.!*!
This influence is clearly visible when comparing the reactivity
ratios obtained via in situ "TH NMR measurements in the dif
ferent solvents. In DMSO, only a slightly preferred incorpora-
tion of EVGE over EO is observed. Therefore, the previously pro-
posed crown ether-effect of EVGE in THF (Figure 3) is less pro-
nounced in the case of DMSO. This is additionally confirmed
by the increasing ry, values from THF (0.57) to DMSO (0.81)
and the increasing similarity of rp,c;"M5¢ (1.23) and r,;°M5°
(1.08). The described influence of DMSO is equally observed in
the copolymerization of EO with AGE, resulting in an almost ide-
ally random copolymerization with ryq & rycg. Similar values of
the reactivity ratios were previously reported by our group for the
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copolymerization of ethoxyethyl glycidyl ether (EEGE) with EO in
DMSO under AROP conditions.!!”!

In summary, variation of the chemical structure of a glycidyl
ether, for example, the addition of an ethylene glycol spacer at
the monomer side chain, has a distinct influence on the behav-
ior of epoxide monomers in the copolymerization with EO and
consequently the microstructure of the resulting copolymers. In
this context, the choice of solvent thus has a pronounced effect
on the copolymerization reaction kinetics.

Further, the choice of a non-polar solvent enables the synthesis
of “EO-rich” terminal segments within the polymer microstruc-
ture. If post-modification of the w-terminus is desired, a de-
creased reactivity of EO in copolymerization leads to an increase
of primary hydroxy functionalities in the resulting polyether.
Consequently, the reactivity of the polyether copolymers for post-
modification reactions is largely enhanced.

3. Conclusion

With this study we aim at a general understanding of the an-
ionic ring-opening copolymerization kinetics of ethylene oxide
(EO) with glycidyl ethers (GE), relying on online 'H NMR moni-
toring of the reaction. Allyl glycidyl ether (AGE) and ethoxy vinyl
glycidyl ether (EVGE) were chosen as typical and synthetically
valuable representatives of glycidyl ether monomers, and copoly-
merization was carried out either in THF or DMSO. Online 'H
NMR kinetics enables in situ monitoring of monomer consump-
tion, leading to precise and reliable determination of reactivity
ratios by common non-terminal models. Both investigated gly-
cidyl ethers exhibited slightly higher reactivity ratios than EO in
DMSO as well as in THF. However, the reactivity difference in-
creased with reduced solvent polarity. These results further em-
phasize the crown ether effect and the underlying multidentate
cation complexation as the driving force for the enhanced reac-
tivity of glycidyl ethers compared to EO in the anionic copoly-
merization. The impact of the crown ether-like complexation con-
sequently increased with reduced cation dissociation in less po-
lar media going from DMSO to THF. Supplementary calcula-
tions by density functional theory (DFT) support the presented
crown ether-effect, showing the stronger complexation with in-
creasing number of oxygen atoms comparing EO with ethylene
glycol spacer containing GEs (EO < AGE < EVGE).

Overall, the results disclose the underlying effects of the
slightly preferred glycidyl ether incorporation over EO. This is
crucial for the design of glycidyl ether-based copolymers since the
resulting microstructure is tunable to a certain extent by choice
of solvent as well as the introduction of ethylene glycol spacers
in the monomer structures. The monomer gradient governs the
behavior of the resulting materials in bulk or solution. In sum-
mary, this study provides in-depth insights in epoxide reactivity
with respect to the design of the respective monomers as well
as its solvent dependence. The results emphasize the vast value
of in situ experiments for the control of chemical properties via
precise tuning of polymer microstructures.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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An exemplary ORCA inputfile allowing the calculation of a local energy minimum is shown
below:

'B3LYP D3BJ def2-TZVP CPCM(solvent) TightSCF RIJICOSX Opt Grid6é NoFinalGrid
GridX8 FREQ NORMALPRINT GCP(DFT/TZ)

%maxcore 8000

%PAL NPROCS 64 END

Yoscf

MaxlIter 2000

SCFMode Direct

Convergence VeryTight

End

* xyzfile Charge Multiplicity 3d_coordinates.xyz

1.4. Size Exclusion Chromatography

Size exclusion chromatography (SEC) measurements were performed in dimethylformamide
(DMF) with 1 g/l lithium bromide as an eluent at 50 °C. An Agilent 1100 Series was used,
equipped with HEMA 300/100/40 columns, and calibration was carried out using
polyethylene glycol (PEG) standards, both provided by Polymer Standard Service (PSS),

Mainz.

2. Results of in situ "H NMR Kinetic Experiments

xt X, t=0
xt o xt=0

consumption M_ /M
consumption M_ /M

0 20 40 60 a0 100 120 140 0 20 40 60 B0 100 120 140 160 180
time [min] time [min]

Figure S1. Time-conversion plot of of the copolymerization of EO with AGE (left) and with-
EVGE (right) determined via in situ 'H NMR kinetics in DMSO-d; at 45 °C.
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Figure S2. Jaacks plot for the copolymerization of EO with AGE (left,

rEo” 50 = 0.92 4 0.002 and rage” 0= 1.08 +0.002; R* = 0.99) and with EVGE (right,
reo” %0 = 0.81 £ 0.001 and revee” 0= 1.23 +£0.002; R? = 0.99) determined via in situ 'H

NMR kinetics in DMSO-ds at 45 °C.
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Figure S3. Molar-based composition diagram of P(EOQ-co-AGE) (left) and P(EO-co-EVGE)
(right) in DMSO-ds with an initial equimolar ratio. Fage = AGE incorporation, Fevge =

EVGE incorporation.
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Figure S4. Time-conversion plot of the copolymerization of EO with AGE (left) and with-
EVGE (right), determined via in situ "H NMR kinetics in THF-dj at 45 °C.
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Figure S5. Jaacks plot for the copolymerization of EO with AGE (left, reo Tt =10.78 + 0.001
and rage " =1.29+0.002 ; R* = 0.99) and with EVGE (right, rgo’ " = 0.48 + 0.004 and
revee T =2.05+0.015; R = 0.99) determined via in situ '"H NMR kinetics in THF-ds at
45 °C.
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Figure S6. Molar-based composition diagram of P(EO-co-AGE) (left) and P(EO-co-EVGE)
(right) in THF-ds with an initial equimolar monomer ratio. Fage = AGE incorporation, Feyge
= EVGE incorporation.
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3. Molecular Weight Distributions of Copolymers
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Figure S7. SEC traces of P(EO-co-AGE) and P(EO-co-EVGE) copolymers synthesized in
DMSO-ds und THF-ds at 45 °C (solvent: DMF, standard: PEG).

The SEC traces of the in-situ 1H NMR kinetic show molecular weight distribution from 3000
to 3700 g mol™ with dispersities ranging from 1.08 to 1.19 (Figure S7). Please note that the
samples were formed in the NMR tube. In the case of the THF samples, high molecular
weight shoulders can be observed, which can be explained by the presence of traces of water
in the polymerization process. However, the presence of water has no influence on the
concentration of active chain ends and the monomer consumption because the concentration
of active chain ends is equal to the amount of alkoxides present in the system. Further, water
is consumed at the beginning of the polymerization as an initiator and therefore does not
change the polarity of the solvent during the copolymerization. As a result, online monitoring
results regarding monomer consumption via in situ 'H NMR measurements are independent

of the dispersity of the samples.
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4. Supplementary DFT Calculations
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Figure S8. Complexation of the potassium counterion within the two penultimate monomer
units. Potassium methanolate was utilized as a model initiator for this simulation. The
multidentate chelation with the potassium counterion is shown for combined incorporated
monomer units, visualizing the comparably poor complexation by solely EO repeating units.

Table S1 opposes electron densities of the precursors with the ones of the uncoordinated
monomers, showing that with the coordination to the propagating chain end the electron
density is lowered in all cases, further increasing the electrophilicity of the reaction site.
Besides, for both comonomer pairs implemented (EO/AGE and EO/EVGE) the partial charge
at the electrophilic methylene group of the epoxide moiety to be attacked is lower for the

glycidyl ethers than for ethylene oxide, further supporting the experimentally observed slight

gradient formation upon copolymerization.
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