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ABSTRACT: The effect of lithium, sodium, and potassium tert-amylates on the
kinetics of the statistical anionic copolymerization of styrene and isoprene in
cyclohexane was investigated using in situ near-infrared (NIR) spectroscopy. The
reactivity ratios and the related comonomer gradients can be adjusted over the
entire range resulting in both random and inverted gradient copolymers. Lithium
tert-amylate retards the polymerization at overstoichiometric concentrations. In
contrast, even at low concentrations, sodium and potassium tert-amylate increase
the rate of styrene polymerization due to a counterion exchange. Only 1/30
equiv of potassium tert-amylate relative to butyllithium is necessary to obtain
random copolymers, which unexpectedly consist of short blocks. Remarkably, a
high content of isoprene 1,4-units is maintained, leading to a low glass transition
temperature of —55 °C of random or inversely tapered poly(styrene-co-isoprene).
Thus, in contrast to Lewis base modifiers, the diene microstructure can be
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decoupled from reaction kinetics, when potassium alkoxides are used.

Bl INTRODUCTION

Living anionic polymerization, discovered by Szwarc in 1956,
enables the synthesis of a wide range of well-defined (multi)
block copolymers." Although this polymerization technique
places high demands on the purity of both monomers and
solvents, it has been used for the synthesis of thermoplastic
elastomers (TPEs) for a long time.”’ These phase-separated
materials consist of at least three different blocks in an ABA
structure, where polymer A is a block with a high glass
transition temperature, Ty, usually styrene (S), and the
midblock B is a highly flexible polymer with a low T, usually
a poly(1,3-diene), commonly based on butadiene (B) or
isoprene (I).*"® A large variety of products are synthesized
from the combination of styrene and diene by changing
polymer architecture, composition, molecular weight, and
microstructure of the diene. Biobased and specialized
monomers have also been used to synthesize (block)-
copolymers with tailored properties for high-performance
materials.”~"® Here, block copolymers are synthesized by
stepwise addition of individual monomers.

Very early, it was discovered that the statistical copoly-
merization of styrene and dienes initiated by butyllithium
(BuLi) in nonpolar solvents leads to “tapered” copolymers
displaying similar properties as block copolymers.”* In these
solvents, the diene polymerizes first, and most of the styrene is
incorporated after complete consumption of the diene. This
translates to disparate reactivity ratios rg = 0.05; ry = 15 and rg
= 0.013; and r; = 10.1 for the S/B**' and S/T'° system,
respectively, resulting in strong gradient copolymers.”’ The
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reason for these strong differences in the reactivity ratios is the
large discrepancies in the crossover rates, kg >> kst

In apolar solvents, such as cyclohexane, the living, lithiated
polymer chain ends form inactive dimers in equilibrium with
the nonaggregated chains, acting as polymerization centers
(Scheme 1)."*'>'"7** The addition of polar additives, so-
called modifiers, breaks up the aggregates and increases the
reactivity of the comonomers to different extents. Typical
modifiers are Lewis bases like methyl-tert-butylether (MTBE),
THF, 2,2-di(2-tetrahydrofuryl)propane (DTHFP), or amines
like tetramethylethylenediamine (TMEDA).”*~** By using
increasing equivalents (equiv) of these modifiers with respect
to the butyllithium initiator, the reactivity ratios converge,
leading to random copolymers or even inverted gra-
dients."®***%*” However, the use of these polar modifiers
leads to a strong decrease of 1,4-microstructures in the
polydiene, thus increasing the glass transition temperature,
which limits their usage as thermoplastic elastomers.”***~*

In previous works, several authors have investigated the
effects of Lewis acid ligands, and specifically alkali alkoxides
(Li, Na, K, Rb, Cs), on the homo- and copolymerization of
styrene and butadiene.” ~*” These highly aggregated modifiers
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Scheme 1. Aggregation of Polystyryllithium in Apolar Solvents and the Effect of Lewis Bases (Example: THF) on the
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“Reproduced from ref 17 with permit from the American Chemical Society.

form mixed aggregates with the polymer chain end, changing
reactivity.””*®  Addition of 6 equiv lithium tert-butoxide
(LiOtBu) relative to butyllithium reduced the homopolyme-
rization rate by a factor of 6.25 for butadiene and 2.3 for
styrene.33

The introduction of higher alkali alkoxides results in an
intermolecular exchange of counterions via mixed aggregates
(Scheme 2). This equilibrium must be fast, as low dispersities

Scheme 2. Two-State Model of Polymerization®”
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“Adapted with permission from ref 31. Copyright 1969, John Wiley
and Sons.

(P < 1.1) and the desired molecular weights were
achieved.’"*”**~* However, different authors disagree on
the question whether the mixed aggregate is active in
polymerization."* ™ As a general trend, increasing amounts
of these modifiers and increasing counterion size increase the
homopolymerization rate of both styrene and diene mono-
mers, and styrene is more accelerated than the diene.*"’

This influence does not only affect kinetics but also
determines the microstructure of the polydiene and,
consequently, the glass transition temperature. Literature
results on the vinyl unsaturation of polybutadiene in the
presence of an excess of lithium alkoxides scatter widely.
Makowski recorded an increase up to 40% vinyl unsaturation,
while Hsieh only found an increase to 10%.”>** In contrast, the
addition of 1 equiv sodium tert-butoxide (NaOtBu) already
increases the vinyl unsaturation of polybutadiene from 5 to
70%,>"*°° which is the microstructure obtained with metallic
or organosodium initiators.*®***'7>* Overall, sodium alkoxides
exert the strongest modifier effect on the microstructure.*’

Various groups investigated the effect of potassium alkoxides
in sub- and overstoichiometric concentrations for the polymer-
ization of butadiene and isoprene on their respective
microstructure.”*"*”** Depending on the modifier concen-
tration, a wide range of vinyl unsaturations of 20 to 50% was
observed. Both metallic and organopotassium initiators also
increased vinyl unsaturation to $50%.*”°*°>° Significant
differences in the vinyl content were observed between
butadiene and isoprene at comparable modifier concentra-
tions,”*” which was explained by the PI/KOtBu adduct acting
as a Schlosser-Lochmann base, deprotonating the 2-methyl
group.*"*”3°7% The higher alkali alkoxides of rubidium and
cesium qualitatively had similar effects as potassium.””

The statistical copolymerization of styrene and butadiene in
the presence of various alkali alkoxides was investigated in
several studies. In all studies, only the rate of total comonomer
consumption and the fraction of styrene units in the copolymer
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as a function of conversion were determined, the latter being a
rough estimate of the comonomer gradient along the
chain.*>****~°" The addition of up to 6 equiv LiOtBu retarded
the reaction but had no significant impact on the gradient,
which is quite surprising in view of the previous results of the
homopolymerizations.****

Higher alkali alkoxides had strong effects on the
copolymerization rate and on the styrene incorporation,
which increased from Na <« K ~ Rb < Cs.** Already 0.2
equiv of NaOtBu is sufficient to achieve random copoly-
merization.”> Organosodium initiators were also investigated
and reactivity ratios determined as rg = 0.42 and r = 0.3.%
These initiators undergo chain transfer to toluene, which can
be suppressed by the addition of lithium alkoxides.*® It could
be assumed that the main reaction center is the polymer anion
with lithium as the counterion, but the high vinyl content of
70% is not consistent with this assumption.”*”*° Therefore, it
was concluded that the main reaction center is a bimetallic
mixed complex (intermediate in Scheme 2), which differs from
either of the initial compounds.®"**

The use of potassium alkoxides in the copolymerization of
styrene and butadiene drastically changes the comonomer
incorporation; already 1/30 equiv is sufficient for a random
copolymerization, and at higher ratios (up to 1 equiv),
inversion of the gradient was observed.****°"**** Various
publications®®®” and patents describe the use of potassium
alkoxides for the synthesis of random S/B copolymers.”*™""
Wofford and Hsieh as well as Arest-Yakubovich and co-
workers studied the copolymerization of styrene and butadiene
in cyclohexane at 25 °C with an organopotassium initiator and
also found an inversion of reactivities compared to
butyllithium (rg = 3.3 and ry = 0.12).>>%°

The mechanism of homo- and copolymerization in the
presence of sodium and potassium alkoxides is not fully
understood. Two different mechanisms have been pro-
posed,””’*”* a two-state mechanism®>* and a single-state
mechanism consisting of a multicomponent complex, i.e., a
mixed ;1ggregate,36’44’51 as the reaction center, as shown in
Scheme 2. The two-state mechanism assumes a reversible
exchange of counterions; a mixed aggregate is not considered
or is inactive. Each of the two propagating centers, when active,
leads to its own microstructure.””*’~*7?

This work presents the first in-depth kinetic investigation on
the copolymerization of styrene and isoprene in the presence
of lithium, sodium, and potassium alkoxides in cyclohexane.
Using in situ near-infrared (NIR) spectroscopy enabled us to
independently track the conversion of both monomers and
thus determine reactivity ratios and comonomer gradients
along the polymer chain. Investigations on their micro-
structure, blockiness, and glass transition temperature enabled
a better understanding of the polymerization mechanisms with
Lewis acid modifiers.
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Table 1. Effect of Alkali tert-Amylates on the Copolymerization of Styrene and Isoprene

Amylate M2 b2 rs® r° rsn Blocki- 1,4 [%]° 3,4[%]° | 1,2[%]° | T¢[°C]® Volume
equivalents | [kg/mol] ness*® [%] Gradient
0 83.9 1.05 | 0.009 9.05 0.081 75 94 6 0 -41/101
LiOAm
0.05 79.5 1.05 | 0.013 8.83 0.12 75 94 6 0 -42/101
0.25 86.0 1.05 | 0.009 8.84 0.080 74 94 6 0 -42/101
1 98.5 1.04 | 0.013 7.07 0.092 73 94 6 0 -40/101
3 91.4 1.10 | 0.67 1.49 1 56 84 16 0 8
10 127 1.07 2.10 0.48 1 46 67 33 0.4 38
NaOAm
0.05 86.6 1.05 0.1 3.64 0.36 64 89 10 0.2 -28/87
0.1 86.7 1.06 | 0.25 1.18 0.30 62 86 14 0.5 6
0.25 88.3 1.05 1.71 0.59 1 52 66 33 1 15
0.5 90.6 1.07 3.45 0.29 1 65 45 52 3 -13/58
0.75 91.4 1.10 5.11 0.20 1 78 21 68 1 3/75
KOAm
0.025 85.6 1.06 | 0.23 1.76 0.41 80 91 9 0 -26/42
0.033 91.6 1.06 0.88 1.14 1 85 92 8 0 -9
0.05 79.5 1.06 1.35 0.74 1 89 91 9 0 -6
0.1 80.0 1.08 5.72 0.17 1 92 88 11.5 0 -55/68
0.25 77.9 1.09 13.8 0.07 1 92 81 18 0.3 -55/88

“Determined by SEC with PS calibration. “Calculated by either Jaacks or Meyer-Lowry. “Determined by '"H NMR spectroscopy (see Supporting
Information, Sections 4.2 and §). “Measured by DSC, value taken from the second heating cycle.

B EXPERIMENTAL SECTION

Materials, instrumentation, and a general description of the
copolymerization kinetic investigations are described in the
Supporting Information.

B RESULTS AND DISCUSSION

The kinetic effect of alkali metal alkoxides in the copoly-
merization of styrene and isoprene in cyclohexane was
investigated using in situ near-infrared (NIR) spectroscopy at
20-23 °C. Lithium, sodium, and potassium tert-amylates
served as modifiers. Deprotonated tert-amyl alcohol (2-methyl-
2-butanolate) was used due to its solubility in cyclohexane,
commercial availability, and industrial application.®”**%%7°
The initiator sec-butyllithium (BuLi) was added to a premixed
solution of alkoxide and monomers to avoid side reactions (see
Scheme S1).*' An equimolar monomer feed (fg = f; = 0.5)
was used to generate a polymer with 60 wt % (57 vol %) of
styrene. The targeted molecular weight of 80 kg/mol and low
dispersities, D < 1.1, were successfully achieved (Table 1 and
Figures S5—S7). Higher molecular weights, which in some
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cases exceed theory, can be partially explained by an
overestimation of the PS calibration, which is noted to be
approximately 10%,'® and to a minor extent by termination
reactions during initiation, as the alkoxides used cannot be
dried further.

Time—conversion and individual versus total conversion
plots for all counterions and all modifier concentrations are
given in the Supporting Information in Figures S8—S13. The
reactivity ratios were calculated according to the terminal
model (Meyer-Lowry’* fit) or the nonterminal model
(Jaacks”>"® fit); see Fisgures S15—S20. As stated in our
previous publications,”'*'”**** we assume validity of the
nonterminal model (r;r, = 1) whenever the Jaacks plot is
linear, in order to avoid overfitting.”” The Meyer-Lowry
method was only used when the nonterminal model failed, i.e.,
for the copolymerization in pure cyclohexane'”**** and for
small amounts of modifiers, [LiOAm]/[BuLi] < 1;
[NaOAm]/[BuLi] < 0.1; [KOAm]/[BuLi] < 0.025.

Effect of Lithium tert-Amylate (LIOAm). Lithium tert-
amylate was specifically chosen to separate the effect of the

https://doi.org/10.1021/acs.macromol.5c00975
Macromolecules 2025, 58, 6854—6864
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introduced alkoxide from that of the added counterion. Up to
an equimolar ratio of LiOAm to BuLi, no significant impact on
the copolymerization kinetics is observed (Table 1, Figure 1,
and Figures S8 and S9); only when the LiOAm content is
increased to >3 equiv is the reaction is retarded and reactivity
ratios change. At 10 equiv of LIOAm, the reaction slows down
7-fold for isoprene but less for styrene (for estimated half-lives;

-
£
e - 0 equiv
~ -
o — 3 equiv
- 10 equiv
0 10I00 20I00 30I00 40I00 50I00 60I00 70I00 80I00
b) 08 Time / min
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Figure 1. Effect of lithium tert-amylate (LiOAm) on the
copolymerization kinetics: (a) time—conversion plots, (b) plots of
comonomer concentrations versus total conversion, and (c) reactivity
ratios. Red circles: isoprene, black squares: styrene. The dashed line
indicates that rg = r; = 1 and thus (ideal) random copolymerization.
Please note the double-logarithmic scales.
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see Figure Sl4a). This is due to the formation of mixed
aggregates (P—Li)x(LiOAm)y, decreasing the concentration of
nonaggregated chain ends (Scheme 3).”® This effect is stronger
for isoprene than that for styrene.

Scheme 3. Possible Aggregates of Polystyryllithium in the
Presence of Lithium Alkoxides

/’«172 (LiOR), 1 +3/2 (LiOR),

(PSLi)2

+1/2 (LIOR)4
+ (LIOR),4
(PSLi),(LiOR), 2 (PSLi)(LiOR)3
1 equiv 3 equiv

Figure lc shows the reactivity ratios vs modifier concen-
tration, calculated from the plots in Figures S15 and S16. With
increasing amylate content, the reactivity ratios converge and
intersect at an interpolated ratio of ~5.4 equiv, corresponding
to a random copolymerization. At 10 equiv of LiOAm, the
gradient is inverted (Table 1 and Figure S21).

Our results for LIOAm quantitatively confirm literature data
but significantly deviate from Hsieh’s report on the styrene/
butadiene system, who found no change in the comonomer
gradient.””” We tentatively explain these differences by the
different diene used (butadiene) and the poorer solubility of
LiOtBu in cyclohexane.

Effect of Sodium tert-Amylate (NaOAm). As can be
seen in the kinetic data (Table 1, Figure 2, and Figures S10 and
S11), NaOAm has a completely different impact on the
copolymerization compared to LiOAm. Already substoichio-
metric amounts are sufficient to increase the rates of both
comonomers (see Figure S14b for half-lives), whereby styrene
is more accelerated than isoprene. The calculated reactivity
ratios and the resulting gradients are given in Table 1 and
Figure S22. The underlying fits are shown in Figures S17 and
S18. Increasing the modifier content to 0.75 equiv accelerates
the styrene polymerization by two orders of magnitude, while
the isoprene rate only increases by a factor of S (Figure S14).
This leads to a complete inversion of the reactivity ratios and a
rather steep inverted gradient (rg = S.11 and r; = 0.20). An
almost random copolymerization is achieved with only 0.17
equiv of NaOAm, similar to the results published by Hsieh et
al. and comparable to the effect of the bidentate ether modifier
2,2-di(2-tetrahydrofurfuryl)propane (DTHEP).”*** Thus, so-
dium alkoxides are much stronger modifiers than the
previously investigated THF (random copolymerization at ca.
8 equiv).'**

Our results are consistent with gradients reported by Hsieh
and Wofford for the homo- and copolymerizations of styrene
and butadiene initiated by NaOtBu/n-BuLi, but they differ
significantly from the reactivity ratios (rg = 0.42, r; = 0.3)
reported bz Arest-Yakubovich et al. for a pure sodium
initiator.>"*>*> This might indicate that the alkoxide ions
play a role in the copolymerization by forming mixed
complexes with the PI and PS chain ends (Scheme 3). The
mechanism will be discussed further below in comparison with
the other modifiers.

Effect of Potassium tert-Amylate (KOAm). Already
minute amounts of KOAm have a dramatic impact on the
copolymerization kinetics (Table 1, Figure 3, and Figures S12
and S13). As the potassium content increases, the rate of

https://doi.org/10.1021/acs.macromol.5c00975
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Figure 2. Effect of sodium tert-amylate (NaOAm) on the
copolymerization kinetics. (a) Time—conversion plots, (b) plots of
comonomer concentrations versus total conversion, and (c) reactivity
ratios. Red circles: isoprene, black squares: styrene. The dashed line
indicates rg = r; = 1 and thus (ideal) random copolymerization. Please
note the double-logarithmic scales.

styrene consumption increases by two orders of magnitude at
only 0.25 equiv, while the rate of isoprene consumption and
reaction times for full conversion remain constant (Figure 3a).
Hsieh and Wofford found an increase in the rate of butadiene
homopolymerization only at more than 0.2 equiv of KOtBu.*!
In contrast, ethers also affect the polymerization rate of
isoprene.'”*® The reactivity ratios and gradients are
summarized in Table 1, Figure 3c, and Figure S23 (for fits,
see Figures S19 and S20). As little as 0.037 equiv of KOAm is
necessary to obtain a random copolymerization. A further
increase of KOAm concentration leads to complete inversion
of the gradient and to a tapered, block-like copolymer.
Remarkably, the reactivity ratios (rg = 13.8 and r; = 0.07)
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Figure 3. Effect of potassium tert-amylate (KOAm) on the
copolymerization kinetics. (a) Time—conversion plots, (b) plots of
comonomer concentrations versus total conversion, and (c) reactivity
ratios vs concentration. Red circles: isoprene, black squares: styrene.
The dashed line indicates rg = r; = 1 and thus (ideal) random
copolymerization. Please note the double-logarithmic scales.

obtained with 0.25 equiv of KOAm are similar to those
obtained with 2500 equiv (29 vol-%) of THF. These results are
in good agreement with qualitative and semiquantitative results
on the S/B copolymerization published by various au-
thors, >0 0405 7L79782 However, they significantly differ
from results published by Nakhmanovich et al, who
investigated a pure organopotassium initiator (rg = 3.3; rg =
0.12), indicating that both counterions and the alkoxide affect
the polymerization mechanism. A comprehensive discussion
will be given in a later section of this paper.

Determination of Blockiness. The so-called “blockiness”
is defined as the fraction of two or more consecutive styrene
units in the copolymer, as analgfzed by a characteristic shift of
the ortho protons in 'H NMR.**** The stacked NMR spectra
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Figure 4. Blockiness of P(S-co-I) synthesized as a function of the MOAm/Buli ratio. The vertical line represents random copolymerization.
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Figure S. Microstructure of the isoprene units (1,4: black squares; 3,4: red dots; 1,2: blue triangle) obtained in the presence of tert-amylates.

are shown in Figures $24—26. The resulting blockiness values
as a function of modifier equivalents are given in Table 1 and
Figure 4. For details regarding determination of the blockiness,
see the Supporting Information, Section 4.2.*'7** The general
trend for Lewis base modifiers is that with converging
reactivity ratios, the blockiness decreases, until a minimum
for random copolymerization is reached.”'”** Steube et al.
observed this for THF as a modifier. The blockiness decreased
from 75% in cyclohexane to 13% for random copolymerization
with 4 to 8 equiv THF (Figure $27)."

For LiOAm and NaOAm, we observe a decrease to only
50%, indicating a deviation from an ideal randomness. KOAm
shows an even more unexpected behavior: the blockiness
steadily increases up to 92% at complete gradient inversion. It
is remarkable that at random copolymerization (0.037 equiv),
we observe a higher blockiness than in a tapered, block-like
copolymer obtained in pure cyclohexane. This indicates the
formation of short PS blocks. We explain this with an altered
polymerization mechanism, which will be discussed in detail in
a later section. To confirm this assumption, a tapered
copolymer synthesized in pure cyclohexane and a random
one synthesized using 0.033 equiv of KOAm were submitted to
oxidative degradation (for details, see Supporting Information,
sections 1.4 and 4.2).°>%¢ SEC distributions of the polymers
before and after degradation are shown in Figure S28. NMR
(Figure S29) confirmed that all double bonds were successfully
degraded. As expected, degradation of the tapered copolymer
yielded a pure PS block with a molecular weight of 36 kg/mol
and low dispersity, whereas the random copolymer was broken
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down into smaller PS blocks with a molecular weight of ca.
1700 g/mol and a dispersity of 2.3.

Microstructure of Isoprene Units. The microstructure of
diene polymers is a key feature for all application areas. 'H
NMR spectroscopy was used to determine the microstructure
of the isoprene units. Exemplary 'H-, 13C-, COSY, HSQC, and
HMBC spectra of copolymers synthesized in the presence of 0
eq, 0.75 equiv NaOAm, and 0.25 equiv KOAm are shown in
Figures S30—S44, and the results are given in Table 1 and
Figure S. The microstructure of the copolymers synthesized in
pure cyclohexane consists of 94% 1,4- and 6% 3,4-units, which
is in good agreement with literature.*'®'7?*3%%7 It is common
that with increasing amount of modifier, the 1,4-content
decreases and the 3,4- and 1,2-contents increase. A similar
behavior has been reported for ether- or amine-based
modifiers. As shown in Figure S, the extent to which this
microstructure changes varies greatly for the various counter-
ions and is dramatically different for KOAm.

LiOAm affects the microstructure only in overstoichiometric
concentrations, raising the vinyl content from 6 to 33%. This is
similar to the results of Makowski et al.* for polybutadiene at
slightly lower alkoxide concentrations but contradicts the
results of Hsich,>® where LiOtBu had little effect on the
polybutadiene microstructure. As discussed above, we suspect
that LiOtBu was probably not completely dissolved in Hsieh’s
experiments.

Even small amounts of NaOAm have a significant effect on
the microstructure, which is in good agreement with
literature.”>* Already, 0.75 equiv NaOAm is sufficient to
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alter the vinyl content from 6 to 79%, similar to the effect of
2500 equiv of THF."” Metallic sodium or organosodium
initiators lead to similar microstructures.>**>>"** Thus, the
microstructure of the isoprene units is dominated by the
sodium counterion. Overall, sodium ions have the highest
impact on the microstructure and are used to synthesize
polymers with high vinyl unsaturation content.**>>%%*

Surprisingly, KOAm, the most efficient modifier in this
study, changed the microstructure only to a small extent (8 and
18% vinyl units at random and at full inversion, respectively).
This renders KOAm highly interesting for the synthesis of S/I
or S/B random copolymers with a high 1,4 microstructure, as
documented by a number of patents.”>**”® These results are
in contradiction to previous results for homopolybutadiene,
where a higher vinyl unsaturation of up to 50% was achieved
by using potassium alkoxides in sub- and overstoichiometric
concentrations.> #1475 However, it is in good agreement with
the results published by Kirchevskaya et al. for polyisoprene.”’
We explain the differences between butadiene and isoprene
units with the additional methyl group, increasing sterics, and a
change in the microstructure determination method from
infrared to '"H NMR spectroscopy, which is more accu-
rate.””**®” In pronounced contrast, potassium metal and
alkylpotassium initiators led to vinyl contents of about
509%.2%%952539091 Thjq jg o strong indication that both lithium,
potassium, and the alkoxide affect isoprene polymerization.

Comprehensive Discussion. Our kinetic and micro-
structural investigation has shown strong differences in the
behavior of the three modifiers. Retardation of the
copolymerization by more than one equiv of LiOAm was
explained by the existence of various mixed aggregates and a
decrease of free, nonaggregated PS-Li and PI-Li. However, the
only partial decrease of the blockiness and the increased vinyl
content of the isoprene units seem to indicate that a part of the
active species are mixed complexes, e.g., (P—Li)(LiOAm);; see
Scheme 3.

With sodium and potassium amylate, we assume complete
metal exchange (Scheme 2), but since they are used in deficit,
only a fraction of polymer chains can be coordinated with
sodium or potassium. This fraction depends on the nature of
the chain end and the alkali metal (Scheme 4). The chain ends

Scheme 4. Effect of NaOAm and KOAm on the S/I
Copolymerization

(PMt),(LiOAm), (PiLi),(LiOAm),

.

ziMtOAmM _  , pMt+ (1-z) PLi

PLi

—~—

2, LIOAm @')ki"“ @kiu
i=1:PS :
is2:pl Zs77A KMk

with Na* or K" counterions are more reactive than the lithiated
ones (kp’Mt > kP,Li), explaining the observed increase in the
polymerization rate. The species formed in the metal exchange
reaction can form mixed aggregates with the residual Li, Na, or
K alkoxides, similar to the case in Scheme 3 or a two-state
equilibrium (Scheme 4). The open question is whether these
mixed complexes participate in the polymerization.

This question is difficult to answer for the NaOAm modifier.
On the one hand, microstructures observed in our system are
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similar to those obtained with metallic sodium and organo-
sodium initiators, indicating that the mechanism is dominated
by a metal exchange in the two-state equilibrium.’****" On the
other hand, the reactivity ratios in our system significantly
differ from those published for pure organosodium initiators,
indicating participation of a mixed complex
(PMt)x(LiOAm)y.62 Furthermore, Arest-Yakubovich reported
that addition of lithium alkoxide to 2-ethylhexylsodium
suppresses chain transfer to toluene.’’ Thus, we conclude
that both counterions and the alkoxide are relevant for the
polymerization 3374516263

KOAm has the strongest effect on the kinetics but still
polymerizes isoprene in the predominant 1,4-microstructure.
To the best of our knowledge, this is the only known modifier
capable of altering reactivity ratios by accelerating styrene
polymerization and, nevertheless, having a negligible effect on
isoprene polymerization and its microstructure. We explain this
by the two-state polymerization mechanism in Schemes 2 and
4, where the equilibrium remains left for isoprene but shifts
right for styrene.”"*>*”*>7* According to the HSAB (hard and
soft acids and bases) concept,”® the delocalized (soft)
polystyryl anions predominantly coordinate with soft (potas-
sium) cations, whereas the (hard) polydienyl anions prefer the
hard lithium cations, explaining the predominant 1,4-
units.*”%*7% Thus, styrene polymerization is strongly accel-
erated, leading to the observed effect of the reactivity ratios. At
the same time, the microstructure of the isoprene units remains
unaltered (Table 1 and Figure 5) and blockiness increases
(Figure 4).

The unexpected and unprecedented increase of blockiness
and the formation of short PS blocks, even despite random
copolymerization at ca. 1/30 equiv of KOAm, need special
consideration. We explain this effect with a two-state
polymerization mechanism. At 1/30 equiv of KOAm, there
can be a potassium counterion at one of the 30 polymer chain
ends, most probably a PS chain end. Since they are
considerably more reactive, the PS-K chain ends polymerize
as much styrene as the other 29 PS-Li and PI-Li chain ends
preferably polymerize isoprene, since kg; > kgs.' . Based on
rapid exchange of the counterions, monomodal polymers are
accessible that consist of many short styrene and isoprene
blocks, which increases the overall blockiness, since only two
to three styrene units are required for the characteristic NMR
shift of the ortho protons.”* This is in contrast to previously
studied Lewis bases, e.g, ethers, which lead to fully random
copolymers.”'”*»** Therefore, potassium alkoxide as a
modifier enables the decoupling of the diene microstructure
from the reaction kinetics.

Thermal Properties. The glass transition temperatures, T,
of the P(S-co-I) copolymers were investigated by DSC. The
results are presented in Table 1 and Figure 6. The second
heating cycles are shown in Figures S45—547.

As expected, the addition of up to 1 equiv of LiOAm had no
effect on the glass transition temperature of the resulting
phase-separated polymers. The values for the PS-rich phase at
100 °C and for the PI-rich phase at about —40 °C are in good
agreement with literature.'” The T, of the Plrich phase is
almost 20 °C higher than that of the 1,4-PI homopolymer,””*
because of its contamination by short styrene units. Increasing
the modifier content to >3 equiv of LiOAm shifts the two
distinct glass transition temperatures into one mixed phase.
This is explained by the change in reactivity ratios (Table 1
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Figure 6. Glass transition temperatures of P(S-co-I) obtained in the presence of tert-amylates. Black squares: PS-rich phase, red dots: PI-rich phase,
blue triangles: mixed phase. The vertical lines indicate random copolymerization.

and Figure Ic) and the increasing vinyl unsaturation of the
diene.>

The glass transition temperature of copolymers polymerized
with NaOAm behaves as expected from ether-based
modifiers.>!*>** At 0.05 and >0.5 equiv of NaOAm, two
distinct glass transition temperatures are observed, indicating
phase separation due to the pronounced tapered structure. For
0.1 and 0.25 equiv of NaOAm, we again find phase mixing, as
expected from the reactivity ratios (Table 1 and Figure 2c).
When the phases are separated, the T, of the PS-rich phase is
below the T, of the PS homopolymer, since the polymer
segments exhibit isoprene defects, and in a similar manner, the
T, of the Plrich phase increases due to the microstructure
change (Figure $).

The glass transition temperatures of copolymers polymer-
ized with up to 0.05 equiv of KOAm show a behavior similar to
that with the other amylates. In particular, the copolymers
formed at 0.033 and 0.05 equiv show a mixed T, indicating the
absence of phase separation in spite of the formation of short
blocks. These blocks are too short to undergo phase
separation. At >0.1 equiv KOAm, the T, of the Pl-rich
phase drops to =55 °C, a value that is 14 degrees lower than
that of a copolymer synthesized in pure cyclohexane. We
explain this previously unreported phenomenon by the
polymer composition. This tapered copolymer consists of a
PS block contaminated with isoprene units (T, lowered),
predominantly grown with K" counterions. After the tapered
region, a pure PI block exists, with a high (88 and 81%) 1,4-
content due to the preferred isoprene polymerization with
lithium as a counterion. Since the 1,4-content in pure
cyclohexane is still higher (95%), but the Pl-rich phase has a
lower T,, we assume that the styrene contaminations have a
stronger impact on T, than the increased content of vinyl units.
A tapered copolymer with a pure PI block can also be obtained
in the presence of 2500 equiv of THF, which decreases the 1,4-
content to 25% and thus increases the T, to 5 °c.”

B CONCLUSIONS

We have presented the first in-line NIR kinetic investigation of
the copolymerization of styrene and isoprene initiated by sec-
butyllithium (BuLi) in cyclohexane in the presence of alkali
metal alkoxides as modifiers to calculate reactivity ratios and
comonomer gradients. Additional information on the under-
lying mechanisms was obtained from NMR spectroscopy,
namely, the blockiness and the microstructure of the diene
units. The glass transition temperatures of the gradient
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copolymers correlate with the copolymer microstructure. All
investigated amylates affect the rate of polymerization, the
reactivity ratios, the comonomer gradient, and the diene
microstructure, but at very different concentrations and with
different reaction mechanisms. The general trend in modifier
strength is Li < Na < K. The results show that these Lewis acid
(u-type) ligands act completely different to the well-known
Lewis base (o-type) ligands, e.g., ethers or amines.

LiOAm at overstoichiometric concentrations decreases the
rate of polymerization of both monomers to different degrees,
affecting the respective reactivity ratios. This is due to a
decrease in the concentration of active chains by the formation
of mixed aggregates. The only partial decrease in the blockiness
and the moderately increased vinyl content of the isoprene
units suggest that a part of the active species are mixed
complexes.

Substoichiometric addition of NaOAm accelerates styrene
propagation but has only a minor effect on the rate of isoprene
conversion. However, it significantly changes the micro-
structure of the diene units, similar to that of metallic or
organosodium initiators. Thus, exchange of the lithium
counterion to sodium leads to the predominantly active
species of both PS and PI chain ends (Scheme 4). The
reported fact that the addition of LiOfBu to an organosodium
initiator strongly decreases chain transfer to toluene indicates a
contribution of mixed complexes. Thus, sodium alkoxides are
promising modifiers for the synthesis of high vinyl polydienes
suitable for postpolymerization modification.

KOAm selectively accelerates styrene polymerization even at
minute concentrations, whereas the isoprene rate and micro-
structure are unaffected. An unexpected phenomenon is the
formation of short blocks in a random copolymer. This is
explained by the two-state polymerization mechanism
involving a selective exchange from polystyryllithium to
potassium, resulting in a very low T, of —5§ °C of the
isoprene units. This unique feature of decoupling the reaction
kinetics from the diene microstructure is the most impressive
capability of potassium tert-amylate, rendering it a perfect
choice for the synthesis of random copolymers and thermo-
plastic elastomers with a high content of 1,4-isoprene units.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.5¢00975.

https://doi.org/10.1021/acs.macromol.5c00975
Macromolecules 2025, 58, 6854—6864


https://pubs.acs.org/doi/10.1021/acs.macromol.5c00975?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00975?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00975?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00975?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00975?fig=fig6&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c00975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Comprehensive compilation of additional data including
detailed experimental description, plots of each kinetic
experiment, molar and volume compositional gradients,
and NMR, SEC, and DSC results of each polymer
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Holger Frey — Department of Chemistry, Johannes Gutenberg
University Mainz, Mainz 55128, Germany; © orcid.org/
0000-0002-9916-3103; Email: hfrey@uni-mainz.de

Axel H. E. Miiller — Department of Chemistry, Johannes
Gutenberg University Mainz, Mainz 55128, Germany;

orcid.org/0000-0001-9423-9829; Email: muellax@uni-

mainz.de

Author
Dominik A. H. Fuchs — Department of Chemistry, Johannes
Gutenberg University Mainz, Mainz 55128, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.5¢00975

Author Contributions

D.AH. Fuchs, H. Frey, and A.H.E. Miiller primarily
conceptualized the article. All synthetic work was carried out
by D.AH. Fuchs. The manuscript was primarily written by
D.AH. Fuchs and finalized by contribution of all authors. H.
Frey and A.H.E. Miiller supervised the entire project.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank INEOS Holdings Ltd. for providing us with the
potassium amylate solution. We are indebted to Konrad Knoll
for valuable discussions and to Denis Rohrmann for his help
with the copolymer oxidative degradation.

B REFERENCES

(1) Szwarc, M. Living. Polymers. Nature 1956, 178 (4543), 1168—
1169.

(2) Holden, G.; Milkovich, R. Block Polymers of Monovinyl
Aromatic Hydrocarbons and Conjugated Dienes, US3265765A 1962.

(3) Porter; Milkovich, R.; Phillips Petroleum Co Block Polymers and
Process for Preparation Thereof, GB888624A 1959.

(4) Qiao, L.; Leibig, C.; Hahn, S. F.; Winey, K. L Isolating the
Effects of Morphology and Chain Architecture on the Mechanical
Properties of Triblock Copolymers. Ind. Eng. Chem. Res. 2006, 45
(16), 5598—5602.

(5) Steube, M.; Johann, T.; Barent, R. D.; Miiller, A. H. E.; Frey, H.
Rational Design of Tapered Multiblock Copolymers for Thermo-
plastic Elastomers. Prog. Polym. Sci. 2022, 124, No. 101488.

(6) Ntetsikas, K; Ladelta, V.; Bhaumik, S.; Hadjichristidis, N. Quo
Vadis Carbanionic Polymerization? ACS Polymers Au 2023, 3 (2),
158—181.

(7) Meier-Merziger, M.; Fickenscher, M.; Hartmann, F.; Kuttich, B.;
Kraus, T.; Gallei, M.; Frey, H. Synthesis of Phase-Separated Super-H-
Shaped Triblock Architectures: Poly(l-Lactide) Grafted from Tele-
chelic Polyisoprene. Polym. Chem. 2023, 14 (23), 2820—2828.

(8) Fuchs, D. A. H.; Wadgaonkar, S. P.; Miiller, A. H. E.; Frey, H.
Effect of tetrahydrofuran on the Anionic Copolymerization of 4-
trimethylsilylstyrene with Isoprene. Polym. Adv. Technol. 2024, 35 (6),
No. e6478.

(9) Zhang, J.; Pointer, W.; Patias, G.; Al-Shok, L.; Hand, R. A;
Smith, T.; Haddleton, D. M. End Functionalization of Polyisoprene

6862

and Polymyrcene Obtained by Anionic Polymerization via One-Pot
Ring-Opening Mono-Addition of Epoxides. Eur. Polym. J. 2023, 183,
No. 11175S.

(10) Kim, H.; Goseki, R;; Homma, C.; Ishizone, T. Synthesis of
Sequence-Controlled Homopolymer via Anionic Self-Alternating and
Chemoselective Polymerization of 4-Vinyl-1,1-Diphenylethylene
Derivatives. Macromolecules 2023, 56 (21), 8796—8805.

(11) Glatzel, J.; Noack, S.; Schanzenbach, D.; Schlaad, H. Anionic
Polymerization of Dienes in ‘Green’ Solvents. Polym. Int. 2021, 70
(2), 181—184.

(12) Dev, A; Rosler, A.; Schlaad, H. Limonene as a Renewable
Unsaturated Hydrocarbon Solvent for Living Anionic Polymerization
of f-Myrcene. Polym. Chem. 2021, 12 (21), 3084—3087.

(13) Dong, R; Gao, A; Zhu, Y,; Xu, B,; Du, J; Ping, S. The
Development of a New Thermoplastic Elastomer (TPE)-Modified
Asphalt. Buildings 2023, 13 (6), 1451.

(14) Korotkov, A. A,; Chesnokova, N. N. Catalytic Copolymeriza-
tion of Styrene and Butadiene. Polymer Science U.S.S.R. 1961, 2 (3),
284—-298.

(15) Kuntz, 1. The Copolymerization of 1,3-butadiene with Styrene
by Butyllithium Initiation. J. Polym. Sci. 1961, 54 (160), S69—586.

(16) Steube, M.; Johann, T.; Plank, M.; Tjaberings, S.; Groschel, A.
H.; Gallei, M.; Frey, H.; Miiller, A. H. E. Kinetics of Anionic Living
Copolymerization of Isoprene and Styrene Using in Situ NIR
Spectroscopy: Temperature Effects on Monomer Sequence and
Morphology. Macromolecules 2019, 52 (23), 9299—9310.

(17) Steube, M.; Johann, T.; Hiibner, H.; Koch, M.; Dinh, T.; Gallei,
M.; Floudas, G.; Frey, H.; Miiller, A. H. E. Tetrahydrofuran: More
than a “Randomizer” in the Living Anionic Copolymerization of
Styrene and Isoprene: Kinetics, Microstructures, Morphologies, and
Mechanical Properties. Macromolecules 2020, S3 (13), 5512—5527.

(18) Bywater, S.; Worsfold, D. J. Anionic Polymerization of Styrene
Effect of Tetrahydrofuran. Can. J. Chem. 1962, 40 (8), 1564—1570.

(19) Marg], P. Mechanisms for Anionic Butadiene Polymerization
with Alkyl Lithium Species. Can. J. Chem. 2009, 87 (7), 891—903.

(20) Worsfold, D. J. Anionic Copolymerization of Styrene and
Isoprene in Cyclohexane. J. Polym. Sci. A1 1967, S (11), 2783—2789.

(21) Quinebeche, S.; Navarro, C.; Gnanou, Y.; Fontanille, M. In Situ
Mid-IR and UV-Visible Spectroscopies Applied to the Determination
of Kinetic Parameters in the Anionic Copolymerization of Styrene and
Isoprene. Polymer (Guildf) 2009, 50 (6), 1351—1357.

(22) Grune, E.; Johann, T.; Appold, M.; Wahlen, C.; Blankenburg,
J.; Leibig, D.; Miiller, A. H. E.; Gallei, M.; Frey, H. One-Step Block
Copolymer Synthesis versus Sequential Monomer Addition: A
Fundamental Study Reveals That One Methyl Group Makes a
Difference. Macromolecules 2018, S1 (9), 3527—3537.

(23) Meier-Merziger, M.; Fuchs, D. A. H.; Frey, H.; Miiller, A. H. E.
Spotlight on Methyl Tert-Butyl Ether—Underrated or Overlooked?
Unveiling Its Role for Living Anionic Polymerization. Macromolecules
2024, 8154.

(24) Fuchs, D. A. H.; Hiibner, H.; Kraus, T.; Niebuur, B.-J.; Gallei,
M,; Frey, H,; Miiller, A. H. E. The Effect of THF and the Chelating
Modifier DTHFP on the Copolymerisation of f-Myrcene and
Styrene: Kinetics, Microstructures, Morphologies, and Mechanical
Properties. Polym. Chem. 2021, 12 (32), 4632—4642.

(25) Shaw, L.; Hutchings, L. R. Tales of the Unexpected. The Non-
Random Statistical Copolymerisation of Myrcene and Styrene in the
Presence of a Polar Modifier. Polym. Chem. 2020, 11 (44), 7020—
7028S.

(26) Morton, M.; Fetters, L. J. Homogeneous Anionic Polymer-
ization. V. Association Phenomena in Organolithium Polymerization.
J. Polym. Sci. A 1964, 2 (7), 3311—3326.

(27) Kim, J. M,; Chakrapani, S. B.; Beckingham, B. S. Tuning
Compositional Drift in the Anionic Copolymerization of Styrene and
Isoprene. Macromolecules 2020, 53 (10), 3814—3821.

(28) Morita, H,; Tobolsky, A. V. Isoprene Polymerization by
Organometallic Compounds. I J. Am. Chem. Soc. 1957, 79 (22),
5853—58SS.

https://doi.org/10.1021/acs.macromol.5c00975
Macromolecules 2025, 58, 6854—6864


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00975/suppl_file/ma5c00975_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Holger+Frey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9916-3103
https://orcid.org/0000-0002-9916-3103
mailto:hfrey@uni-mainz.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Axel+H.+E.+Mu%CC%88ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9423-9829
https://orcid.org/0000-0001-9423-9829
mailto:muellax@uni-mainz.de
mailto:muellax@uni-mainz.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominik+A.+H.+Fuchs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00975?ref=pdf
https://doi.org/10.1038/1781168a0
https://doi.org/10.1021/ie0511940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie0511940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie0511940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.progpolymsci.2021.101488
https://doi.org/10.1016/j.progpolymsci.2021.101488
https://doi.org/10.1021/acspolymersau.2c00058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acspolymersau.2c00058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3PY00230F
https://doi.org/10.1039/D3PY00230F
https://doi.org/10.1039/D3PY00230F
https://doi.org/10.1002/pat.6478
https://doi.org/10.1002/pat.6478
https://doi.org/10.1016/j.eurpolymj.2022.111755
https://doi.org/10.1016/j.eurpolymj.2022.111755
https://doi.org/10.1016/j.eurpolymj.2022.111755
https://doi.org/10.1021/acs.macromol.3c01672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.3c01672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pi.6152
https://doi.org/10.1002/pi.6152
https://doi.org/10.1039/D1PY00570G
https://doi.org/10.1039/D1PY00570G
https://doi.org/10.1039/D1PY00570G
https://doi.org/10.3390/buildings13061451
https://doi.org/10.3390/buildings13061451
https://doi.org/10.3390/buildings13061451
https://doi.org/10.1016/0032-3950(61)90165-4
https://doi.org/10.1016/0032-3950(61)90165-4
https://doi.org/10.1002/pol.1961.1205416020
https://doi.org/10.1002/pol.1961.1205416020
https://doi.org/10.1021/acs.macromol.9b01790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1139/v62-236
https://doi.org/10.1139/v62-236
https://doi.org/10.1139/V09-032
https://doi.org/10.1139/V09-032
https://doi.org/10.1002/pol.1967.150051106
https://doi.org/10.1002/pol.1967.150051106
https://doi.org/10.1016/j.polymer.2009.01.041
https://doi.org/10.1016/j.polymer.2009.01.041
https://doi.org/10.1016/j.polymer.2009.01.041
https://doi.org/10.1016/j.polymer.2009.01.041
https://doi.org/10.1021/acs.macromol.8b00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c01262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c01262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1PY00791B
https://doi.org/10.1039/D1PY00791B
https://doi.org/10.1039/D1PY00791B
https://doi.org/10.1039/D1PY00791B
https://doi.org/10.1039/D0PY01099E
https://doi.org/10.1039/D0PY01099E
https://doi.org/10.1039/D0PY01099E
https://doi.org/10.1002/pol.1964.100020726
https://doi.org/10.1002/pol.1964.100020726
https://doi.org/10.1021/acs.macromol.0c00526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c00526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c00526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01579a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01579a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c00975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

(29) Tobolsky, A. V.; Rogers, C. E. Isoprene Polymerization by
Organometallic Compounds. I Journal of Polymer Science 1959, 40
(136), 73—89.

(30) Worsfold, D. J; Bywater, S. Anionic Polymerization of
Isoprene. Can. J. Chem. 1964, 42 (12), 2884—2892.

(31) Hsieh, H. L.; Wofford, C. F. Alkyllithium and Alkali Metal Tert-
Butoxide as Polymerization Initiator. J. Polym. Sci. 1969, 7 (2), 449—
460.

(32) Wofford, C. F.; Hsieh, H. L. Copolymerization of Butadiene
and Styrene by Initiation with Alkyllithium and Alkali Metal Tert-
Butoxides. J. Polym. Sci. A1 1969, 7 (2), 461—469.

(33) Hsieh, H. L. Effect of Lithium Alkoxide and Hydroxide on
Polymerization Initiated with Alkyllithium. J. Polym. Sci. A1 1970, 8
(2), 533—543.

(34) Roovers, J. E. L; Bywater, S. Butyl Lithium-Initiated
Polymerization of Styrene. Effect of Lithium Butoxide. Trans. Faraday
Soc. 1966, 62, 1876.

(35) Roovers, J. E. L.; Bywater, S. The Polymerization of Isoprene
with Sec-Butyllithium in Hexane. Macromolecules 1968, 1 (4), 328—
331.

(36) Cheng, T. C; Halasa, A. F. Anionic Polymerization. IIL
Polymerization of Butadiene with Alkali Metal Alkoxide-modified
Alkali Metal System. Journal of Polymer Science: Polymer Chemistry
Edition 1976, 14 (3), 573—581.

(37) Nakhmanovich, B. L; Zolotareva, I. V.; Arest-Yakubovich, A. A.
Study on the Mechanism of Anionic Polymerization with Mixed RLi-
R'OK Initiators, 1. Polymerization of Butadiene. Macromol. Chem.
Phys. 1999, 200 (9), 2015—2021.

(38) Halaska, V.; Lochmann, L.; Lim, D. Association Degree of T-
Butoxides of Alkali Metals in Aprotic Solvents. Collect Czechoslov
Chem. Commun. 1968, 33 (10), 3245—3253.

(39) Coleman, B. D,; Fox, T. G. A Multistate Mechanism for
Homogeneous Ionic Polymerization. II. The Molecular Weight
Distribution. J. Am. Chem. Soc. 1963, 85 (9), 1241—1244.

(40) Litvinenko, G.; Miiller, A. H. E. General Kinetic Analysis and
Comparison of Molecular Weight Distributions for Various
Mechanisms of Activity Exchange in Living Polymerizations. Macro-
molecules 1997, 30 (S), 1253—1266.

(41) Forens, A.; Roos, K.; Dire, C.; Gadenne, B.; Carlotti, S. Anionic
Polymerization of Butadiene Using Lithium/Potassium Multi-Metallic
Systems: Influence on Polymerization Control and Polybutadiene
Microstructure. Chinese Journal of Polymer Science (English Edition)
2020, 38 (4), 357—362.

(42) Figini, V. R. V. Theoretische Analyse Der Bei Einem
Zweiwegwachstumsmechanismus Auftretenden Molekulargewichts-
verteilungen Und IThre Anwendung Auf Die Anionische Polymer-
isation von Styrol. Makromol. Chem. 1967, 107 (1), 170—187.

(43) Coleman, B. D.; Fox, T. G. Multistate Mechanism for
Homogeneous Ionic Polymerization. 1. The Diastereosequence
Distribution. J. Chem. Phys. 1963, 38 (5), 1065—107S5.

(44) Arest-Yakubovich, A. A. Role of Bimetallic Active Centres in
Anionic Polymerization of Hydrocarbon Monomers. Macromol. Symp.
1994, 85 (1), 279—294.

(45) Grovenstein, E., Jr. Cation Effects in Organoalkali Metal
Chemistry. In Recent Advances in Anionic Polymerization; Hogen-Esch,
T. E,; Smid, J., Eds.; Springer Netherlands: Dordrecht, 1987; pp 3—
21..

(46) Schlosser, M. Zur Aktivierung Lithiumorganischer Reagenzien.
J. Organomet. Chem. 1967, 8 (1), 9—16.

(47) Kirchevskaya, I. Yu.; Samotsvetov, A. R; Seredina, N. P,;
Urazov, N. I; Shatalov, V. P. Relations between Polymerization of
Hydrocarbon Monomers in the Presence of Lithium Alkyls Modified
with Potassium Tert.Butylate. Polymer Science U.S.S.R. 1976, 18 (8),
2111-2118.

(48) Makowski, H. S.; Lynn, M. Butyllithium Polymerization of
Butadiene. III. Effect of Inactive Lithium Compounds. Journal of
Macromolecular Science: Part A - Chemistry 1968, 2 (4), 683—700.

6863

(49) Forens, A,; Roos, K; Dire, C; Gadenne, B.; Carlotti, S.
Accessible Microstructures of Polybutadiene by Anionic Polymer-
ization. Polymer (Guildf) 2018, 153, 103—122.

(50) Kozak, R.; Matlengiewicz, M. Influence of Polar Modifiers on
Microstructure of Polybutadiene Obtained by Anionic Polymer-
ization. Part S: Comparison of y, 6, X+, and X—pu Complexes.
International Journal of Polymer Analysis and Characterization 2017, 22
(1), 5S1-61.

(51) Pakuro, N. L; Zolotareva, 1. V.; Kitayner, A. G.; Rogozhkina, E.
D.; Izyumnikov, A. L.; Arest-Yakubovich, A. A. Diene Polymerization
by Mixed Sodium- and Lithiumalkyl Initiators in Hydrocarbon
Medium. Macromol. Chem. Phys. 1995, 196 (1), 375—383.

(52) Salle, R; Essel, A; Gole, J.; Pham, Q. Polymérisation
Anionique Des Diénes. III. Etude Thermodynamique de La
Propagation Du Butadiene et de i'isoprene Par Les Organo-alcalins.
Journal of Polymer Science: Polymer Chemistry Edition 1975, 13 (8),
1855—1867.

(53) Stearns, R. S.; Forman, L. E. The Stereoregular Polymerization
of Isoprene with Lithium and Organolithium Compounds. J. Polym.
Sci. 1959, 41 (138), 381—397.

(54) Patterson, D. B.; Halasa, A. F. Anionic Polymerization of 1,3-
Butadiene to Highly Crystalline High Trans-1,4-Poly(Butadiene) with
Potassium Catalysts Generated from an Alkyllithium and Potassium
Tert-Amyloxide. Macromolecules 1991, 24 (16), 4489—4494.

(55) Hsieh, H. L.; Quirk, R. P. Anionic Polymerization: Principles and
Practical Applications; CRC Press: Boca Raton, an imprint of Taylor
and Francis, 1996.

(56) Schlosser, M. Superbases for Organic Synthesis. Pure Appl.
Chem. 1988, 60 (11), 1627—1634.

(57) Lochmann, L.; Janata, M. SO Years of Superbases Made from
Organolithium Compounds and Heavier Alkali Metal Alkoxides. Open
Chem. 2014, 12 (5), 537—548.

(58) Halasa, A. F.; Mitchell, G. B; Stayer, M.; Tate, D. P.; Oberster,
A. E; Koch, R. W. Metalation of Unsaturated Polymers by Using
Activated Organolithium Compounds and the Formation of Graft
Copolymers. IL. Journal of Polymer Science: Polymer Chemistry Edition
1976, 14 (2), 497—506.

(59) Nakhmanovich, B. L; Arest-Yakubovich, A. A.; Prudskova, T.
N.; Litvinenko, G. L. Styrene-butadiene Copolymerization Initiated by
Organopotassium Compounds in Hydrocarbon Medium. Macromol.
Rapid Commun. 1996, 17 (1), 31-36.

(60) Smith, S. D.; Ashraf, A.; Clarson, S. J. Styrene-Diene Random
Copolymers, Blends and “Random-Diblock” Copolymers. Prepr., Am.
Chem. Soc. Div. Polym. Chem. 1994, 3S (2), 466—467.

(61) Ashraf, A; Smith, S. D; Clarson, S. J. Synthesis and
Characterization of PS-PI and PS-PBD Random Copolymers and
“Random-Block” Copolymers via Anionic Polymerizations. Polym.
Prepr. 1993, 34 (2), 672—673.

(62) Arest-Yakubovich, A. A,; Litvinenko, G. I; Basova, R. V.
Synthesis of High Vinyl Styrene-Butadiene Random Copolymers with
a New Soluble Organosodium Initiators. Prepr., Am. Chem. Soc. Div.
Polym. Chem. 1994, 2 (35), 544—545.

(63) Arest-Yakubovich, A. A.; Pakuro, N. L; Zolotareva, 1. V.;
Kristal'nyi, E. V.; Basova, R. V. Polymerization of Conjugated Dienes
Initiated by Soluble Organosodium Compounds in Hydrocarbon
Solvents. Polym. Int. 1995, 37 (3), 165—169.

(64) Knoll, K; Niefiner, N. Styrolux+ and Styroflex+ - From
Transparent High Impact Polystyrene to New Thermoplastic
Elastomers: Syntheses, Applications and Blends with Other Styrene
Based Polymers. Macromol. Symp. 1998, 132, 231-243.

(65) Smith, S. D.; Ashraf, A.; Satkowski, M. M.; Spontak, R. J.
Determination of the Phase Diagram for a New Class of Block
Copolymers:”"Random-Diblock” Copolymers. Prepr., Am. Chem. Soc.
Div. Polym. Chem. 1994, 35, 651—652.

(66) Laurer, J. H.; Ashraf, A.; Smith, S. D.; Samseth, J.; Spontak, R. J.
Macromolecular Self-Assembly in Dilute Sequence-Controlled Block
Copolymer/Homopolymer Blends. Supramolecular Science 1997, 4
(1-2), 121-126.

https://doi.org/10.1021/acs.macromol.5c00975
Macromolecules 2025, 58, 6854—6864


https://doi.org/10.1002/pol.1959.1204013605
https://doi.org/10.1002/pol.1959.1204013605
https://doi.org/10.1139/v64-426
https://doi.org/10.1139/v64-426
https://doi.org/10.1002/pol.1969.150070204
https://doi.org/10.1002/pol.1969.150070204
https://doi.org/10.1002/pol.1969.150070205
https://doi.org/10.1002/pol.1969.150070205
https://doi.org/10.1002/pol.1969.150070205
https://doi.org/10.1002/pol.1970.150080223
https://doi.org/10.1002/pol.1970.150080223
https://doi.org/10.1039/tf9666201876
https://doi.org/10.1039/tf9666201876
https://doi.org/10.1021/ma60004a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60004a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pol.1976.170140306
https://doi.org/10.1002/pol.1976.170140306
https://doi.org/10.1002/pol.1976.170140306
https://doi.org/10.1002/(SICI)1521-3935(19990901)200:9<2015::AID-MACP2015>3.0.CO;2-I
https://doi.org/10.1002/(SICI)1521-3935(19990901)200:9<2015::AID-MACP2015>3.0.CO;2-I
https://doi.org/10.1135/cccc19683245
https://doi.org/10.1135/cccc19683245
https://doi.org/10.1021/ja00892a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00892a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00892a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma960945u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma960945u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma960945u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10118-020-2355-4
https://doi.org/10.1007/s10118-020-2355-4
https://doi.org/10.1007/s10118-020-2355-4
https://doi.org/10.1007/s10118-020-2355-4
https://doi.org/10.1002/macp.1967.021070117
https://doi.org/10.1002/macp.1967.021070117
https://doi.org/10.1002/macp.1967.021070117
https://doi.org/10.1002/macp.1967.021070117
https://doi.org/10.1063/1.1733803
https://doi.org/10.1063/1.1733803
https://doi.org/10.1063/1.1733803
https://doi.org/10.1002/masy.19940850121
https://doi.org/10.1002/masy.19940850121
https://doi.org/10.1007/978-94-009-3175-6
https://doi.org/10.1007/978-94-009-3175-6
https://doi.org/10.1016/S0022-328X(00)84698-7
https://doi.org/10.1016/0032-3950(76)90398-1
https://doi.org/10.1016/0032-3950(76)90398-1
https://doi.org/10.1016/0032-3950(76)90398-1
https://doi.org/10.1080/10601326808051434
https://doi.org/10.1080/10601326808051434
https://doi.org/10.1016/j.polymer.2018.07.071
https://doi.org/10.1016/j.polymer.2018.07.071
https://doi.org/10.1080/1023666X.2016.1230264
https://doi.org/10.1080/1023666X.2016.1230264
https://doi.org/10.1080/1023666X.2016.1230264
https://doi.org/10.1002/macp.1995.021960127
https://doi.org/10.1002/macp.1995.021960127
https://doi.org/10.1002/macp.1995.021960127
https://doi.org/10.1002/pol.1975.170130810
https://doi.org/10.1002/pol.1975.170130810
https://doi.org/10.1002/pol.1975.170130810
https://doi.org/10.1002/pol.1959.1204113832
https://doi.org/10.1002/pol.1959.1204113832
https://doi.org/10.1021/ma00016a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00016a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00016a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00016a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1351/pac198860111627
https://doi.org/10.2478/s11532-014-0528-0
https://doi.org/10.2478/s11532-014-0528-0
https://doi.org/10.1002/pol.1976.170140220
https://doi.org/10.1002/pol.1976.170140220
https://doi.org/10.1002/pol.1976.170140220
https://doi.org/10.1002/marc.1996.030170105
https://doi.org/10.1002/marc.1996.030170105
https://doi.org/10.1002/pi.1995.210370303
https://doi.org/10.1002/pi.1995.210370303
https://doi.org/10.1002/pi.1995.210370303
https://doi.org/10.1002/masy.19981320122
https://doi.org/10.1002/masy.19981320122
https://doi.org/10.1002/masy.19981320122
https://doi.org/10.1002/masy.19981320122
https://doi.org/10.1016/S0968-5677(96)00048-X
https://doi.org/10.1016/S0968-5677(96)00048-X
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c00975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

(67) Laurer, J. H.; Ashraf, A.; Smith, S. D.; Spontak, R. J. Complex
Phase Behavior of a Disordered “Random” Diblock Copolymer in the
Presence of a Parent Homopolymer. Langmuir 1997, 13 (8), 2250—
2258.

(68) Knoll, K; Weber, M.; Gerhard, M. Thermoplastic Moulding
Compounds, U.S. Patent US20190241736A1 1997.

(69) Niessner, N.; Jahnke, E.; Wagner, D.; Duerkheim, B.; Knoll, K.
Very Soft, Non-Sticky and Transparent Styrenic Thermoplastic
Elastomer Composition, US11066503B2 2021.

(70) Knoll, K;; Gausepohl, H.; Niessner, N.; Naegele, P.; Fischer,
W.Thermoplastische Formmasse, EP0859803B1 1997.

(71) Schade, C.; Fischer, W.; Gausepohl, H.; Warzelhan, V,;
Fontanille, M.; Deflieux, A.; Desbois, P. Method for Retarded Anionic
Polymerization, US6350834 2002.

(72) Litvinenko, G. L; Arest-Yakubovich, A. A. Chain Transfer to
Solvent in Two-state Anionic Polymerization, 2. Slow Exchange
between Propagating Species. Macromol. Theory Simul 1995, 4 (2),
357-366.

(73) Litvinenko, G. I; Arest-Yakubovich, A. A. Study on the
Mechanism of Anionic Polymerization with Mixed RLi-R'OK
Initiators, 2. Theoretical Study of Random Styrene-Butadiene
Copolymerization. Macromol. Chem. Phys. 2000, 201 (17), 2417—
2423.

(74) Meyer, V. E,; Lowry, G. G. Integral and Differential Binary
Copolymerization Equations. J. Polym. Sci. A 1965, 3 (8), 2843—2851.

(75) Jaacks, V. A Novel Method of Determination of Reactivity
Ratios in Binary and Ternary Copolymerizations. Makromol. Chem.
1972, 161 (1), 161—172.

(76) Jaacks, V. Eine Neuartige Methode Zur Bestimmung von
Copolymerisationsparametern. Angew. Chem. 1967, 79 (9), 419—419.

(77) Hoffmann, R.; Minkin, V. I. Ockham’s Razor and Chemistry.
Int. J. Philos. Chem. 1996, 3, 3—28.

(78) Quirk, R. P.; Ma, J.-J. Dilithium Initiators Based on 1,3-bis(1-
Phenylethenyl)Benzene. Tetrahydrofuran and Lithium Sec-butoxide
Effects. Polym. Int. 1991, 24 (4), 197—206.

(79) Ashraf, A.; Smith, S. D.; Satkowski, M. M.; Spontak, R. J;
Clarson, S. J.; Lipscomb, G. G. Synthesis and Morphological Studies
of Random Styrene-Diene Copolymers and “Random-Diblock”
Copolymers. Polym. Prepr. (Am. Chem. Soc, Div. Polym. Chem.)
1994, 35 (2), 581—582.

(80) Knoll, K.; Gausepohl, H.; Niessner, N.; Naegele, P. Thermo-
plastic Elastomers EP0927210B1, 1997.

(81) Knoll, K; Kindler, A.; Fischer, W. Glycidylether Aliphatischer
Polyalkohole Als Kopplungsmittel in Der Anionischen Polymer-
isation, WO1999001490A1 1997.

(82) Niessner, N.; Knoll, K; Bender, D.; Gottschalk, A.; Weber, M.
Impact-Resistent, Thermoplastic Mixture of Elastomers and Thermo-
plastic Materials, W09620248 1996.

(83) Handlin, D. L; Williamson, D. T.; Willis, C. L. Block
Copolymer, US6699941B1 2004.

(84) Mochel, V. D. Nuclear Magnetic Resonance-Analog Computer
Method for “Block Styrene.”. Macromolecules 1969, 2 (S), 537—540.

(85) Corbin, N.; Prud’Homme, ]. Multiblock Copolymers of Styrene
and Isoprene. I. Synthesis and Characterization. Journal of Polymer
Science: Polymer Chemistry Edition 1976, 14 (7), 1645—1659.

(86) Steube, M.; Johann, T.; Galanos, E.; Appold, M.; Riittiger, C.;
Mezger, M.; Gallei, M.; Miiller, A. H. E; Floudas, G.; Frey, H.
Isoprene/Styrene Tapered Multiblock Copolymers with up to Ten
Blocks: Synthesis, Phase Behavior, Order, and Mechanical Properties.
Macromolecules 2018, S1 (24), 10246—10258.

(87) Wahlen, C.; Blankenburg, J.; Von Tiedemann, P.; Ewald, J;
Sajkiewicz, P.; Miiller, A. H. E.; Floudas, G.; Frey, H. Tapered
Multiblock Copolymers Based on Farnesene and Styrene: Impact of
Biobased Polydiene Architectures on Material Properties. Macro-
molecules 2020, 53 (23), 10397—10408.

(88) Meyer, A. W.; Hampton, R. R.; Davison, J. A. Structure of
Alkali Metal-Catalyzed Butadiene Polymers "2 ]. Am. Chem. Soc.
1952, 74 (9), 2294—2296.

6864

(89) Chen, H. Y. Nuclear Magnetic Resonance Study of Butadiene-
Isoprene Copolymers. Anal. Chem. 1962, 34 (9), 1134—1136.

(90) Arest-Yakubovich, A. A,; Basova, R. V.; Nakhmanovich, B. ;
Kristalnyi, E. V. The Main Special Characteristics of Anionic
Polymerization Initiated by Group II Metals. Acta Polym. 1984, 35
(1), 1-7.

(91) Foster, F. C; Binder, J. L. Lithium and Other Alkali Metal
Polymerization Catalysts. Adv. Chem. 1957, 26—33.

(92) Pearson, R. G. Hard and Soft Acids and Bases. J. Am. Chem. Soc.
1963, 85 (22), 3533—3539.

(93) Brandrup, J.; Immergut, E. H.; Grulke, E. A. Polymer Handbook;
Wiley, 1999.

(94) Odian, G. Principles of Polymerization; Wiley & Sons Ltd, 2004.

STOP DIGGING
THROUGH DATA
—START MAKING
DISCOVERIES

CAS BioFinder helps you find the
right biological insights in seconds

Start your search

https://doi.org/10.1021/acs.macromol.5c00975
Macromolecules 2025, 58, 6854—6864


https://doi.org/10.1021/la960807y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la960807y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la960807y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mats.1995.040040210
https://doi.org/10.1002/mats.1995.040040210
https://doi.org/10.1002/mats.1995.040040210
https://doi.org/10.1002/1521-3935(20001101)201:17<2417::AID-MACP2417>3.0.CO;2-T
https://doi.org/10.1002/1521-3935(20001101)201:17<2417::AID-MACP2417>3.0.CO;2-T
https://doi.org/10.1002/1521-3935(20001101)201:17<2417::AID-MACP2417>3.0.CO;2-T
https://doi.org/10.1002/1521-3935(20001101)201:17<2417::AID-MACP2417>3.0.CO;2-T
https://doi.org/10.1002/pol.1965.100030811
https://doi.org/10.1002/pol.1965.100030811
https://doi.org/10.1002/macp.1972.021610110
https://doi.org/10.1002/macp.1972.021610110
https://doi.org/10.1002/ange.19670790927
https://doi.org/10.1002/ange.19670790927
https://doi.org/10.1002/pi.4990240402
https://doi.org/10.1002/pi.4990240402
https://doi.org/10.1002/pi.4990240402
https://doi.org/10.1021/ma60011a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60011a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pol.1976.170140708
https://doi.org/10.1002/pol.1976.170140708
https://doi.org/10.1021/acs.macromol.8b01961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01129a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01129a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac60189a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac60189a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/actp.1984.010350101
https://doi.org/10.1002/actp.1984.010350101
https://doi.org/10.1021/ba-1957-0019.ch004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ba-1957-0019.ch004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00905a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c00975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

