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Introduction

Polymers

A polymer is defined as a large molecule compodaemeating units typically connected by
covalent chemical bonds. While the word “polymern”dopular usage suggests plastic, the
term actually refers to a huge class of naturalsymthetic materials. Due to the extraordinary
range of properties accessible in polymeric matgriaey have come to play an essential role
in everyday life - from plastics and elastomersnedural biopolymers such as DNA or
proteins.

Similar to classical organic compounds, the nundfedifferent polymers today is almost
endless. In recent years, more and more polymeitswarious structures, functional groups
and variable molecular weights have been syntheédaedifferent versatile optical, thermal,
technical or electrical applications. Especiallyatarials based on functional polymeric
amphiphiles are of great interest as they allovel&aganization in selective solvents. This
enables the access to medical applications sudhugsdelivery.

Recently, polymeric micelles found great interesthe area of self-organized materials and
as such, the term “micelle” will be discussed ia tbllowing.

Micelles

A micelle, derived from the latin word “mica” (li& lumps), is a small aggregate formed from
amphiphilic molecules or surfactants dispersed liguad.

The formation of micelles occurs spontaneously ttu¢he tendency of the amphiphile to

undergo phase separation. A typical amphiphile oem aggregate from aqueous solution
with the hydrophilic “head” regions in contact withe surrounding solvent, forcing the

hydrophobic single tail regions in the centre af thicelle. This type of micelle is called a

normal phase micelle. Inverse micelles have theal lhggaups at the centre and the tails
extending out (see figure 1.

Micelles are in general of spherical shapes. Ophases, including ellipsoids, cylinders, and
bilayers are also known. The shape and size of alimiis a function of the molecular

geometry and the solution conditions such as cdret@n, temperature, pH and ionic

strength?®
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Figurel1. Schematic illustration of normal and inverse micelles.

Micelles can only form when the concentration o gurfactant is higher than the critical
micelle concentration (CMC), and the temperatureéhef system is higher than the critical
micelle temperature (CMT)® The formation of micelles is a thermodynamic pheanon:
micelles form spontaneously because of a balanweeka entropy and enthalpy. In water, the
hydrophobic effect is the driving force for the rfmation of micelles, despite the fact that
assembling surfactant molecules together reduessdhtropy.

At very low surfactant concentrations, only solidgitl molecules are present in the solution.
As the concentration of the surfactants is incréaaeconcentration is reached at which the
unfavorable entropy consideration, derived from Hyelrophobic ends of the molecules,
becomes dominant. At this point, the hydrophobigichk of the amphiphiles are forced away
from the water. Therefore, the amphiphiles startfdom micellar structures. Broadly
speaking, above the CMC, the entropic penalty s¢@bling the surfactant molecules is less
than the entropic penalty of caging the surfactambomers with water molecules (see figure
2)_1,2
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Figure 2. Formation of micelles above CMC.



As already mentioned, the CMC is an important patamfor the characterization of micelles
formed from amphiphilic molecules. Many physicalgraeters are changed upon reaching
the CMC such as the osmotic pressarethe light scattering intensitysd or the surface

tension (see figure 3y

n L osmotic pressure sc L light scattering
- B CMC
surfactant concentration = surfactant concentration =

Figure 3. Change of the of the osmotic pressure /rand of the light scattering intensity |4 at the
CMC.

All these methods are applied for the determinatminthe CMC by carrying out
measurements on a series of different surfactamtesdrations. The CMC is obtained from
the intersection of the straight lines from the sugaments.

Recently, polymeric amphiphiles capable to formyp@ric micelles in solution are the focus

of current research.

Polymeric micelles

The structural variety of low molecular weight angdtiles such as lipids and surfactants is
very limited.

In contrast, manifold polymeric structures basedlitmock and triblock copolymers, as well

as branched, hyperbranched polymers or polymeis Yhitush-like” structures have been

reported (see figure 47 The hydrophilic-hydrophobic (lipophilic) balance polymeric

amphiphiles can greater be modified towards lowerwlar weight compounds.
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Figure 4. Increase of the structural variety and of the hydrophilic-lipophilic balance from low
molecular weight amphiphiles to polymeric amphiphiles.

In analogy to their behavior in bulk, diblock coypwmlers self-assemble in block-selective
solvents (e. g. in water), which solubilize onlyedout not the other block, forming micelles
of various shape%® If the soluble block is predominant, the insolubleck aggregates to
form a spherical micelles. Micelles have typicallycore-shell structure. The hydrophobic
core of the polymeric micelles in water, can enodgie small molecules such as therapeutic
drugs, while the hydrophilic shell provides intdraas with the solvent and guarantees the
nanoparticles stability (see figure 5). This makesse structures interesting for biomedical
applications, such as drug delivery. The size dymperic micelles usually ranges from 10 to
100 nm®

Micelles can be characterized by several individtedhnigques, such as dynamic light
scattering (DLS), transmission electron microscq@¥M), fluorescence spectroscopy,
differential scanning calorimetry (DSC), atomicdermicroscopy (AFM) or nuclear magnetic
resonance spectroscopy (NMR).



hydrophilic shell

hydrophobic core

J ¢

tens of nm

hydrophilic hydrophobic
block block
Water
eI (0 -
(block selective
solvent)

block copolymer

amphiphilic block copolymers self-assemble into a
spherical supramolecular nanostructure called a

polymeric micelle polymeric micelle

Figure5. Self-assembly of amphiphilic block copolymersinto polymeric micelles.

As already mentioned, amphiphilic block copolymans prone to form polymeric micelles. A

block copolymer is in generally defined as follows.

Block copolymers

Block copolymers are a certain class of polymernso éknown as “soft materials”.
Independent from the synthetic procedure, theystauply be considered as being formed by
two or more chemically homogenous polymer segmieitied together by covalent bonds.

In the simplest case of two distinct monomers, enmtionally named A and B, linear diblock
(AB), triblock (ABA), multiblock or star-block coggmers can be prepared. The microphase
morphology of diblock copolymers in bulk has bebée subject of several theoretical and
experimental investigations in recent decades. Shifassembly process is forced by an
unfavorable mixing enthalpy and a small mixing epy; while the covalent linkage

connecting the blocks prevents macroscopic phasaaton.

Stimuli-responsive polymers and block copolymergehmund great interest in academia and
applied science, recently. In the next few lineemugli-responsive polymers will be

introduced and some examples will be given.



Stimuli-responsive polymers

Stimuli-responsive polymers are polymers that ugdephysical or chemical changes in
response to small external variations in the emvirental condition8.” Such polymers can be
widely found in living systems. Proteins, polysaaeties and nucleic acids can be regarded
as typical stimuli-responsive polymers. The basiaqgiple of a stimuli-responsive polymer
consists in the recognition of an external sigted, evaluation of the magnitude of this signal
and then in changing its chain conformation in oese to the signal. The stimuli can be
divided in either physical or chemical stimuli.

Typical chemical stimuli are pH changes, ionic st or the addition of chemical agebits.
At the molecular level, these stimuli will moduldtes interactions between polymer chains or
between polymer chains and the solvents. Phystiaulk can be temperature changes,
electric or magnetic field variations or mechanstaéss. In general, such stimuli will change
the molecular polymer-solvent interactions at cationset points. Some polymers can
combine two or more stimuli-responsive propertiediile two or more signals can be
simultaneously applied. These systems are named#t duamulti-responsive polymers,
respectively.

Biochemical stimuli have been considered as a icecegory, which involves the responses
to antigens, enzymes, ligands or other biochenaigaht<:’

Thermoresponsive polymers

Similar to low molecular weight compounds, the sdity of most synthetic macromolecules
increases when heated. However, there exist sorter-a@uble polymers that separate from
solution upon heating. This unusual property igmeid to an inverse temperature-dependent
solubility.

The characteristic of polymers which dissolve whealed and phase separate when heated is
known as a lower critical solution temperature (IJ.8® This temperature corresponds to the
region in the phase diagram where the enthalpitriboition of the water hydrogen bonded to
the polymer chain becomes less than the entropicajahe whole system (see figure 6). The
LCST is largely dependent on the hydrogen bondegacities of the repeating units of a
water-soluble polymet.
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Figure6. Plot of atypical polymer binary solution phase behavior including a LCST.

The simplest explanation is derivated from thernmaatyics: the dissolution enthalgyd due

to the hydrogen bonding of the basic sites on tignper with the solvent favors dissolution.
However, the entropic organizatiadkS of the solvent required to achieve this hydrogen
bonding is unfavorable. The free energy of dissotuis equal taAH-TAS. Following this
principle, it can change from negative (favoralitepositive (unfavorable) by increasing the
temperature of the system. Thus, the LCST behaviopolymers is favored in strongly
interacting solvents such as water.

In contrast to their biological counterparts, swtith polymers often redissolve when cooled.
This makes these materials more versatile tharemstwhich do not “renature”. Further, the
temperature, at which the phase separation of theiyn polymer from solution occurs, can
be changed by varying the polymeric structure. frogesponsive polymers undergo
reversible conformational or phase changes in respdo negligible variations of the
temperature (see figure %)Similar to the behavior in nature, the bulk resmrof a
thermoresponsive polymer is usually due to multipteractions such as loss of H-binding.
The quality of the response can be monitored by dloeid point temperature and by
calorimetric measuremeritsThe coupling of calorimetry with cloud point meesments
have been demonstrated to be a successful appiaratie explanation of the phase transition

temperature.
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Figure 7. Reversible conformational changes in response to variations of the temperature of a
thermoresponsive polymer.

The investigation of the phase transition by a kletd increase of the temperature followed
by redissolution due to a controlled cooling precesvery important to understand the LCST
phenomenon. In general, most of the turbidity carsileow a hysteresis. The phase transition
can either be reversible, with hysteresis or witlgradual rather than an abrupt change.
Poly(N-isopropylacrylamide) (PNIPAM) exhibits a very spdransition when heated, but a
broad hysteresis can be observed in the cooliniggésee figure 8§2°
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Figure8. LCST curve of PNIPAM showing hysteresis between heating and cooling.

Below the LCST, the coiled structure in PNIPAM iavéred. This structure allows a
maximum interaction between the polymer and theewdh systems where strong hydrogen

8



bonding is possible, such interactions lower tlee fenergy of dissolution considerably. At
higher temperatures, the hydrogen-bonding effeckemrs. As a consequence the entropy-
controlled “hydrophobic effect”, the tendency oétbystem to minimize the contact between
water and hydrophobic surfaces increases. Thisegrois followed by the transition from a
coiled to a denser globule structlrendeed the phase transition temperature is depénde
from several parameters such as the molecular weigd concentration, salt concentration,
tacticity, incorporation of co-monomers or the matof the end group. The most studied
synthetic thermoresponsive polymer is PNIPAM, whicldergoes a sharp transition in water
at 32°C, changing from a hydrophilic state belovus tiemperature to a hydrophobic state
above it. PNIPAM can be regarded as a simple mfmded proteir®®® From the chemicall
point of view, PNIPAM is homologous with poly(lene) (see scheme 1). However, in
contrast to poly(leucine), PNIPAM has a nonpolatki®ne and contains amide groups in its
side chain. Poly(leucine) includes peptide groupgs backbone and has entirely nonpolar

side chains.

5
N\
ZT
5

PNIPAM poly(leucine)

Scheme 1. Chemical structures of PNIPAM and poly(leucine)

As mentioned above, the origin of the “smart” babain PNIPAM, arises from the entropic
gain as water molecules associated with the sideabopropyl moieties are released into the
bulk aqueous phase as the temperature increase® @abe LCST. The thermodynamic
properties of aqueous PNIPAM solutions have beerotighly investigated.The transition
from coil to a collapsed structure by increasing tbmperature resembles the transition of a
protein from unfolded to folded structures. Reseancthe field of thermosensitive polymers
has been intensively focused on PNIPAM, but sonmerdtl-substituted poly(acrylamides)
and poly(methacrylamides) exhibit a similar behaiioaqueous solutioh Poly(N-ethyl-N-
methylacrylamide}®  poly(N-cyclopropylacrylamide) (PNCPAM) and poly(N,N'-
diethylacrylamide) homopolymers have been reported to display a L@Sthe range

between 30-56°C (see scheme 2).
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Scheme 2. Chemical structures of thermoresponsive poly(acrylamides).

Polymers bearing amide groups are known to be #&nges$t class of thermoresponsive
polymers. Besides, poMtvinylcaprolactam) (PVCL) is a very important wasaiuble
polymer, which undergoes under warming a phaseragpa from aqueous solution (see
scheme 3§:** It has a repeating unit that consists a cyclicdemiith the amide nitrogen
directly attached to the hydrophobic polymer baciboln contrast to thermosensitive
poly(N-alkylacrylamides), it does not produce small andéevatives upon hydrolysis. This
feature, combined with its overall low toxicity,gii complexing ability and good film
forming properties enables its use in many indakemnd biomedical applicatiofisAqueous
solutions of PVCL show a phase transition behasata31°C*® The LCST of PVCL shifts to
lower values for higher molecular weights of thdypeer.

™, bk

N
@]

PVCL PIPOZ

Scheme 3. Schematic structures of poly(N-vinyl caprolactam (PVCL) and poly(2-isopropyl-2-
oxazoline) (PIPOZ).

The repeating unit of poly(2-isopropyl-2-oxazolif@IPOZ) is structural isomeric to that of
PNIPAM (see scheme 3).Indeed, aqueous solutions of PIPOZ show a clouihtpo
temperature. The cloud point of PIPOZ with a molecweight of M, = 16700 g mot ranges
from 36 to 39 °C depending on polymer concentratias revealed by several turbidity
studies’
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Another group of thermosensitive polymers incluttes polyethers. Poly(propylene oxide)
(PPO) is a most intensively investigated thermaseaspolymer®*® However, only PPO
oligomers are soluble in cold water.

Polymers and copolymers based on oligo(ethyleneodlyside chains were promised to
become popular materials for biotechnological ampibns>'® Copolymers poly(2-(2'-
methoxyethoxy)ethyl methacrylat®-oligo(ethylene glycol) methacrylate) with an age
percent of oligoether per chain exhibit a thermpoesive behavior comparable to
PNIPAM.* These class of novel thermoresponsive copolymersvery versatile for many
applications in material science and technologyeyTmight bear a great potential in drug
delivery systems as some of them are known to degta harmless by-products during

hydrolysis®

Lightresponsive polymers

Besides the aforementioned temperature as a ssmiight has attracted great attention,
recently. Light can be localized in time and spand has therefore emerged as a trigger to
release active molecules (drugs) from block copelymicelles:®?° The general principle for

a light-induced release is as follows. Firstly, 8maolecules are incorporated in the core of
lightresponsive block copolymer micelles. Upon diedgion, a change in the nature of the
core-forming block occurs which further leads todesruption of the micelles. As a
consequence, the trapped compound (drug) is releésee figure 9). In the case of
amphiphilic block copolymer micelles, light inducaschange in the polarity of the core-
forming block, which renders the block copolymeatly soluble. This kind of disruption can
either be irreversible or reversible dependinghenkind of used photosensitive moiety.

polymeric micelle

drug
C)
——
C) ¢

block copolymer

Figure 9. Schematic principle of light controlled (irreversible) disruption of a polymeric micelle
accompanied with drug release.
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Some examples for amphiphilic lightresponsive paysnhave been described by Zhao and
co-workers, recentl§*® Following the same strategy, polymers containing aydrophilic
poly(ethylene oxide) segment linked to a hydropbopolymethacrylate block bearing
photolabile groups were synthesized. Pyrenylmettwylitrobenzyl or coumarin esters were
used as photocleavable groups. The irradiation WitHight induced an irreversible cleavage
of the side chromophores, unmasking the protectaxbogylic acid functions. As a
consequence, the irradiated block copolymer waspéetely hydrophilic and became soluble
in water. Transferred on polymeric photocleavableeltes in water, the light stimulation
would result in the irreversible disruption of thggregates and a subsequent release of the
previously encapsulated molecules (drugs) woulidalA special example of an irreversible
light induced disruption has been reported by Stapp coworker$? They investigated
photosensitive peptide oligomers containtAgitrobenzyl ester groups.

Azobenzene moieties have been recognized earlyitable candidates for reversible light-
induced micellation of block copolymes.Azobenzene chromophores undergo easily a
reversibletrans-cisisomerization of their nitrogen-nitrogen doublenboThetransisomer of
azobenzene can be converted into e upon UV-light irradiation and the back
iIsomerization can be activated by visible light @re. Zhao and co-workers developed a
micellar system which can be disrupted upon UVtilighadiation and reforms itself under
visible light2®?’ Therefore, a block copolymer containing one pety(tyl acrylateco-acrylic
acid) sequence connected to a poly(methylacryldieqaring azobenzene side group
chromophores was synthesized. The formation of-sbhed micelles and/or vesicles was
observed for the block copolymer in a dioxane/watetture. Both morphologies could be
disrupted upon UV-light irradiation. The aggregatf®rm themselfs after exposure to visible
light. This reversible disruption-reformation presewas explained by the change in the
hydrophilic-hydrophobic balance of the block copo&r induced by the photoisomerization
of the azobenzene side groups. Matyjaszewski angdockers recently proposed the use of
photosensitive spiropyran moieties instead of azpéee, in order to enhance the efficiency
of a reversible photo-induced micellar dissociatmssociation process. For that,
poly(ethylene oxideplockpoly(methacrylate) whose methacrylate block wasaribg
spiropyran side chains was synthesized. The hyad@iphspiropyran moieties undergo
photoisomerization upon irradiation with UV-lightito their hydrophilic merocyanine
counterparts. In analogy to azobenzene, the reyeoseess is triggered by visible light. The
iIsomerization of spiropyran moieties is accomparigd deep change of the hydrophilic to
hydrophobic balance in the block copolymer. A couosmce is a reversible disruption of

12



micelles. Following again the work on azobenzenetaioing block copolymers, some
interesting studies on the behavior of micellar amamand microaggregates have been

reported?3*

Thermo- and lightresponsive polymers

Multi-responsive systems have been attracting gnei@rest recently as they offer the
possibility to tune their properties in many di#fat ways. Lightresponsive polymers are often
combined with temperature as an additional stimulsfirst example of thermo- and
lightresponsive copolymers was reported in 1988rieyand coworkers® They synthesized
PNIPAM copolymers containing azobenzene moietiébg OCST of the PNIPAM copolymer
containing 2.7 mol% azobenzene increased upon ght-lrradiation from 21°C for thians
form to 27°C for thecis form. So far, other examples for thermorespongiwymers and
block copolymers based on azobenzene chromophasesheen publishei*! A particular
example, showing a greater change in the LCST utamination involveso-nitrobenzyl
polyacrylates and a thermoresponsive poly(ethoxgthyleneglycol)acrylate in a block
copolymer structur& In this case, the LCST could be increased by ntbem 10°C.
However, these changes in the phase transitiona@etpe were irreversible due to the

cleavage ob-nitrobenzyl esters into carboxylic acids.

As already discussed in the previous chapter, éliersible photoreaction of lightresponsive
molecules is important for many responsive polymenaterials. In the following, the term

“photochromism” will be introduced and some exarmspier photochromic compounds will

be given.

13



Photochromism

A photochromic organic compound is a reversible dyeler photochemical contrti.
Photochromism can be defined as a reversible wamstion of chemical species, induced in
one or both directions by electromagnetic radiatiogtween two states (A and B) having

light absorptions in different regions (see schdne

hvy

A(h) = B()

hV2,A

Scheme 4. Photochromism between two states A and B.

In general, the photochromic reaction involves wsersible transformation between two
species with B having at least one absorption kepukaring at longer wavelengkhthan
those of A. UV-light in the range between 300 t® 40n is in general used for initialization
of the photochromic reaction. Most photochromisteyns are established to be unimolecular
reactions (A> B). However, the reversibility is the major criter for photochromism. The
back reaction (B> A) can occur predominantly by a thermal mechaniasis the case for
spiropyrans, spirooxazines and chromenes. For thgsems, the thermally driven back
reaction can be accompanied by one that is photoichdly driven. However, in most cases
the thermal reaction predominates. For other systéme photochemically induced forms (B)
are thermally stable. For such systems, e. g.dakyor arylethenes, the back reactionsXB
A) occur predominantly photochemical. The photoahimtransformation and the observed
spectral changes or changes in physical or cherbefavior are related to the modifications
of the geometry of the system and its electrorstrithution.

Ordinarily, photochromism and its various charast&s can be defined according to the type

of application at which they are targeted. Two galiypes of applications can be defined:
1. Applications, that are directly dependent on thiercohange caused by the molecular

and electronic structures of the two species (Aal) their corresponding absorption

or emission spectra.

14



2. Applications that are dependent on changes in liysipal or chemical properties that
occur during the photochromic reaction. Examplesuah properties are conductivity,
refractive index, electrical moment, dipole momedielectric constant, chelate
formation, ion dissociation, phase transitions,ubiity, and viscosity. Certain
physical changes that occur when the photochronoietynis chemically attached to

the macromolecular backbone of polymers are ofigpiterest in this dissertation.

In the following, the most important photochromiolectules will be presented.

Azobenzene

Azobenzene is a chemical compound composed of tweoyp rings linked by a N=N double
bond?*“® The term “azobenzene” or simply “azo” is often dige refer to a wide class of
molecules that have an azobenzene structure, witbreht chemical functional groups
extending from the phenyl rings. These compoundsildhbe formally referred to “diazenes”.
The diazenes strongly absorb light and were histitlyi used as dyes in industry (“aniline
yellow”). Azobenzene was first described by Nobelthe year 1856 as "gelblich-rote
kristallinische Blattchen® Its original preparation is similar to the moderre. According to
the old method, nitrobenzene is reduced by irongd in the presence of acetic acid. In
modern synthesis, zinc is uses as a reductaneiprésence of a ba3e.

The most fascinating property of azobenzene andeitwatives is the photoisomerization of
trans to cis (see scheme 5). The two isomers can be switchdd particular wavelengths:
UV-light, which corresponds to the energy gap @it (S2 state) transition, faransto-
cis conversion, and visible light, which is equivalémtthat of the m* (S1 state) transition,
for cisto-trans isomerizatiorf> For several reasons, tlés-isomer is less stable than the
transisomer. Thuscis-azobenzene will thermally relax backttans-azobenzene viais-to-
trans isomerization. Thdransisomer is more stable by approximately 50 kJ/ramkl the
barrier to photo-isomerization is approximately 2k'mol. The photo-isomerization of
azobenzene occurs extremely rapid within picosesofthe rate of the thermal back-
relaxation is strongly dependent on the compountisasually in the range of several hours.
The photo-isomerization of azobenzene is accomgamigh significant changes in the

geometry of the molecule and the dipole momefit

15
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Scheme 5. Azobenzene photoisomerization accompanied with a change of the dipole moment 4.

The conversion frortransto-cis-azobenzene decreases the distance between tked4 ramgy

positions from 9.0 to 5.5 A, however the dipole neminincreases from 0 to 3 Debie.

Spiropyran

“Spiropyrans” refers in general to a substitutdd-@ran having a second ring system,
usually heterocyclic, attached to the 2-carbon atdrthe pyran in a spiro mann&rThe
indolinospiropyrans is the one of the most studiddall photochromic compounds. The
spiropyrans, their photochromism, and their apfiices have been extensively revieweéd?
Spiropyrans can be synthesized in several diffeneys. One of the most common methods,
is the condensation of a 2-alkyl heterocyclic quaey salt or the corresponding methylene
base with a 2-hydroxy unsaturated aldehyde groufsiag scheme Y. These intermediates
have given a broad assortment of spiropyran classes

1,3,3-trimethyl-2- 1',3',3'-trimethylspiro[chromene-
methyleneindoline 2-hydroxybenzaldehyde 2,2'-indoline]

o=
oy — C
N 0

Scheme 6. Synthesis method of a spiropyran compound.
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A reversible photocoloration is attributed to amiggrium between the spiropyran (“closed”,
“colorless”) form and a merocyanine (“open”, “cadli’) form, as shown in scheme 7 for an
indolinospirobenzopyran. The merocyanine itselfrespnts an equilibrium mixture of
geometrical conformations, and its electronic distiion varies from highly zwitterionic to
an essentially nonionic ortho-quinoidal structure.

The existence of the spirobenzopyran-merocyaningliequm implies that in principle a
dimethinemerocyanine could be closed to a pyraméso This would be an example for a
“reverse” photochromism. However, many merocyanices be irreversibly photobleached
by reaction with some added reagent.

closed form open form Oe

spiropyran ("colorless")

Scheme 7. Photoi somerization reactions of an indolinospiropyran compound.

Spiropyrans are promised to be used for opticabroiog, three-dimensional optical
memories, and holograpfy. Today, spiropyrans are commercially used in mdeera
guantities such as for exposure indicators in gdhbtmgraphic plates, for microimage
recording, and in a most interesting application ffoid-flow visualization. For these uses,
fatigue is not an important limitation. In additjorlatively small amounts of spiropyrans are

used in printing inks for T-shirts and in toys.

Spirooxazine

Photochromic spirooxazine compounds are moleculestaming a condensed ring-
substituted BI-[1,4]oxazine in which the number 2 carbon of tlkazne ring is involved in a

spiro linkage’™® The photochromism of spirooxazines implies theetwytic or homolytic

17



cleavage and reformation of the carbon-oxygen sigind of the oxazine ring. In solution,
the parent indolinospironaphthoxazine (NISO) tushge upon irradiation with UV-light and
rapidly fades back to colorless when the activatadjation is removed. Only UV-A light
(315-380 nm) is required for activation. The bludoc is caused by the formation of the ring-
opened merocyanine structure, which absorbs ingdpien of 600 nm. Spirooxazines show an
excellent resistance towards light-induced degradatThis property, also called fatigue
resistance, is considered to be due to photochérstedility of the oxazine molecule
framework in the ring-closed form as well as in dpen-ring form. The fatigue resistance of
the spirooxazines has led to their successful usairious applications, e. g. in eyewé&aA
typical structure of an indolinospironaphthoxazirderived from 1-nitroso-2-naphthol is

illustrated in scheme 8.

closed form ("colorless™) open form ("colored™) O

() = e
N o Q hvy, A N O

1,3,3-trimethylspiro[indoline-2,3'-
naphtho[1,2-e][1,3]oxazine]

Scheme 8. Photoisomerization reaction of an indolinospironaphthoxazines compound.

Fulgides and fulgimides
The fulgide family represents an important type pifotochromic compoundd?? The
photochromism of some phenyl-substituted bismettgylsuccinic anhydrides in the solid

state was fist discovered by Stobbe.

1
R o)
[0
R2 \B
R3 O
Nl
R4 O

Scheme 9. Molecular structure of a fulgide.
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In general, fulgides are synthesized by a condemsatf aryl aldehyde or ketone with a
substituted methylene succinate, followed by hyghisland a dehydration process. At least
one of the four substituent groups on the fulg&glan aromatic ring, e. g. a phenyl group. The
structure of the fulgide is constructed as a hex@runit that has two different isomers/ a
form and arE form based on tha,p-unsaturated double bond?® &d R being the same. If
one considers the two double boral$d andy,d substituted fulgides with four different
groups, B, R?, R® and R in compound 1, four geometrical isomers, e§E), (E,2), (Z,E),
and {,2) structures, can exist (see scheme 9). When phiatouc fulgides are irradiated
with UV-light, they either isomerize from tHe to Z conformation or photocycle depending
on the wavelength of the incoming light (see schd®g The photocyclization reaction of
phenyl fulgides occurs by a photochemical conroyatprocess. However, the thermal
electrocyclic ring-opening reaction is a disrotgtprocess in accordance with the Woodward-
Hoffmann selection rule¥.

(E)-3-(1-(2,5-dimethylfuran-3-yl)ethylidene)-4-
(propan-2-ylidene)dihydrofuran-2,5-dione

o o)
UV (11) V4 ] X W) o
— o =/
Vis o _ Vis o)
) o)

Scheme 10. Photoisomerization reactions of a fulgide compound.

The first compound of the fulgide family developey Heller was a succinimide which he
called “fulgimide”> The fulgimides represent the most important fidgierivatives (see
scheme 11). They are reported to have photochrprojeerties similar to the parent fulgides,
but the absorption bands show a hypsochromic $Hislgimides can be synthesized by the
dehydration of succinamic acids, which are prepdmeéither the reaction of a fulgide with
ammonia or primary amine, or by the reaction otiecgic half-ester with the Grignard salt
of the amine. SomBl-substituted fulgimides are prepared by reactirgirfiiides with bromo
or hydroxy compounds.
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R27 Y
R3 N—R?®
s
R4 O

Scheme 11. Molecular structure of a fulgimide.

Based on the different classes of fulgide and faide family compounds, many realistic and
potential applications have been developed andestigd, e. g. actinometry, optical storage,
optical data processing, nonlinear optical matsrialptical waveguides, optical switches,

security and printing applications and eyewear el as leisure producfs.

Salicylideneaniline

N-(2-hydroxy benzylidene) aniline, abbreviated abcgideneaniline, has been known to
exhibit photochromism both in its crystalline andlusion phases (see scheme T2
Salicylideneaniline and derivatives can be syn#ssifrom an aromatic amine and
salicylaldehyde by a nucleophilic addition reactitmmming a hemiaminal, followed by
dehydratior?® It is generally agreed that photo excitation ditgéideneaniline is followed by
a rapid proton transfer along the intramoleculadrbgen bond of thertho-hydroxyl to the
imine nitrogen to form theis proton transferred product which isomerizes tortioee stable
trans-form around the C1-C7 and C=N boris.

(E)-2-((phenylimino) "cis"-enol salicylideneaniline

methyl)phenol
b / o—H
hyv
N,

"trans'-keto
"trans'-zwitterionic

Scheme 12. Photoisomerization reactions of a salicylideneaniline compound.
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For the final photoproduct, two different strucwirkave been proposed. The first one is
originated from the full transfer of the proton (oore specifically, hydrogen) from the initial
enol structure to givecis- andtransketo forms, whereas, the other involves only a partial

transfer tocis andtrans zwitterionic structures.

The synthesis of polymeric materials combining plbtomic and thermoresponsive
properties is still a challenge. However, one hadind a suitable synthetic procedure to
obtain defined molecular weights and architectuséshese materials. In the following
chapter, the RAFT polymerization technique as éhowbf choice will be introduced.
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RAFT polymerization

Radical polymerization is probably the most widelged processes for the commercial
production of high-molecular weight polyméfsThe main factors responsible for the
preeminent role of radical polymerization are dbwes (a) it can be used with a large variety
of monomers, (b) it is tolerant towards a wide &g functional groups and reaction
conditions, and (c) it is simple to perform andxpensive in relation to competitive
technologies. However, the conventional processbag notable limitations with respect to
the degree of control over the molecular weightrihgtion, polymer composition and
architecture.

The recent emergence of techniques for implemenliingg radical polymerization has
provided a new set of tools that allow very preaseatrol over the polymerization process.
The versatility of the methods towards conventiomatlical polymerization is still
maintained?®* Recently, living radical polymerization techniqussch as the nitroxide-
mediated polymerization (NMP) the atom transfer radical polymerization (ATE#Y and
the reversible addition-fragmentation chain trangRAFT)*® have received great attention.
The NMP technique was devised in the early 1980& polymerization method has been
exploited extensively for the synthesis of homopwdys and block copolymers with a narrow
molecular weight distributiof? "> New developments have made NMP applicable to anvid
though still restricted range of monoméfs.

ATRP is substantially a more versatile polymerimattechniqué”’® However, it requires
unconventional initiating systems, such as coppts swith poor compatibility to the
polymerization media. Additionally, the use of tsd@imn metals in ATRP might bear some
problems with regard to biological uses of the lt@sy polymers. Substantial advances have
been made to address this and other issues.

RAFT polymerization is one of the more recent amngan this field and probably the most
convenient and versatile. RAFT agents, also calleain transfer agents (CTA), were first
reported in the literature in 1986.However, their use in polymer synthesis to produce
polymers with narrow molecular weight distributiaas not published until 1998.The use
of xanthates to give RAFT agents was reported lfirst 1988°" while the use of
thiocarbonylthio RAFT agents in this context of fanng living characteristics on radical
polymerization was communicated in 1988Thiocarbonylthio RAFT agents may act as
chain transfer agents by a two-step addition fragat®n mechanism as illustrated

in scheme 13.
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In general, the RAFT mechani$hstarts with a fragment of a radical initiator, lsuas a
cyano-propyl-radical originating from AIBN, attackj the dithioester. The Z group has the
purpose to stabilize the resulting carbon-base@abdnd encourage its formation through
addition of the initiator fragment. The R grougi®osen to stabilize an R-based radical and is
often designed to resemble the monomer indented pdymerization. The following
fragmentation is thus directed into expelling theg®up, which starts the polymerization.
The terminal radical of the propagating chain n@ntadd onto another dithioester molecule,
setting free its R group (or an already formed pwy chain) in turn, thus transferring the
radical. In summary, the polymer chain is insefbetiveen the R group and the dithioester
(DTE), resulting in the structure R-polymer-DTE-Zhe RAFT process thus has a great
potential in producing polymers with defined fuoctal end groups.

Initiation
M M

Initiator —— |° —> ——» P

Reversible chain transfer

. S-SR kyy PrS e STR g, PSS .
Pn —+ —_— — + R
Z Z Z
w K add K.p
k

p

Reinitiation
M M M .
R® —— » R—M. —_— — P,
k

Chain equilibration

S _S—Ps - S—P, Pm—S ~°
Pm \\/ — Y — \l/ TPy
z
()
K

Termination

p P

Ky
p, + P, ——> Deadpolymer

Scheme 13. Mechanism of RAF T polymerization.*
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RAFT polymerization with thiocarbonylthio compounkias been found compatible with the
majority of monomers polymerizable by free radicptocesse8® This includes
(meth)acrylates, (meth)acrylamides, acrylonitrdéyrene and derivatives, butadiene, vinyl
acetate, andN-vinylpyrrolidone. The RAFT polymerization is to#ert towards the

functionality in monomer, solvent and initiator.

The essential features of the ideal RAFT polyméiona(see scheme 14) can be summarized

as followg* "8

* RAFT polymerization can be performed by simply adgda chosen amount of an
appropriate RAFT agent to a conventional free mdiolymerization. Usually, the
same monomers, initiators, solvents and tempeatiae be used.

* RAFT polymerization possesses the similar charsties like other living
polymerization methods (e.g. anionic polymerizatiossentially, all chains begin
their growth simultaneously and continue to grovtiluthe monomer is consumed
completely. Molecular weights increase linearlyhmtonversion. Active chain ends
are retained, thus allowing an access to end dumgtionalized polymers.

* Molecular weights in RAFT polymerization can beirasted using equation 1 where

[M] o — [M]: is the monomer consumed amgl is the monomer molecular weight.

Monomer casumed_ [M ], —[M ] .
Chains intiated [RAFT agen]t

M (calc)= y (1)

X Polymeric RAFT agent

S :<
R)]\ Yy 5 X YX yxy S
N > RWK

S Z >
Initiator S Z

Scheme 14. Overall reaction in RAFT polymerization.®

* Narrow molecular weight distributions can be acadkyv

* Blocks, stars and complex molecular architecturesaacessible.

A wide variety of thiocarbonylthio RAFT agents haleen reportef’*®? These include

certain trithiocarbonates, xanthates, dithiocartiamand other compounds. The effectiveness
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of the RAFT agent depends on the monomer beingweriiged. Further, the properties of the
free radical leaving group R and the group Z wiuah be chosen to activate or deactivate the
thiocarbonyl double bond and to modify the stapitf the intermediate radicals are crucial

for a successful polymerization (see schemé1Byr an efficient RAFT polymerizatiGh

the RAFT agents should have a reactive C=S doubid bhighkaqg,

» the intermediate radicals should fragment rapidiigl{ ks, weak S-R bond) and no
side reactions should occur,

* the intermediate should partition in favor of prottuks = Kaqg and

» the expelled radicals should efficiently reinitigi@ymerization.

Weak single bond

S S— R'—S_ .« _S—
R'. + Y —_— Y
/ z z
Reactive
double bond T R, R' are free radical leaving groups

Z modifies addition and
fragmentation rates

Scheme 15: Structural features of thiocarbonylthio RAFT agent and the intermediate formed on
radical addition.**

The RAFT polymerization in combination of functidmelymers has been demonstrated as a
powerful tool for the synthesis of complex polymeftie use of polymeric activated ester

will be discussed in the next part of the disserntat
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Polymeric activated ester

The synthesis of functional polymers with definedlecular weight, defined composition,
and defined architecture are still a challengedtymer science. Functional polymers can be
obtained from polymerization of suitable protectewnomers. However, the additional
deprotection step may not necessarily proceed cmipl The direct polymerization of
monomers bearing functional groups is clearly aeriavored strategy.

The traditional living techniques, such as the aigigpolymerization only offer very limited
possibilities for the direct polymerization of fuimmal monomers. This situation has changed
with the development of controlled (“living”) radit polymerization techniques. These
polymerization methods showed a higher toleraneatds functional group®:°® In spite of
these advances, there is still a broad range aftifumalities that cannot be introduced into a
polymer by direct polymerization. Such functionabgps may either completely prevent a
controlled polymerization or may participate inesigeactions. As a consequence to this, the
control over the polymerization gets lost. Polynagmlogous reactidh (also called post-
polymerization modificatiot), is an attractive method for the synthesis ofcfiomal
polymers that can overcome the limited functionedup tolerance of many controlled
“living” polymerization techniques.

The synthesis of functional polymers through a p@y analogous reaction is divided into
two steps. Firstly, the polymerization of monomergh functional groups that are inert
towards the polymerization conditions is performbdthe next step, the functional groups
arranged at the polymer can quantitatively be cdaadein a subsequent reaction into a broad
range of other functional groups (see figure 10).

Consequently, polymer analogous reaction allowgssto functional polymers that cannot
be prepared by direct polymerization of the coroesiing functional monomer. This strategy
is also highly attractive versatile for combinasbnnaterials discove’’®* Activated esters
have been established as very useful derivates foovalent linking between amines and
carboxylic acids resulting in stable amide bondlse hctivated esters have found a broad
application in peptide chemistry over many yearBolymers bearing activated ester groups
as a functional precursor have been reportedyfitstl Ringsdoff® and Ferruff in 1972. In
recent years, activated esters polymers have fourat applications in polymer chemistry as

well as in material- and life science.
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n
2 \controlled polymerization

Figure 10: Schematic principle of a controlled polymerization of activated ester monomers followed
by a controlled functionalization via a polymer analogous reaction.

The monomerdN-hydroxy succinimide (NHS) acrylate (also callehcryloxysuccinimide),
and its methacrylate analogous, found extensivefoiseéhe synthesis of macromolecular
precursors (see scheme $8)These polymers, named conventionally piiiytydroxy
succinimide acrylate) (PNHSA) and pdWirhydroxy succinimide methacrylate) (PNHSMA)
can be converted with amines in a polymer analogeastion under very mild conditions
into functionalized polyacrylamide or polymethaenylide derivates, respectivély>
However, a notable disadvantage of these two palyngetheir limited solubility: PNHSA
and PNHSMA are only soluble in DMF and DMSO.

The solubilty of activated ester-based polymersn cde improved by either
copolymerizatiort or by replacing the NHS ester group with otheivating groups, such as
2,4,5-trichlorophenol  ester (TCP), endeN-hydroxy-5-norbornene-2,3-dicarboxyimide
(NorbNHS)?? or pentafluorophenol (PFP) ester groups (see seh&®®®° One of the
advantages of poly(pentafluorophenyl acrylates) &) and poly(pentafluorophenyl
methacrylates) (PPFPMA) is their excellent soltypiin common organic solventd Further,
by using**F NMR spectroscopy, it is possible to monitor tbaation of the PFP ester groups.
The conversion of PPFPA and PPFPMA activated estghsamines is usually quantitative
and without any side reactions. The synthetic ptaoe occurs under mild conditions, such as

stirring at room temperature.
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Scheme 16: Chemical structures of various activated ester monomers.

Consequently, the reaction of activated esters witiines can be regarded as a prime
example of reactions classified as "click” reac&idf However, in contrast to the 1,3-dipolar
cycloadditions, the reaction of activated esterthvaimines has the advantage to proceed
without the auxiliary usage of a metal catalyst.

Following the advantages of activated ester cheynish combination with RAFT
polymerization, these techniques have been poiatedas the first choice method for the

synthesis of thermoresponsive polymers bearingmifft functionalities.

As already mentioned above, cloud point measuresnatgo called turbidimetry, is one of
the most common methods to determine the LCST dhemmoresponsive polymer in
solution®® In the next few lines, the principle of a cloudmaneasurement will be presented
shortly.
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Cloud point measurements

In a typical cloud point measurement, the transiomsgitensityt of a light beam that passes
through a sample cell, i. e. the transmittanceteorded versus the temperature of the
polymer solution (see figure 11). Below the LCSHe polymer solution is totally clear and
full transmittance of the incident light is obselven the range of the LCST, the polymer
starts to precipitate from solution due to transitfrom coil to a collapsed structure. As a
consequence, the solution becomes turbid and theabpransmittance is decreased to a
minimum. Normally, the phase transition is sharg ancurs within a temperature range of
1°C®® The LCST is therefore defined as the temperatarehe diagram at which a

transmission of 50% is observéd.
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Figure 11. Schematic principle of a cloud point measurement to determine the LCST of polymer
solutions.

Dynamic light scattering has been established a&s anthe most important methods to
investigate the self-assembly behavior of functidack copolymers in solution. Within the
next part of this dissertation, the theoreticaldgaound and the schematic setup of a dynamic

light scattering experiment will be discussed.
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Dynamic light scattering

Dynamic light scattering (DLS) (also known as photorrelation spectroscopy) is a physical
technique to determine the size distribution peofif small particles in suspension or
polymers in solutiort®**?%|t can be used as well to investigate the behaficomplex fluids
such as concentrated polymer solutions. DLS in d¢oation with transmission electron
microscopy (TEM) is the method of choice to analyhe hydrodynamic radiRy of a
polymeric micelle.

When light hits small particles the light is scattkin all directions (Rayleigh scattering) so
long as the particles are small compared to thesleagth (below 250 nm). If the light source
is a laser, providing monochromatic and coheregtitlione can observe a time-dependent
fluctuation in the scattering intensity. These fluations are due to the fact, that small
molecules in solutions are undergoing Brownian omtiAs a consequence, the distance
between the scatterers is constantly changing tmitd. The scattered light undergoes either
constructive or destructive interference by theraurding particles. Within this intensity
fluctuation, an information is generated about tihee scale of movement of the scattering
particles. The dynamic information is derived fram autocorrelation of the intensity trace
recorded during the experiment. The second ord®carrelationg’(g;7) curve is as follows

in equation 2:

with a particular wave vectay, the delay time and the intensity of the scattered light. At
short time delays, the correlation is high becdbeearticles do not have a chance to move to
a great extent from their initial state. Conseqlyerthe two signals are unchanged when
compared after a very short time interval. As tiheetdelays become longer, the correlation
starts to decay exponentially to zero. That meaftsr a long time period has elapsed, there is
no correlation left between the scattered intensifythe initial and final states. This
exponential decay is related to the motion of thetiples, specifically to the diffusion in

solution. Numerical methods are used, to fit tearrelation function (see figure 12).
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Figure 12. Schematic principle of a dynamic light scattering (DLS) setup using an autocorrelation
function.

For monodisperse sample a single exponential deaaybe observed. The Siegert equation
relates the second order autocorrelation functigh the first order autocorrelation function

g'(q;r) as follows in equation 3:

g’(q7) = 1+ Bla*(g;7)f (3)

where the parametet is a correction factor that is depending on thengetry and the
alignment of the laser beam in the light scattesetup. It is approximately equal to the
inverse of the number of speckles. The most impbmiae of the autocorrelation function is
its use for size determination of particles.

Once the autocorrelation data have been genedifetent mathematical approaches can be
employed to determine size information of the sraty particles. The analysis is facilitated
when an interaction of the scattering particlesodlgh collisions or electrostatic forces
between ions can be excluded. Particle-particléis@ois can be suppressed by dilution,
whereas charge effects are reduced by the usdé®tsaollapse the electrical double layer.
The simplest approach is to treat the first ordatoeorrelation function as a single

exponential decay (see equation 4). This is fooaadisperse population
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g(q;7)=exp(-r7) (@)
with ' =q°D, (5)

whererl is the decay rate (see equation 5). The tranaitaiffusion coefficienD; from may

be derived at a single angle or at a range of ardgeending on the wave vectpr

q= 4m, sin(g)
1 5 (6)

whereA/ is the incident laser wavelengtty, is the refractive index of the sample ahd angle
at which the detector is located with respect ® gample cell (see equation B).is often
used to calculate the hydrodynamic radRis of a spherical particle through the Stokes-

Einstein equation

D= ‘el (7)
' 6mR,

where kg is the Boltzmann constant, is the absolute temperature ands the viscosity
(equation 7).

It is important to note that the size determinedis is the size of a sphere that moves in the
same manner as the scatterer. If the scattereraisdmm coiled polymer, the determined size
is not the same as the radius of gyration detemmipyestatic light scattering (SLS). It is also
useful to point out that the obtained size will liee any other molecules or solvent
molecules that are surrounding the scattering@eurti
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Scope of this work

The scope of this work is the synthesis and charaetion of thermal- and lightresponsive
copolymers and block copolymers. The synthesisefihdd polymers that exhibit a LCST in
water containing different amounts of various Irgsponsive side- or end groups are to be
developed utilizing modern polymerization methodsich as the reversible addition-
fragmentation chain transfer (RAFT) polymerisation combination with activated ester
chemistry (see scheme 17). The key idea is todrighge phase transition temperatures of
these polymers by light-induced isomerization oé& tbthromophores, which is usually
accompanied with a local increase in polarity. @opoently, higher LCST values are
expected upon irradiation, thus allowing a lightirolled solubility change within a certain

temperature range.

However, the lightresponsive molecules attache® anthermoresponsive polymer need to
fulfil certain properties. As already mentionede tkomerization of the molecules should be
accompanied with a local increase in polarity. Efee, the dyes might either be constructed
in such a way, that they change their dipole monmentheir chemical conformation upon
irradiation with a specific wavelength. Consequgrdlchange from a non-polar structure into
a higher polar or ionic structure would be desiréte isomerization should result in a
maximum difference between the LCST of the nordiated and the irradiated species of the
thermoresponsive polymer. Moreover, the light-iretliceisomerization of the chromophores
should be possible and the thermal-induced reisaat@n should be negligible slow. As
already mentioned, the isomerization of the dyesiEhonly occur by using light of a specific
wavelength and not by temperature or other physicalhemical stimuli. Further, the dyes
may not interfere with water, neither in the namdliated nor in the irradiated state.
Additionally, the chromophores should possess dagam@mical high stability from bleaching

effects and besides, they should not decompose.

Once having analyzed the properties of thermo-ligihtkesponsive copolymers, an extension
of the present study would be the investigatiora aftimuli controlled micellation process.
Therefore, amphiphilic block copolymers with a tner and lightresponsive segment and
solubility providing hydrophilic blocks need to Isgnthesized. The investigation of these
materials is a certain challenge. These compoungitroear many interesting properties for

several technical or biological applications.
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Moreover, the synthesis of thermoresponsive polgmeth different functional end groups is
of great interest. As an extension on the studshefstimulated micellation, double thermal-
responsive block copolymers with specific end gsowgre to be investigated in this

dissertation.

| M, |
| |
polymer analogous
e ¥ " a0 o S n. ot »Aadd
reaction
well-defined (activated ester) thermoresponsive copolymer
precursor polymer with side group chromophores

Scheme 17. Synthetic concept for the synthesis of thermal- and lightresponsive copolymersvia a
polymer analogous reaction of well-defined precursor polymers.
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Results

Thermoresponsive copolymers with photoswitchable side

group chromophores

Thermoresponsive copolymers with azobenzene side groups

As discussed previously, the synthesis of wellytfi and narrow distributed thermo- and
lightresponsive polymers is still a challenge. Heréhe synthetic procedure of four different
series of thermoresponsive polyacrylamide copolgnmeach bearing different amounts of
photoswitchable azobenzene side groups was dedcriiee synthesis was based on the
polymer analogous reaction of well-defined PPFPAhwdifferent primary or secondary
amines. All copolymers were designed to exhibit@GSI in agueous solution, which was
dependent on (i) the amount of incorporated azaemzchromophores and (ii) the
isomerization state of the azobenzene group. Théinzd idea was to shift the LCST of the
copolymers up to higher values upon irradiatiore tiuthetrans to cis isomerization of the
azobenzene units, which is in general accompanigdarxchange of the dipole moment p. In
fact, higher LCST values were measured for eachirtAdiated copolymer solution in
comparison to the non-irradiated copolymer solutitime light-controlled LCST increase was
fully reversible due to the reisomerization of tti@omophore under visible light exposure
(see figure 13). However, the LCST shifts did nebwe any significant dependency on the
amount of azobenzene chromophore. For some reasoasge copolymer series the LCST
shifts increased with increasing amount of azobeszeide groups while for another
copolymer series the LCST shift remained almosstant. A maximum LCST difference of
7°C was found for a copolymer of poNN-dimethylacrylamide) containing 8.5 mol% of
azobenzene groups. Within this temperature rangegvarsible solubility change by
irradiation with UV-light was possible, which wasicsessfully proved by a Kkinetic

transmission measurement of a polymer solutionfixed temperature above the LCST.

Publication 1: Jochum, F. D.; Theato, P. Po/ymer 2009, 50, 3079-3085.

Thermoresponsive copolymers with salicylideneaniline side groups
Herein, two different series of thermoresponsivelygarylamides containing different

amounts of salicylideneaniline moieties as lightiosive groups were investigated. Like
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azobenzene, salicylideneaniline chromophores ard Ww®wn to undergo reversible
iIsomerization upon irradiation with UV-light. Theomerization goes along withkatcenol
tautomerization. For the synthesis of the copolgn@®PFPA was used again as a defined
precursor polymer for the post-modification withiaes. Both copolymer series exhibited a
LCST in aqueous solution. The phase transition \Wiehaf every polymer solution was
investigated by turbidimetry. The LCST was depemndem the amount of hydrophobic
salicylideneaniline moieties and their isomerizatgiates. The irradiation of the copolymer
solutions with UV-light was followed with by an @versible increase of the LCST (see figure
13). A maximum LCST shift of 13°C was found for alygN-cyclopropylacrylamide)
copolymer with 15 mol% of salicylideneaniline sigeoups. A further explanation for the
high LCST differences might be a decompositionhef¢hromophore. However, this could be
excluded in this study by several individual spestopy measurements.

Publication 2: Jochum, F. D.; Theato, P. Macromolecules 2009, 42, 5941-5945.

Thermoresponsive copolymers with fulgimide side groups

A series of PNIPAM based copolymers featuring gifalde as a lightresponsive side group
chromophore was investigated. The synthesis ofetheaterials was done by a polymer
analogous reaction of PPFPA with primary amines PAIIPAM based copolymers showed a
LCST in aqueous solution. In contrast to azobenzand salicylideneaniline bearing
copolymers, the LCST was only tiny affected by mpaating the fulgimide chromophore. A
photocyclization of the chromophore by irradiatioh the solutions with UV-light was
observed. This isomerization process of the fuldenside groups was accompanied with a
color change of the solutions from colorless inéal.r The closed form of the dye was
thermally stable and had a halftime of 136 mintfoe visible reisomerization. However, the
chromophore isomerization did not influence the IC8 contrast to the azobenzene or
salicylideneaniline dyes incorporated into PNIPABlymers (see figure 13). Following this
principle, the solubility of these materials wadyoa function of the temperature. This led to
the realization of a logic “NOT A’ molecular gat®rfthese copolymers, while the
corresponding copolymers with azobenzene side grampuld be an example for the
molecular logic gate “A implies B”.

Publication 3: Jochum, F. D.; Forst, F. R..; Theato, P. Macromol. Rapid Commun. 2010, 31,
1456-1461.
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Figure 13. Overview of all reactions of thermal- and lightresponsive PNIPAM based copolymers
with three different chromophores, respectively. Azobenzene bearing PNIPAM copolymers showed
a reversible temperature- and light-induced solubility change within a certain temperature range
(P1). For PNIPAM based copolymers with salicylideneaniline side groups an irreversible solubility
change was found (P2), whereas fulgimide irradiated thermoresponsive copolymers did not
influence the LCST at all (P3).
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Thermoresponsive polymers with photoswitchable

azobenzene end groups

In this project, thermo- and lightresponsive polysnbased on poly(oligo(ethylene glycol)
methyl ether methacrylate) P(OEGMA) with azobenzema groups were synthesized. RAFT
polymerization using a functional CTA containind®’&P ester was performed to polymerize
oligo(ethylene glycol)methyl ether methacrylate (GMA, M, ~ 300 g mof) yielding end
group functionalized, narrow distributed thermomasgpive polymers in two different chain
length. These polymers possessed an activatedRfSRa-end group as well as a dithioester
w-terminus. The dithioester could quantitatively bemoved by AIBN treatment or
substituted with a PFP ester by using a modifiedivaied ester diazo-compound.
Consequently, a post-modification of the reactivel egroups with amino-functionalized
azobenzene was possible. The resulting P(OEGMA)pals contained azobenzene either on
the a-end group or on both (telechelic) ends of the p&ly chain. The sample solutions in

water showed a reversible thermo- and light-coletdgbhase transition (Figure 14).

AT uv
o soluble @ insoluble vis. light soluble
°
0. trans Q. Q
o o ) :
P(OEGMA) ©\N’N\© O\N’N
cis

2

Figure 14. Overview of all reactions of thermal- and lightresponsive P(OEGMA) polymers with
azobenzene end groups.

Similar to thermoresponsive copolymers with azobeezside groups, higher LCST values
were measured after irradiation with UV-light doethetransto-cis isomerization of the end

group chromophores, respectively. In all cases,igbmerization process of the azobenzene
end groups was fully reversible. The initial valdes the phase transition temperature were

measured after visible light exposure.
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Figure15. Linear increase of the LCST shifts of azobenzene-terminated P(OEGMA) polymers.

The LCST differences between irradiated and naadiated solutions increased linearly upon
the ratio of azobenzene end groups up to a maximiud3°C (see figure 15). Noteworthy,

the chemical nature of the end group had a highente on the LCST.

Publication 4: Jochum, F. D.; zur Borg, L.; Roth, P. J.; Theato, P. Macromolecules 2009, 42,
7854-7862.
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Results

Thermo- and lightresponsive micellation of azobenzene

containing PEO-b5-PNIPAM block copolymers

Once having investigated the temperature- andrkgponsive behavior of PNIPAM based
copolymers with azobenzene moieties, these findimgse used for dual responsive block
copolymers (see figure 16). The key idea was tahggize “smart materials” that self-
assemble in water into micelles by external stinsukth as temperature and light. For that,
block copolymers with a temperature- and lightrespee block and a solubility providing
block were synthesized. The dual-responsive blamktained a PNIPAM copolymer with
azobenzene side groups while poly(ethylene oxi@&d) was used as hydrophobic block
segment. The synthesis was based on a polymerganeloreaction of a PEGPPFPA
precursor block copolymers with functional aminBe&EOb-PNIPAM with azobenzene side
groups was capable to self-assemble into miceitactsire at higher temperatures. Above the
LCST, the PNIPAM block became insoluble in wated &rmed the hydrophobic core of a
micellar structure, while the PEO block formed timgdrophilic corona. The temperature
controlled reversible micellation process was naretl by different individual techniques
such a DLS, turbidimetry, or temperature dependleorescence and NMR measurements.
The polymeric micelles were capable to encapsuilgtieophobic coumarin 102 dye into the
core. Further, light-controlled disruption of thggaegates by using UV-light at temperatures
above the LCST could be demonstrated successfully.

Publication 5: Jochum, F. D.; Theato, P. Chen. Comm. 2010, 46, 6717-6719.
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Figure 16. Schematic principle of thermo- and lightresponsive micellation of functional PEO-b-
PNIPAM block copolymers with azobenzene side groups.
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Double thermoresponsive block copolymers with biotin

end group

As an extension of the previous work, the stimuliceflation of functional double
thermoresponsive block copolymers with bio targemd groups was investigated. In this
study, poly[(oligo(ethylene glycol) monomethyl ethenethacrylateBlock(N-isopropyl
methacrylamide)] (POEGMA-PNIPMAM) block copolymer with a biotin end group the
PNIPMAM block was synthesized as a model systemtdéomperature controlled polymer
immobilization. The synthesis was based on RAFTymerization followed by post-
modification reaction of an activated ester pregutdock and an exchange of the dithioester
end group within one step. The stimuli responsigbavior of POEGMAb-PNIPMAM was
analyzed by NMR, differential scanning calorimetBSC), dynamic light scattering (DLS)
and turbidimetry measurements. The double thermporesve POEGMAbR-PNIPMAM
showed a temperature dependent multi-stage assdmabyior as it was completely soluble
in water at temperatures below the LCST of botlehdo formed micellar structures above the
LCST of PNIPMAM but below the LCST of POEGMA or pigitated from solution above
the LCST of both blocks. At room temperature, tlodymer could be immobilized onto a
streptavidin surface via its biotin end group, Bsven in surface plasmon resonance (SPR)
experiments. At 50°C, at which the block copolyni@med micelles trapping the biotin
target within the PNIPMAM core, no immobilizationaw observed, showing that the

biological binding ability of the model could bergmlled via external stimuli (see figure 17).

Publication 6: Jochum, F. D.; Roth, P. J.; Kessler, D.; Theato, P. Biomacromolecutes 2010,
11, 2432-2439.

POEGMA-b-PNIPMAM

: soluble block
S
4 copolymer

{

Figure 17. Schematic principle of a temperature-controlled immobilization of biotin end-capped
double thermoresponsive POEGMA-b-PNIPMAM block copolymers.
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Summary and Conclusion

In summary, thermoresponsive polyacrylamides witarious amounts of different
photoswitchable side groups, i. e. azobenzenecylideneaniline and fulgimide were
successfully prepared. As such, in a first stepehdifferent chromophores with an amine
functionality were synthesized. The synthesis @f shmuli-responsive materials was based
on the RAFT polymerization of activated ester aig$ followed by a polymer analogous
reaction with different amines. The procedure hesnbdesigned to allow the synthesis of
well-defined materials with functional groups. Athpolymers prepared in this way showed a
LCST in aqueous solution. The LCST was in geneealtehsed by increasing the amount of
hydrophobic dye incorporated into the thermorespensolymer. However, in the case of the
fulgimide, the LCST was hardly affected by the c¢hophore. For azobenzene containing
PNIPAM polymers and analogues, higher LCST valuesewneasured after irradiation of the
polymer sample solutions with UV-ligh\(LCSTmnax = 7.3°C). A reversible light-induced
solubility change within a certain temperature mngas possible. In contrast to this,
irradiated samples of salicylideneaniline contagnihermoresponsive copolymers showed an
irreversible increase in the LCST (CSTmax = 13.0°C). Fulgimide chromophores did not
influence the LCST of PNIPAM based copolymers aft®rlight exposure.

Similar to the thermoresponsive polyacrylamides hwitizobenzene side groups,
poly(oligo(ethylene glycol) methyl ether methactgla [P(OEGMA)] polymers with
azobenzene end groups showed a LCST shift uponrtddiation. These polymers were
synthesized by RAFT polymerization using a functiochain transfer agent (CTA). For this,
PFP-CTA was used as a RAFT-agent for end group funetigation of (thermoresponsive)
polymers. In contrast to the statistically arrangegolymers with azobenzene side groups,
P(OEGMA) polymers with terminal azobenzene showdidear increase of the LCST shifts
with increasing amount of chromophor& LCSTnax = 4.3°C). Noteworthy, the chemical
nature of the end group exhibited a strong infleeon the LCST in the case of short
thermoresponsive P(OEGMA) polymers.

The investigation on temperature- and lightresp@ngiolymers was transferred onto block
copolymers capable to self-assemble into polymanicelles. Therefore, PEG-PNIPAM
block copolymers with azobenzene moieties werehggized successfully. These polymers

showed a “smart” behavior in aqueous solutionhasréversible formation and disruption of

438



the micelles could either be controlled by tempaetor using light as a stimulus. The
usefulness of these materials was demonstrateddapsulation of a hydrophobic dye in the
core of the micelle. Such materials might haveeagpotential as a model system for several
technical or biological applications.

Finally, double thermoresponsive block copolymensring micellar structures in a certain
temperature range with functional end groups csulttessfully be synthesized. These “smart
materials” based on POEGMBPNIPMAM have been demonstrated to be very promisin
for a temperature selective immobilization on at@iro surface. This might be a suitable

concept for further biological applications.

Concluding, different thermoresponsive copolymersid ablock copolymers with
lightresponsive moieties arranged along the baokbon located at the chain ends were
successfully prepared and investigated. By comigplthe nature of functional groups and
their respective incorporation ratios, the LCSTIdde dialed in precisely. Further, the LCST
of the polymers could be triggered by light. A liglontrolled disruption of micellar
structures could be shown for functional block dgpwrs. The importance of end groups of
thermoresponsive polymers was demonstrated by petature-controlled protein-polymer
binding of a terminal biotin-functionalized doulileermoresponsive polymer. The synthetic
approaches and the material properties presentesl steould be promising for further
research and applications beyond this dissertation.
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Temperature and Light Sensitive Copolymers
Containing Azobenzene Moieties Prepared via a

Polymer Analogous Reaction

Florian D. Jochum, Patrick Theato*

ABSTRACT

Four different series of polyacrylamides containtgifferent amounts of azobenzene moieties have
been synthesized via a polymer analogous reacfigolg(pentafluorophenylacrylate) (PPFPA). All
copolymers were designed to exhibit a lower critstdution temperature (LCST) in aqueous solution,
which was dependent on (i) the amount of incoratahromophoric azobenzene groups and (ii) the
isomerization state of the respective azobenzemgpgHigher LCST values were measured for UV-
irradiated solutions of the copolymers in compariso the non-irradiated copolymer solutions. A
maximum difference in the LCST of up to 7 °C wawurfd for the copolymer polj{N-
dimethylacrylamide) containing 8.5 mol% of azobere@roups. Within this temperature range, a

reversible solubility change of the copolymer cdoédinduced by irradiation with light.

ll

T<LCST

T>LCST a h*v

soluble insoluble soluble
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Introduction

Some water-soluble polymers show an unusual

behavior in aqueous solution, as these synthetic

materials undergo a phase separation upon heating.

In this context, especially polyacrylamide derigate
such as poly{-isopropylacrylamide) (PNIPAM)
found great interest, because PNIPAM features a
sharp transition behavior in water in response to
temperature changésThis lower critical transition
temperature (LCST) appears for PNIPAM in water
at 32 °C.

Besides PNIPAM also other polymers exhibit
such a temperature induced transition in water.
Examples are poli-ethyl-N-methylacrylamide},
poly(N,N-
diethylacrylamidef. Accordingly, such polymers

poly(N-cyclopropylacryl-amidé) or

featuring a LCST are expected to find application i
many scientific areas, such as drug delivenythe
immobilization of enzymes and céllsecause the
LCST is close to body temperature.

The area of polymers responsive to a single
stimulus has been extended to polymers, which
show a responsive behavior to multiple stimuli.
Other stimuli besides temperature can for example
be pH! ionic strengthor light®°

Of special importance seem polymers that are
responsive to light and temperature and
accordingly, there have been several reports on
temperature-responsive polymers, for example
those containing a light-responsive azobenzene

moiety!*®

In all these reports, appropriate
azobenzene containing monomers have been
copolymerized with eitheiN-isopropylacrylamide
(NIPAM) or N,N-dimethylacrylamide (DMA)
yielding light- and temperature-responsive
copolymers. The LCST of these azobenzene
containing copolymers depends not only on the
amount of chromophoric groups but also on the
degree of isomerisation of the azobenzene.

Azobenzene groups are known to undergo
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reversible isomerisation fromtrans to cis-
configuration upon irradiatiol’:? In the excited
cis-configuration, the higher dipole moment leads
to an increase of local polarity of the polymer
chain, which causes an increase of the L&'SAnd

as a result, these copolymers can be precipitated
upon irradiation with light within a certain
temperature range.

As we could describe in previous publications,
the polymer analogous reaction of activated ester
polymers provides many synthetic advant&gés.

In combination with modern methods of controlled
like the RAFT

polymerization, one can receive precisely defined

radical  polymerization,
reactive polymer structuré®. This procedure
enables the synthesis of polymeric architectures,
which cannot be realized by the classical way of
radical copolymerization.

PPFPA is known to react quantitatively with
aliphatic  amines the

yielding respective

polyacrylamide polymers and copolyméfs.
Additionally, this post modification of activated
polymers has the advantage that the synthesis is
totally independent from the copolymerization
parameters of the respective acrylamide monomers.
Furthermore, with this method one can even obtain
copolymers in the case where the corresponding
monomers would be impossible to be
copolymerized.

In this manuscript, we report on the synthesis and
characterization of four different series of thermo
and light-responsive polyacrylamides that use
azobenzenes as the corresponding photochromic
groups. In contrast

to previous reports, all

copolymers will be prepared via a polymer
analogous reaction of activated ester precursor
polymers on the basis of
poly(pentafluorophenylacrylate) (PPFPA&)which

will be synthesized by the reversible addition

fragmentation chain transfer (RAFT)



polymerisatior?® The LCST behavior of the
resulting polyacrylamides with different amounts of

azobenzenes will be investigated in detail.

Experimental Section

Materials. All chemicals and solvents were
commercially available and used as received unless
otherwise stated. Tetrahydrofurane (THF), 1,4-
dioxane and diethyl ether were previous distilled
over sodium. 2,2’-Azobis(isobutyronitrile) (AIBN)
was recrystallized from diethyl ether and stored at
-7 °C. As dialysis membranes Spectra/Por 3
(MWCO 3500) were used. Benzyl dithiobenzoate
was synthesized as a chain transfer agent for
RAFT-polymerization as described in the literature.
Briefly, dithiobenzoic acid magnesium salt was
reacted with and the benzylbronfid.

Instrumentation. All *H and*C NMR spectra
were recorded on a Bruker 300 MHz FT-NMR
spectrometer in deuterated solvent$€ NMR
spectra were recorded on a Bruker 400 MHz FT-
NMR spectrometer. Chemical shift§) (vere given
in  ppm to TMS. Gel
chromatography (GPC) was used to determine

relative permeation

molecular weights and molecular weight

distributions, M/M,, of polymer samples with
GPC

measurements were performed in THF as solvent

respect to  polystyrene  standards.
and with the following parts: pump PU 1580, auto
sampler AS 1555, UV-detector UV 1575, RI-
detector RI 1530 from Jasco, and miniDAWN
Tristar light scattering detector from Wyatt.

Columns were used from MZ-Analysentechnik:
MZ-Gel SDplus 102 A, MZ-Gel SDplus 104 A and

MZ-Gel SDplus 106 A. The elution diagrams were
analyzed using the ASTRA 4.73.04 software from
Wyatt Technology. Calibration was done using
polystyrene standards. The flow rate was 1 mL/min
at a temperature of 25 °C. UV/Vis spectra were
uv PC 2102

photospectrometer. IR spectra were recorded on a

recorded on a Shimadzu

Bruker Vector 22 FT-IR spectrometer using an
ATR unit. FD-masses were measured on a MAT 95
Finnigan mass spectrometer. Cloud points were
determined in Millipore water at a concentration of
20 mgmL and were observed by optical
transmittance of a light bearh € 632 nm) through
a 1 cm sample quartz cell. The measurements were
performed in a Jasco V-630 photospectrometer with
a Jasco ETC-717 peltier element. The intensities of
the transmitted light were recorded versus the
temperature of the sample cell. The heating rate
was 1 °C per minute. Irradiation of polymer
samples was performed in a quartz cell with a
diameter of 1 cnusing an Oriel Instruments 500 W
mercury lamp with a 365nm optical filter with an
average output of 10 mw/émFor the real-time
photo-switch experiment an optical fiber from Oriel
Instruments and a filter for visible light irradi
(A>400 nm) were additionally used.
Pentafluorophenylacrylate (PFPA).80 g (0.43
mol) pentafluorophenol and 52.5 g (0.52 mol)
triethylamine (TEA) were dissolved in 500 mL dry
diethyl ether and 47.2 g (0.52 mol) acryloyl
chloride was added dropwise through a funnel
under cooling with an ice bath. After stirring
the
precipitated salt was removed by filtration. After

additional 2 hours at room temperature,
evaporation of the solvent, the residue was fittere
again and purified with column chromatography
(column material: silica gel, solvent: petroleum
ether). 75 g (0.32 mol — 74 %) of a colourlessitiqu
were obtained. The pure PFPA was stored at -7 °C.
'H NMR (CDCk): & /ppm: 6.70 (d, 1H), 6.35 (dd,
1H), 6.16 (d, 1H);"*C NMR (CDCk): & /ppm:
161.5 (s), 142.8 (m), 141.2 (m), 139.5 (m), 137.9
(m), 136.2 (m), 134.9 (s), 125.1 (SyF NMR
(CDCI3): 6 /ppm: -162.77 (d, 2F), -158.39 (t, 1F), -
153.02 (d, 2F); FT-IR (ATR-mode): 1772 ¢m
(C=0 reactive ester band), 1516 (C=C aromatic
band)
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Poly(pentafluorophenylacrylate) (PPFPA).In a
typical RAFT polymerization a mixture of 20 g
(0.084 mol) PFPA, 51.5 mg (2.11 * “{omol)
benzyl dithiobenzoate and 4.3 mg (2.62 *1fol)
AIBN were placed into a Schlenk-flask. After

addition of 50 mL dry dioxane, four freeze-pump-

thaw cycles were performed to degas the solution.

The flask was filled with argon, immersed in a
preheated oil bath of 80 °C and stirred for 20 kour
After cooling down to room temperature, the
polymer was isolated by precipitation in hexane.
in  THF,

precipitated again twice into hexane, centrifuged

The crude polymer was dissolved
and finally dried in a vacuum oven at 40 °C. Yield
13 g (65 %) of a pink powdetH NMR (CDCL): 5
/ppm: 3.10 (br s), 2.51 (br s), 2.13 (br S NMR
(CDCly): & /ppm: 169.28 (s), 142.24 (m), 138.93
(m), 135.77 (m), 40.11 (br s), 34.27 (br &F
NMR (CDCly): § /ppm: -162.28 (br s), -157.15 (br
s), -153.56 (br s); FT-IR (ATR-mode): 1783 tm
(C=0 reactive ester band), 1515 tm(C=C
aromatic band), 1090 ¢h(C-O ester band)
Pentafluorophenyl-4-(2-phenyldiazenyl)
(0.011 (4-(2-
phenyldiazenyl)benzoic acid and 2.9 g (0.029 mol)
TEA were dissolved in 50 mL THF and 7.7 g

(0.028 mol) pentafluorophenyl trifluoracetate in 30

benzoate. 25 ¢ mol)

mL THF were added slowly through a dropping
funnel. After stirring for 2 h at room temperature,
150 mL of dichloromethane were added and the
solution was extracted twice with 30 mL of water.
The organic layer was isolated and dried with
sodium sulfate. After evaporation of most of the
solvent, the final product was obtained by
precipitation into hexane. After filtration and dry

in vacuum at 40 °C, a red colored solid was
obtained in 2.7 g yield (0.0069 mol — 63 %)
NMR (CDCL): & /ppm: 8.34 (d, 2H), 8.03 (d, 2H),
7.96 (m, 2H), 7.54 (m, 3H); FT-IR (ATR-mode):
1759 cm' (C=0 reactive ester band), 1516 tm

(C=C aromatic band)
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N-(2-aminoethyl)-4-(2-phenyldiazenyl)
benzamide.2.3 g (0.038 mol) 1,2-diamino ethane
were dissolved in 50 mL THF and 1.5 g (0.0038
mol) pentafluorophenyl 4-(2-phenyl-
diazenyl)benzoate dissolved in 30 mL THF were
added slowly at room temperature through a
dropping funnel. After 3 h of stirring at room
temperature, 120 mL of dichloromethane were
added and the solution was washed four times with
30 mL water. The organic layer was isolated and
dried with After

evaporation of the solvent, 0.83 g (0.0031 mol - 82

sodium sulfate. complete
%) of orange coloredN-(2-aminoethyl)-4-(2-
phenyldiazenyl)benzamide were obtainkd NMR
(DMSO): 8 /ppm: 8.63 (s, 1H), 8.06 (d, 2H), 7.93
(m, 4H), 7.60 (m, 3H), 3.30 (g, 2H), 2.72 (t, 2H);
FT-IR (ATR-mode): 3292 cfh (primary amine
band), 1634 cm (C=0O amide band 1), 1540 ¢n
(C=0 amide band II); MS (FD) m/z (%): 270.4
(0.39), 269.4 (9.89), 268.4 (100.00)

Synthesis of the temperature- and light
sensitive copolymers P1.To three different
solutions containing each 1.5 g of PPFPA and 2 mL
TEA in 20 mL THF were added dropwise 16.9 mg
(P1a: 6.30 * 10 mol), 50.7 mg (P1b: 1.89 * T0
mol) and 84.5 mg (Plc: 3.15 * t0nol) of N-(2-
aminoethyl)-4-(2-phenyldiazenyl)benzamide
dissolved in 10 mL THF. The solutions were stirred
for 3 hours under nitrogen atmosphere at room
temperature. Afterwards, 2 mL of isopropylamine
(0.023 mol) were added into each flask. After
additional 18 hours of stirring, the solvent of leac
sample was removed by evaporation in vacuum.
The orange colored residues were suspended in 10
mL of water and dialyzed against diluted ammonia
over night. The dialyzed solutions were evaporated
and the residues were twice dissolved in 5 mL of
THF and precipitated into hexane. Usually, after
centrifugation and drying in a vacuum oven at 40
°C, between 0.54 g and 0.65 g of yellow-orange

polymers were obtained'H NMR (MeOD): &



/ppm: 8.00 (br s), 7.66 (br s), 3.99 (s), 2.134hr
1.63 (br s), 1.19 (s); FT-IR (ATR-mode): 3302tm
(amide N-H-valence), 1644 ¢ch(C=0 amide band
1), 1540 cm' (C=0 amide band II)

Synthesis of the and

temperature- light

sensitive copolymers P2 To four different
solutions containing each 1.5 g of PPFPA and 2 mL
TEA in 20 mL THF were added dropwise 16.9 mg
(P2a: 6.30 * 10 mol), 50.7 mg (P2b: 1.89 * T0
mol), 84.5 mg (P2c: 3.15 * T0mol) and 135.2 mg
(P2d: 5.04 * 1¢ mol) of N-(2-aminoethyl)-4-(2-
phenyldiazenyl)benzamidalissolved in 10 mL
THF. The solutions were stirred for 3 hours under
nitrogen atmosphere at room temperature.
Afterwards, 2 mL of cyclopropylamine (0.029 mol)
were added into each flask. After additional 18
hours of stirring, the solvent of each sample was
removed by evaporation in vacuum. The orange
colored residues were suspended in 10 mL of water
and dialyzed against diluted ammonia over night.
The dialyzed solutions were evaporated and the
residues were twice dissolved in 5 mL of methanol
and precipitated into diethyl ether. Usually, after
centrifugation and drying in a vacuum oven at 40
°C, between 0.49 g and 0.58 g of yellow-orange
polymers were obtained'H NMR (MeOD): 3
/ppm: 8.01 (br s), 7.58 (br s), 2.72 (s), 2.07 {hr
1.58 (br s), 0.66 (d); FT-IR (ATR-mode): 3291tm
(amide N-H-valence), 1652 ¢ch(C=0 amide band

1), 1539 cm'* (C=0 amide band II)

Synthesis of the temperature- and light
sensitive copolymers P3.To three different
solutions containing each 1.5 g of PPFPA and 2 mL
TEA in 20 mL THF were added dropwise 16.9 mg
(P3a: 6.30 * 10 mol), 50.7 mg (P3b: 1.89 * 10
mol) and 84.5 mg (P3c: 3.15 * t0nol) of N-(2-
aminoethyl)-4-(2-phenyldiazenyl)benzamide
dissolved in 10 mL THF. The solutions were stirred
for 3 hours under nitrogen atmosphere at room
Afterwards, 2

ethylmethylamine (0.023 mol) were added into

temperature. mL of

each flask. After additional 18 hours of stirritige

solvent of each sample was removed by

evaporation in vacuum. The orange colored
residues were suspended in 10 mL of water and
each dialyzed against diluted ammonia over night.
The dialyzed solutions were evaporated and the
residues were twice dissolved in 10 mL of THF and
precipitated in diethyl ether. Usually, after
centrifugation and drying in a vacuum oven at 40
°C, between 0.54 g and 0.65 g of yellow-orange
polymers were obtainedH NMR (D,O): & /ppm:
7.76 (br s), 3.33 (br s), 2.84 (s), 1.63 (br H5Xs);
FT-IR (ATR-mode): 3452 cih (amide N-H-
valence), 1623 cth(C=0 amide band 1)

Synthesis of the temperature- and light
sensitive copolymers P4 To three different
solutions containing each 1.5 g of PPFPA and 2
mL triethylamine in 20 mL THF were added
dropwise 84.5 mg (P4a: 3.15 *"4@nol), 135.1 mg
(P4b: 5.04 * 1¢ mol) and 202.7 mg (P4c: 7.56 *
10* N-(2-aminoethyl)-4-(2-

phenyldiazenyl)benzamidalissolved in 10 mL

mol) of

THF. The solutions were stirred for 3 hours under

nitrogen atmosphere at room temperature.

Afterwards, 8 mL of a 2.0 M solution of
dimethylamine in THF (0.016 mol) were added into
each flask and the solutions. After additional 18
hours of stirring, the solvent of each sample was
removed by evaporation in vacuum. The orange
colored residues were suspended in 10 mL of water
and each dialyzed against diluted ammonia over
night. The dialyzed solutions were evaporated and
the residues were twice dissolved in 5 mL of a
methanol/THF mixture (1:4) and precipitated in
diethyl ether. Usually, after centrifugation and
drying in a vacuum oven at 40° C, between 0.32 g
and 0.52 g of yellow-orange polymers were
obtained*H NMR (D,0): & /ppm: 7.55 (br s), 2.90
(s), 2.62 (br s), 1.63 (br s), 1.34 (br s); FT-IR
(ATR-mode): 3446 cm (amide N-H-valence),

1622 cmt (C=O amide band 1)
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Results

To synthesize thermo- and light responsive
polymers with varying amounts of azobenzene
chromophores but maintaining the degree of
polymerization, we made use of the polymer
analogous reaction of
poly(pentafluorophenylacrylate) PPFPA)  with
amines. For that purpose, pentafluorophenylacrylate
(PFPA) was synthesized as an activated ester
monomer and polymerized under RAFT conditions
yielding the corresponding

PPFPA.  We

polymerization experiments, which were carried out

reactive precursor

polymer conducted  four

under the same conditions to obt®RFPA

polymers with the same molecular weight.

All resulting polymers had a narrow molecular
weight distribution around 1.3, a molecular weight
of around 25000 g/mol and were slightly pink
colored due to their dithiobenzoate end-group. A
defined degree of polymerization of 100 was
chosen in order to exclude any influence of the
molecular weight on the LCST.
publicatin the
polymerization was performed for 20 hours to

In contrast to recent
guarantee full conversion due to the large amount
of 20 g of PFPA monomer. A broadening of the
molecular weight distribution was not observed for

longer polymerization times.

PPFPA P1- P4
NH,
H co
HN m n-m
N
” IO RL
o HN o) N o)
o] o) - I2
RY R
F F \||\|H
R2 HN
N
F F \
o) N
F
P1: P2:
Rl= ... RZ= ooy Rl= oo q RZ=.H
P3: P4:
Rl=---cH,~CH; R%*=---CH, Rl=---cH;  R?=---CH,

Scheme 1Synthetic scheme of four polyacrylamide series{IP%) containing azobenzene moieties in varyinguanso

prepared by a polymer analogous reaction of thetiga precursor polymer poly(pentafluorophenylaatg) with N-(2-

aminoethyl)-4-(2-phenyldiazenyl)benzamide and ispygamine, cyclopropylamine, diethylamine or ettetimlamine,
respectively.
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First, an azobenzene possessing an aliphatic
amine-functionality necessary for a following
polymer analogous reaction was synthesized in two
acid was

steps. 4-(2-Phenyldiazenyl)benzoic

activated in the first step using commercial
available pentafluorophenyl trifluoroacetate tdgie
the 4-(2-

phenyldiazenyl)benzoate in 63 % yield, which was

activated pentafluorophenyl
then allowed to react in the next step with an sxce
amount of 1,2-diamino ethane. The final product
was purified with several steps of washing with
water to remove any excess of 1,2-diamino ethane
and the pentafluorophenol salts. The resultiag
(2-aminoethyl)-4-(2-phenyldiazenyl)benzamide

was obtained in 82 % vyield and had the required
aliphatic amino-functionality to react witAPFPA
activated precursor polymers in the next step.

The final product was purified with several steps
of washing with water to remove any excess of 1,2-
diamino ethane and the pentafluorophenol salts.
The N-(2-aminoethyl)-4-(2-

phenyldiazenyl)benzamide was obtained in 82 %

resulting

yield and had the required aliphatic amino-

functionality to react with PPFPA activated
precursor polymers in the next step.

The polymer analogous reaction is shown in
scheme 1PPFPA polymers were dissolved in THF
and allowed to react at room temperature with
of N-(2-aminoethyl)-4-(2-
phenyldiazenyl)benzamide in

different amounts
the presence of
triethylamine (TEA). After 3 hours an excess
P(a-P19,
ethylmethylamine
(P3a-P3g or dimethylamine R4a-P4¢ was added

and allowed to react for 12 hours to guarantee

amount of isopropylamine

cyclopropylamine R2a-P24d,

complete conversion, respectively. All resulting
copolymers were dialyzed against diluted ammonia
the reaction to

after remove any formed

pentafluorophenyl salts. The pure copolymers
differed in the amount of incorporated azobenzene
chromophore and the chemical compositions of the
polyacrylamides are listed in table 1. Complete
conversion of all reactions had been detected by IR

spectroscopy.

Table 1. Composition and LCST values for the copolymer séieP4.

amount of amount of amount of LCST before LCST after
azobenzene azobenzene azobenzene irradiation irradiation ALCST
Polymer [mol%] [mol%] [mol%] [T] [T] [<]
(calculated) (measured by (measured by "H- (measured by (measured by
UVIVis) NMR) turbitomerty) turbitomerty)
Pla 1.0 1.0 0.3 29.3 29.9 0.6
Plb 3.0 2.0 2.4 29.1 29.6 0.5
Plc 5.0 39 3.0 20.5 23.7 3.2
P2a 1.0 1.2 1.0 42.6 46.0 3.4
P2b 3.0 2.7 25 34.1 35.1 1.0
P2c 5.0 55 5.0 26.9 28.1 1.2
P2d 8.0 6.1 7.2 23.6 27.4 3.8
P3a 1.0 1.4 1.3 53.5 58.0 4.5
P3b 3.0 25 2.2 41.9 43.5 1.6
P3c 5.0 4.5 4.1 32.7 33.1 0.4
P4da 5.0 4.4 49 80.5 87.0 6.5
P4b 8.0 6.0 6.7 66.0 72.0 6.0
P4c 12.0 8.5 8.3 37.9 45.2 7.3
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As an example, the IR-spectrum of polynidrc
is shown in figure 1. Full conversion of the polyme
analogous reaction could be observed due to the
complete vanishing of the activated ester polymer
band at 1783 cthand the appearance of the amides
bands at 3302 cm 1644 cmi and 1537 cm,
respectively.

transmission / %

1515 cm "

T T T T T T
4000 3500 3000 2500 2000 1500 1000

wavenumber / cm”!

Figure 1. IR spectra of PPFPA (black line) and the
thermo- and light-responsive copolymer P1c (grag)i

Additionally, '"H NMR spectroscopy was used to
characterize the copolymers. For example, 'the
NMR of the copolymeP1c (see figure 2) showed
the the
polyacrylamide backbone (in GOl,: 6 /ppm: 3.97,

characteristic proton signals from
1.11) and from the azobenzene protons (in@P

§ Ippm: 8.07, 7.93, 7.52).

¥
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- d
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chemical shift / ppm

Figure 2. *H NMR of poly(pentafluorophenylacrylate)
(black line) and the thermo- and light-responsive
copolymer P1c (gray line) in GCl,.

Further, using®F NMR spectroscopy it was not
possible to detect a fluorine signal anymore,
conversion of all

indicating a complete
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pentafluorophenyl ester groups. It also showed that
the formed pentafluorophenol salts were totally
removed through dialysis.

The GPC elugram in figure 3 shows tREFPA
and the copolymePl1c The curve oPlcis shifted
to higher elution volumes due to the lower
molecular weight. Noteworthy, the molecular
weight distribution did not change after the post

modification.

—P1c
M, = 9000
i PDI =1.35

——PPFPA
8 M, = 25000
PDI = 1.36

uv signal / %

volume / mL

Figure 3. GPC elugram of PPFPA (black line) and the
copolymer Plc (gray line).

The composition of the copolymers was
additionally determined by UV/Vis spectroscopy
assuming that the absorption coefficient of polymer
to that of

bound azobenzene was identical

pentafluorophenyl  4-(2-phenyldiazenyl)benzoate.
First, a calibration curve dfi-(2-aminoethyl)-4-(2-

phenyldiazenyl) benzamide was calculated by
measuring the absorption maximum at different
concentrations in ethanol, and was then compared
to the absorption maxima of the respective
copolymers solutions of P1-P4 in ethanol,

respectively. The determined absorbances of the
chromophoric copolymers were close to the
theoretically calculated values and did not differ
measured byH NMR

spectroscopy. For the determination of the degree

from the values
of substitution vidH NMR spectroscopy, the ratio
of the integrals of the signatk(amide-signal) t@
andb (azobenzene-signal) were used (see figure 2).
All calculated and determined compositions of the
copolymers are listed in table 1. In summary, we



have been able to prepare copolymers with varying
amounts of azobenzene chromophore between 1-8.5
mol%.

Next, the light induced isomerization of the
azobenzene group of the chromophoric copolymers
was investigated in water. The UV/Vis spectrum of
Plc in water, shown in figure 4, serves as an
example for the kinetics of the light induced
the all

isomerization  of chromophores  of

copolymers.

240 min

absorption / %
L

T T T
200 300 400 500
wavelength / nm

Figure 4. Evolution of the UV/Vis spectrum of Plc in
water (0.16 mg/mL) after irradiation at 365 nm fbrh.
The curves were measured at 0, 5, 30, 60, 120 40d 2
min after irradiation.

Prior irradiation all azobenzene groups were in
thetrans-configuration, which can be deduced from
the characteristic absorption band at 326 nm. After
irradiation of the sample with UV-light at 365 nm
in a quartz cell for 1 hour, the absorption band at
326 nm decreased and the band for the exited
azobenzene at 256 nm appeared. The relaxation of
the excited azobenzenes back into thrans
configuration occurred quickly{,= 30 min) under
visible light and reached equilibrium after 2 hqurs
with the majority of all chromophoric azobenzene
side groups in thegans-configuration. In contrast to
the light induced re-isomerization, the thermal
relaxation in the dark was very slow at room
temperature and had a half time of 11 days. In
comparison to the re-isomerization observed for

free azobenzene in chloroform, the values of the

half times obtained for the polymer serigs-P4do
not differ in more than 5 minutes.

The isomerization of azobenzene is always
combined with a change in dipole moment of the
molecular structure. Azobenzene groups are known
to have a dipole moment of O debye in trens
configuration, while azobenzene molecules in the
cis-configuration have a dipole moment of 3
debye?! For the synthesized copolymers containing
azobenzene groups, this means that the LCST can
be shifted through irradiation with UV-light. Due t
the increased dipole momentai$-azobenzene, the
respective copolymers showed a higher LCST for a
cisazobenzene containing polymer than for
copolymers containingrans-azobenzen&™® The
LCSTs of the copolymer solutions were determined
by turbidimetry, thus the optical transmittanceaof
light beam & = 632 nm) through the sample cell of
the photospectrometer was monitored as a function
of temperature. The concentration of all copolymer
solutions was 20 mg/mL and the heating rate was 1
°C per minute. The cloud points were measured
before and after irradiation with UV-light at 365
nm, respectively, and the LCST was defined as the
temperature at which a transmission of 50 % was
observed. The LCSTs of the aqueous solutions of
the copolymers P1-P4 exhibited a strong
dependence upon the content of azobenzene
the LCST of all the

copolymers decreased with increasing amount of

moieties. In general,
azobenzene due to the hydrophobic character of
transazobenzene. The LCSTs are listed in table 1.
In all cases, higher LCST-values were observed
after irradiation UV-light. This LCST shift upon

irradiation can be explained by the isomerisatibn o

the azobenzene groups accompanied with an
increase in dipole moment and thus an increased
local polarity present at the polymer backbone.
Accordingly, within this temperature range an

isothermal, light- induced precipitation of the
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copolymers is possible.

As an example, the real-time photoswitching of
the thermo- and light sensitive copolymers was
demonstrated for the polymB¥c (see figure 5). A
polymer solution ofP4c (10 mg/mL) in a quartz
cell was irradiated inside the spectrometer from
above with UV-light of 365 nm by using an optical
fiber at a constant temperature higher than the
LCST (T =40 °C). The optical transmittance of the
light beam & = 632 nm) was recorded versus the

irradiation time.

rel. T

»=365nm ?

off

T T T T T T
0 5000 10000 15000 20000 25000 30000
t/s

Figure 5. Real-time photoswitching experiment of the
copolymer P4c at 40 ° C. A: The black curve shdwes t
change of the transmittance during irradiation withv-
light (from 0 to 14000 s) and following thermal
relaxation in the dark (from 21000 to 30000 s). Bie
grey curve shows the change of the transmittancaglu
irradiation with UV-light (from 0 to 14000 s) and
following light induced reisomerizatio (> 400 nm,
from 16700 to 19000s).

During the irradiation time of 4 h with UV-light,
the transmittance of the solution at 40 °C incrdase
from 8 % up to 92 % intensity due to higher
solubility of the polymer with azobenzene groups in
light
transition behavior of the

the cis-configuration. This shows the
responsive phase
polymer. With the azobenzene groups in the
configuration, re-isomerization is possible through
thermal relaxation in the dark, as can be seeméy t
slow decrease of the transmittance intensity after
the irradiation with UV-light has been turned off
(see figure 5, curve A). The process occurred very

slow and had a lifetime of several days. In comtras

62

to the thermal relaxation, the light induced re-
isomerization occurred very fast. The optical
transmittance of the solution decreased quickly
while irradiating the sample cell with visible ligh
(A > 400 nm) using an optical filter (see figure 5,
curve B). Consequently, a halftime of 40 min for
the light

calculated. This value fits to the results from the

induced reisomerization could be
UV/Vis kinetic experiment mentioned above.
Therefore the real-time light controlled solubility

change of polymeP4c could be demonstrated.

Discussion
For the copolymer serieB1, we observed the
highest LCST shift (3.2 °C) for an amount of 3.9

mol% azobenzeneP(@c compared to the LCST
shift of 0.6 °C (1.0 mol% azobenzene) Rtaand
0.5 °C (2.0 mol% azobenzene) th. In contrast,
the LCST fortransazobenzene polymers did not
differ in more than 0.2 °C for a content betweeh 1.
mol% (P1la) to 2.0 mol% P1lb) of azobenzene.
Only with higher a content dfans-azobenzene of
3.9 mol% Pl 9, the LCST was decreased
tremendously. This phenomenon of a sudden
change of the LCST at a critical azobenzene content
of 3 mol% was already described and reported by
Irie and Kungwatchakul. By incorporation of
azobenzene chromophores into the polymer, the
hydrophobic interaction is enforced, and the
polymer becomes less soluble. This resulted in a
decrease of the LCST fromPla to Plc
Accordingly, at higher contents of azobenzene the
light-induced isomerization into the less
hydrophobiccis-azobenzenes increased the phase
separation temperature up to 3.2 °C.

For the copolymer serid®2 no tendency for the
LCST shifts

azobenzene chromophores was found. The LCSTs

in correlation to the amount of

of the series otransazobenzene copolymeia2

decreased almost linear with increasing amount of



chromophores. However, the polymers with the
lowest (1.2 mol %) and the highest amount (6.1 mol
%) of incorporated azobenzene showed the highest
differences in LCST before and after irradiation.

The copolymer®3 also showed a linear decrease
of the LCSTs with

hydrophobictransazobenzene. But in the case of

increasing amount of

P3awith an incorporated azobenzene amount of 1.4
mol%, the highest LCST shift of 4.5 °C before and
after irradiation was observed. In contrast to the
copolymer seriesP1 the shifts of the LCST
decreased with increasing amounts of chromophore.
The copolymer serie®4, based on poly{,N-

dimethylacrylamide), showed the  highest
differences in the LCST between the irradiated and
non-irradiated samples. For copolyni&tc with an

8.5
incorporated azobenzene, the highest difference in
the LCST of 7.3 °C was measured. Further, it has to
that the LCST shifts of all

copolymers P4a-P4c seemed

amount of mol % of

be mentioned
to be almost
of the amount of
the

independent incorporated
shit ~ of  LCST

did not differ in more than 1.3 °C for varying

azobenzene, as

amounts of incorporated azobenzene between 4.0
and 85 mol%.

copolymer serie®2 andP3, the LCSTs showed a

Even though, similar to the

linear decrease with increasing amount of
incorporated chromophore. In general, the shift in
the LCST seemed to be dependent from the

chemical structure of the different copolymé&s-

P4 and from the amount of incorporated
azobenzene.
In  comparison to the thermo- and

photoresponsive poly(acrylamides) that had been

prepared by free radical polymerization, our

measured values correspond very well with those
measured by Kroeger et 'al.and thus are a

beautiful example of the synthetic
versatility of the polymer analogous reaction of

PPFPA with functional amines.

Conclusion

In summary, we have presented the synthesis of
light
responsive behavior in agueous solution. Within the

copolymers that exhibit a thermo- and
investigated polymers, the degree of polymerization
had been kept constant, which could be achieved by
RAFT polymerization of pentafluorophenylacrylate
yielding reactive precursor polymers with defined
molecular weight, i.e. degree of polymerization and
a narrow molecular weight distribution. Four sgrie
of polyacrylamides containing azobenzene moieties
in varying amounts have been prepared by a
polymer analogous reaction of the reactive
precursor polymer poly(pentafluorophenylacrylate)
with N-(2-aminoethyl)-4-(2-phenyl-diazenyl)
benzamide and isopropylamine, cyclopropylamine,
diethylamine or ethylmethylamine, respectively.
The obtained copolymer seri€d-P4 exhibited a
LCST in aqueous solution that depended strongly
on the amount of incorporated azobenzene.
Furthermore, the reversible isomerization of the
azobenzene groups in the copolymers, which was
induced by irradiation with UV-light, had an
influence on the LCST. Higher LCST values were
measured after irradiation and thus, in the
temperature region between the LCST of the non-
irradiated and the

irradiated solution, a light

controlled reversible solubility change was
observed. The light controlled solubility change
could be demonstrated in a real-time experiment. In
general, it can be concluded that the copolymers,
which have been prepared by polymer analogous
reaction with the azobenzene derivaié(2-
aminoethyl)-4-(2-phenyldiazenyl)benzamide
showed a similar response behavior than the
previously reported copolymerization of e. Ig-
with N-(4-phenyl-

azophenyl)acrylamide, demonstrating that

isopropylacrylamide
the
presented polymer analogous synthesis of light- and
temperature responsive polymers provides a much

more versatile synthetic route.
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Temperature- and Light-Responsive Polyacrylamides
Prepared by a Double Polymer Analogous Reaction of

Activated Ester Polymers

Florian D. Jochum, Patrick Theato*

ABSTRACT

Two different series of polyacrylamides containtfiferent amounts of salicylideneaniline moieties
have been synthesized via a double polymer anatogeaction of poly(pentafluorophenyl acrylate)
(PPFPA). All copolymers were designed to exhiblbwer critical solution temperature (LCST) in
aqgueous solution, which was dependent on (i) theouai of incorporated chromophoric
salicylideneaniline groups and (ii) the isomeriaatstate of the respective salicylideneaniline grou
Higher LCST values were measured for UV-irradiagetitions of the copolymers in comparison to
the non-irradiated copolymer solutions. A maximuiffiedence in the LCST of up to 13°C was found
for poly(N-cyclopropylacrylamide) copolymer containing 15.@I% of salicylideneaniline groups.
Within this temperature range, a reversible soitybdhange of the copolymer could be induced by

irradiation with light.

* T>LesT
soluble 4_' i
T<LCST

e,
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Introduction

Stimuli-responsive polymers -- so called smart

polymers -- have attracted great interest in

academic and applied science recently. Most
commonly, approaches take advantage of thermally
induced, reversible phase transitions. In this
context, polymers based on polyacrylamides found
great interest as thermo-responsive polymers in
aqueous solution. Many polyacrylamides, e.qg.
(PNIPAMY  or

poly(N-cyclopropylacrylamidé) feature a sharp

poly(N-isopropylacrylamide)

transition behaviour in water in response to change
of the temperature. Accordingly, such polymers
featuring a lower critical solution temperature
(LCST) in water are expected to find application in
many scientific areas. As an example drug
delivery"® or immobilization of enzymes and
cells®*?can be mentioned.

Besides polymers that are responsive to a single
stimulus, recently research on polymers that show a
responsive behavior to multiple stimuli has been
intensified®* Other stimuli besides temperature
can for example be pf ionic strengtff or
light""*®  Very appealing and important for
applications are polymers that are responsive to
light and temperature and accordingly, there have
been several reports on temperature-responsive
copolymers that contain a light-responsive moiety,
for example azobenzene grotipE.

In the following, the synthesis of temperature-
and light-responsive polyacrylamide copolymers
featuring salicylideneaniline as a photochromic
group is reported. Salicylideneaniline is known to
isomerise upon irradiation with UV-light from the
enotform into the ketoform, which results in a
change of the dipole moméht* Two different
series of thermo- and light-responsive
polyacrylamide derivates that take advantage of
the

salicylideneaniline as corresponding

photochromic group will be synthesized and

characterized. The synthesis extends the thorough
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investigated polymer analogous reaction of
activated ester polymers as tools for functional
polymers®® to a double polymer analogous
reaction of

(PPFPA).

poly(pentafluorophenyl acrylate)

Experimental Section
Materials. All chemicals and solvents were
commercially available and used as received unless
otherwise stated. Tetrahydrofurane (THF), 1,4-
dioxane and diethyl ether were previous distilled

over sodium. 2,2’-Azobis(isobutyronitrile) (AIBN)
was recrystallized from diethyl ether and stored at
-7°C. As dialysis membranes Spectra/Por 3
(MWCO 3500) were used. Benzyl dithiobenzoate
was synthesized as described in the liter&ture
Instrumentation. All *H and*C NMR spectra
were recorded on a Bruker 300 MHz FT-NMR
spectrometer in deuterated solvent$€ NMR
spectra were recorded on a Bruker 400 MHz FT-
NMR spectrometer. Chemical shifts) (vere given
in  ppm to TMS. Gel
chromatography (GPC) was used to determine

relative permeation

molecular weights and molecular weight

distributions, M/M,, of polymer samples with
GPC

measurements were performed in THF as solvent

respect to  polystyrene  standards.
and with the following parts: pump PU 1580, auto
sampler AS 1555, UV-detector UV 1575, RI-
detector RI 1530 from Jasco, and miniDAWN
Tristar light scattering detector from Wyatt.
Columns were used from MZ-Analysentechnik:
MZ-Gel SDplus 102 A, MZ-Gel SDplus 104 A and
MZ-Gel SDplus 106 A. The elution diagrams were
analyzed using the ASTRA 4.73.04 software from
Wyatt Technology. Calibration was done using
polystyrene standards. The flow rate was 1 mL/min
at a temperature of 25°C. UV/Vis spectra were
recorded on a Jasco V-630 photospectrometer. IR
spectra were recorded on a Bruker Vector 22 FT-IR

spectrometer using an ATR unit. FD-masses were



measured on a MAT 95 Finnigan

spectrometer. Cloud points were determined in

mass

Millipore water at a concentration of 40 g and
were observed by optical transmittance of a light
beam A = 632 nm) through a 1 cm sample quartz
cell. The measurements were performed in a Jasco
V-630 photospectrometer with a Jasco ETC-717
peltier element. The intensities of the transmitted
light were recorded versus the temperature of the
sample cell. The heating rate was 1°C per minute.
Irradiation experiments of the polymer solutions
were performed in the sample cell of the
photospectrometer using an Oriel Instruments 500
W mercury lamp with a 365nm filter and an optical
fiber (see scheme 2).

Pentafluorophenylacrylate (PFPA).80 g (0.43
mol) pentafluorophenol and 52.5 g (0.52 mol)
triethylamine (TEA) were dissolved in 500 mL dry
diethyl ether and 47.2 g (0.52 mol) acryloyl
chloride was added dropwise through a funnel
under cooling with an ice bath. After stirring
additional 2 hours at room temperature, the
precipitated salt was removed by filtration. After
evaporation of the solvent, the residue was fittere
again and purified with column chromatography
(column material: silica gel, solvent: petroleum
ether). 75 g (0.32 mol — 74 %) of a colourlessitiqu
were obtained. The pure PFPA was stored at -7°C.
'H NMR (CDCk): & /ppm: 6.70 (d, 1H), 6.35 (dd,
1H), 6.16 (d, 1H);"*C NMR (CDCk): & /ppm:
161.5 (s), 142.8 (m), 141.2 (m), 139.5 (m), 137.9
(m), 136.2 (m), 134.9 (s), 125.1 (syF NMR
(CDCI3): 6 /ppm: -162.77 (d, 2F), -158.39 (t, 1F), -
153.02 (d, 2F); FT-IR (ATR-mode): 1772 ¢m
(C=0 reactive ester band), 1516 tm(C=C
aromatic band)

Poly(pentafluorophenylacrylate) (PPFPA).In a
typical RAFT polymerization a mixture of 20 g
(0.084 mol) PFPA, 51.5 mg (2.11 * 1omol)

benzyl dithiobenzoate and 4.3 mg (2.62 *180l)

AIBN were placed into a Schlenk-flask. After
addition of 50 mL dry 1,4-dioxane, four freeze-
pump-thaw cycles were performed to degas the
solution. The flask was filled with argon, immersed
in a preheated oil bath of 80°C and stirred
overnight. After cooling down to room temperature,
the polymer was isolated by precipitation into
hexane. The crude polymer was dissolved in THF,
precipitated again twice into hexane, centrifuged
and finally dried in a vacuum oven at 40°C. Yield
13 g (65 %) of a pink powdetH NMR (CDCL): &
/ppm: 3.10 (br s), 2.51 (br s), 2.13 (br 'S¢ NMR
(CDCly): & /ppm: 169.28 (s), 142.24 (m), 138.93
(m), 135.77 (m), 40.11 (br s), 34.27 (br &F
NMR (CDCly): § /ppm: -162.28 (br s), -157.15 (br
s), -153.56 (br s); FT-IR (ATR-mode): 1783 tm
(C=O reactive ester band), 1515 tm(C=C
aromatic band), 1090 ¢h(C-O ester band)

Synthesis of the copolymers P1.To two
different solutions containing each 1.5 g of PPFPA
and 2 mL TEA in 20 mL THF were added dropwise
7.6 mg (Pla: 6.30 * T0mol), and 30.8 mg (P1b:
2.52 * 10* mol) of 4-aminobenzylamine dissolved
in 5 mL THF. The solutions were stirred for 2 hours
under nitrogen atmosphere at room temperature.
Afterwards, 2 mL of isopropylamine (0.023 mol)
were added into each flask. After additional 18
hours of stirring, the solvent of each sample was
removed by evaporation in vacuum. The colorless
residues were suspended in 10 mL of water and
dialyzed against diluted ammonia over night. The
dialyzed solutions were evaporated and the residues
were three times dissolved in 5 mL of THF and
precipitated into hexane. Usually, after
centrifugation and drying in a vacuum oven at
40°C, 0.35 g and 0.39 g of colorless polymers were
obtained*H NMR (CD,Cl,): 5 /ppm: 7.06 (s), 6.64
(s), 6.27 (br s), 4.23 (br s), 3.98 (s), 2.10 b1 60
(br s), 1.12 (s); FT-IR (ATR-mode): 3306 ¢m
(amide N-H-valence), 2971 ¢hm(C-H valence
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band), 1640 cm (C=O amide band 1), 1533 ¢n
(C=0 amide band 1), 838 ch (aromatic 1,4-
disubstitution)

Synthesis of the copolymers R2To four
different solutions containing each 1.5 g of PPFPA
and 2 mL TEA in 20 mL THF were added dropwise
15.4 mg (P2a: 1.26 * 1bmol), 38.4 mg (P2b: 3.15
* 10 mol), 76.9 mg (P2c: 6.30 * Tomol) and
1153 mg (P2d: 9.45 * 10 mol) of 4-
aminobenzylamine dissolved in 5 mL THF. The
solutions were stirred for 2 hours under nitrogen
atmosphere at room temperature. Afterwards, 2 mL
of cyclopropylamine (0.029 mol) were added into
each flask. After additional 18 hours of stirritige
solvent of each sample was removed by
evaporation in vacuum. The colorless residues were
suspended in 10 mL of water and dialyzed against

diluted ammonia over night. The dialyzed solutions

were evaporated and the residues were three times

dissolved in 5 mL of methanol and precipitated into
diethyl ether. Usually, after centrifugation and
drying in a vacuum oven at 40°C, between 0.33 g
and 0.54 g of colorless polymers were obtairted.
NMR (MeOD): & /ppm: 8.03 (br s), 7.09 (s), 6.73
(s), 4.25 (br s), 2.72 (s), 2.07 (br s), 1.59 {bOH6
(d); FT-IR (ATR-mode): 3293 cth (amide N-H-
valence), 2971 cth(C-H valence band), 1646 ¢ém
(C=0 amide band 1), 1517 ¢h{C=0 amide band
1), 826 cm’* (aromatic 1,4-disubstitution)

Synthesis of the and

temperature- light

sensitive copolymers P3.To two different
solutions containing each 300 mg of P1la and P1b in
10 mL ethanol were added dropwise 2 mL (0.019
mol) of salicylaldehyde. The solutions were stirred
for 2 hours under nitrogen atmosphere at room
temperature. Afterwards, the solvent of each sample
was removed by evaporation in vacuum. The
yellow residues were three times dissolved in 5 mL
of THF and precipitated into hexane. Usually, after

centrifugation and drying in a vacuum oven at
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40°C, 0.18 g and 0.27 g of yellow polymers were
obtained.'H NMR (CD,Cl,): & /ppm: 13.20 (s),
8.67 (s), 7.38 (br s), 6.95 (s), 6.37 (br s), 4B¥1s),
4.00 (s), 3.35 (br s), 2.08 (br s), 1.65 (br 21(s);
FT-IR (ATR-mode): 3302 cih (amide N-H-
valence), 2981 cth(C-H valence band), 1644 ém
(C=0 amide band 1), 1540 ¢h{C=0 amide band
1), 747 cm* (aromatic 1,2-disubstitution)

Synthesis of the and

temperature- light

sensitive copolymers P4.To four different
solutions containing each 300 mg of P2a, P2b, P2c
and P2c in 10 mL ethanol were added dropwise 2
mL (0.019 mol) of salicylaldehyde. The solutions
were stirred for 2 hours under nitrogen atmosphere
at room temperature. Afterwards, the solvent of
each sample was removed by evaporation in
vacuum. The vyellow residues were three times
dissolved in 5 mL of methanol and precipitated into
diethyl ether. Usually, after centrifugation and
drying in a vacuum oven at 40°C, between 0.21 g
and 0.26 g of yellow polymers were obtain&d.
NMR (MEOD): 6 /ppm: 8.78 (br s), 7.38 (br s),
6.95 (s), 4.39 (br s), 2.70 (s), 2.07 (br s), X186Cs),
0.67 (d); FT-IR (ATR-mode): 3287 ch(amide N-
H-valence), 2968 ch (C-H valence band), 1645
cm® (C=0 amide band 1), 1527 ¢(C=0 amide
band I1), 756 crif (aromatic 1,2-disubstitution)
Synthesis of 4-(2-hydroxybenzylidene-
amino)benzoic acid.5.42 g (0.0396 mol) of 4-
aminobenzoic acid were dissolved in 120 mL
ethanol and 4.83 g (0.0396 mol) of salicylaldehyde
in 80 mL ethanol were added rapidly under
magnetically stirring. After several minutes, the
final yellow product started to precipitate. The
mixture was totally stirred 2 hours at room
temperature and the precipitated solid was isolated
by filtration through a glass frit. The product was
washed with ethanol and dried in a vacuum oven at
40°C. 8.5 g (0.0353 mol — 89 %) of yellow 4-(2-
hydroxybenzylideneamino)benzoic

acid were



obtained.'H NMR (DMSO):  /ppm: 12.79 (br s,
1H), 8.98 (s, 1H), 8.01 (d, 2H), 7.68 (d, 1H), 7.47
(d, 2H), 7.42 (d, 1H), 6.99 (M, 2H): FT-IR (ATR-
mode): 1679 crm (C=0 aryl acid band), 1600 ¢n
(C=C aromatic valence), 1569 ¢riC=C aromatic
valence), 1287 cth(C-O band), 860 cth(aromatic
1,4-disubstitution), 751 cm (aromatic 1,2-
disubstitution); MS (FD) m/z (%): 241.8 (12.97),
240.8 (100.00)

Results and Discussion

First, poly(pentafluorophenylacrylatePRFPA)
reversible addition-
(RAFT)
polymerisation utilizing benzyl dithiobenzoate as a

was synthesized by a

fragmentation chain transfer

PPFPA was then subjected to a first polymer
analogous reaction with different amounts of
4-aminobenzylamine in tetrahydrofuran at room
temperature (see scheme 1). After two hours of
reaction, the remaining pentafluorophenyl ester
groups were converted with an excess amount of
isopropylamine or cyclopropylamine, respectively,
yielding two series of temperature-responsive
polyacrylamide derivates. 4-aminobenzylamine will
react selectively with its aliphatic amino-group,
because the nucleophilicity of the aromatic amino-
group is not sufficient to attack the activateceest
polymer, as we have reported recefitlyfhe two
resulting copolymer seriddl andP2 were purified
by dialysis against dilute ammonia as well as

precipitation to remove any pentafluorophenol salts

chain transfer agent in 1,4-dioxane. The resuling All polymers were analyzed by FT-IR-
polymer was obtained by precipitation and had  spectroscopy, GPC measurement and NMR-
molecular weight M= 24.900 g/mol with a narrow spectroscopy. As an example, the IR-spectrum of
molecular weight distribution (MM, = 1.36). copolymer Plb is shown in figure 1.
NH,
PPFPA é P1, P2 P3, P4
S D SN GRS
n H m n-m HO m n-m
oo 2. N rR—N O HN" 0 \(5 R/N\ o HNTYo
R H
F F——— 7 5 H - . H K@\
THF / TEA Ethanol N
F F |
F )
( HO
Pl, P3 (aa b) Pz, P4 (a, b, C, d)

Scheme 1Synthetic scheme of two polyacrylamide series (RBP#) containing salicylideneaniline moieties arywing
amounts prepared by a double polymer analogousti@aof the reactive precursor polymer
poly(pentafluorophenylacrylate) (PPFPA).
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The quantitative conversion of the polymer
analogous reaction was confirmed by the complete
vanishing of the activated ester polymer band at
1783 cn of the PPFPA and the appearance of two
amide bands at 1640 ¢mand 1533 c of the

copolymerP1b, respectively.

transmission

1 -1
1640cm  1515cm

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

wavenumber / cm”'

Figure 1. FT-IR spectra of PPFPA and the copolymer
P1b (gray line).

Additionally, the appearance of the NH-group
valence vibrations in the infrared spectrum
appeared at 3306 ¢ In figure 2, the GPC
elugram of PPFPA and the copolymelP1b are
shown. After the first polymer analogous reaction,
the GPC trace oP1b (M,(P1b) = 9400 g/mal) is
shifted to lower molecular weights in comparison to
the GPC trace oPPFPA (M,(PPFPA) = 24900
g/mol) due to the decrease of molecular weight per

repeating unit.

——PPFPA
M, = 24900

PDI = 1.36
. —FP1b

M, = 9400

PDI=1.33

light scattering detector

T T T T T T |
10 100 1000 10000 100000 1000000 1E7 1E8
molecular weight / g/mol

Figure 2. GPC elugram of poly(pentafluorophenyl
acrylate) (black line) and the copolymer P1b (gliag).

However, the obtained value for the molecular
weight of the polymeP1b (M,(P1b) = 9400 g/mol)
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is slightly lower than the theoretical value
(My(theo.) = 11800 g/mol) calculated from thé-
NMR data of the copolymer composition taking the
molecular weight of PPFPA into account. A
suitable explanation for this divergence might hesu
from the calibration of the GPC with respect to
polystyrene standards. Nevertheless a successful
conversion could be demonstrated from the GPC
shift of the polymer P1b. Noteworthy, the
molecular weight distribution did not change after
the post-modification. The conversion was also
followed by *H NMR spectroscopy and as an
example, théH NMR of copolymerP1b is shown

in figure 3.

\
f CH,CI,/CDHCI, b

P3b h AVAW I
————t ~

ANd d |
_,‘VV\ML_/&JNWL‘J ] pS—
B J\
A
P1b b'wp\/ v
T T

T T T T T T T T
9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0

chemical shift / ppm

Figure 3.’™H NMR of the copolymer P1b (black line) and
the thermo- and light-responsive copolymer P3b ygra
line) in CD:Cls.

All characteristic proton signals from the
polyacrylamide side group (in GDl: & /ppm:
6.27, 3.98, 1.12) and from the aromatic aniline
protons (in CRCl,: & /ppm: 7.06, 6.64) can be
identified. Further’F NMR spectroscopy was not
able to detect a fluorine signal anymore, indi@atin
a complete conversion of all pentafluorophenyl
ester groups. It also showed that all
pentafluorophenol salts were removed during the
purification by dialysis.

In the second polymer analogous reaction (see
scheme 1), the aniline functional group of the
copolymer seriesP1 and P2 was converted

selectively with salicylaldehyde in ethanol solatio



at room temperature to yield the photoswitchable
salicylideneaniline group. The solution turned
immediately  yellow  upon addition of
salicylaldehyde, indicating the successful fornratio
of salicylideneaniline chromophores. The resulting
copolymer seriesP3 and P4 were isolated by
precipitation into hexane or diethylether and dried
in vacuum. A successful conversion of this second
polymer analogous reaction has been confirmed by
'H NMR spectroscopy and UV/Vis spectroscopy.
The'H NMR spectrum oP3b is shown in figure 3
and the characteristic proton signals of the formed
salicylideneaniline Schiff's base can be assigtired (
CDXCl,: & /ppm: 8.67, 7.38, 6.95). Additionally,
the signals of the aromatic aniline protons (in
CDLCly: &6 /ppm: 7.06, 6.64) ofP1b totally
disappeared, indicating a complete conversion.

As an example, the UV/Vis spectrum of the
copolymer P3b in ethanol was measured (see
supporting information, figure S1) and compared to
the  UV/Vis of  4-(2-hydroxy-
benzylideneamino)benzoic Both

showed the characteristic absorption peaks at 270

spectrum

acid. spectra

nm, 302 nm, 320 nm and 340 nm of the respective

salicylideneaniline, indicating the formation ofeth
chromophore. Table 1 summarizes the list of
synthesized copolymers with varying contents of
salicylideneaniline ranging from 1 mol% to 15
mol%.

The amount of incorporated chromophore has
been determined byH NMR spectroscopy. The
integrals of the aromatic signals (7.38 ppm, 6.95
ppm) of the salicylideneaniline group and the sngl
signal of the polyacrylamide proton®J series:
4.00 ppm,P4 series: 2.70 ppm) were used for the
calculation.

The composition of the copolymers was
additionally determined by UV/Vis spectroscopy
assuming that the absorption coefficient of polymer
bound salicylideneaniline was identical to thadef
(2-hydroxybenzylideneamino)benzoic acid at 277
4-(2-

was

nm. A calibration curve of

hydroxybenzylideneamino)benzoic acid
calculated by measuring the absorption maximum
at different concentrations in ethanol. Comparison
to the absorption maxima at 277 nm of the
copolymers solution®3 andP4 in ethanol yielded

the incorporation ratio of chromophore.

Table 1. Composition and LCST values for the copolymer séRand P4.

R GED amount of amount of LCST before LCST during
salicvlidene- salicylidene- salicylidene- irradiation irradiation ALCST
Polymer anililng I[moIO/] aniline [mol%] aniline [mol% [TC] [TC] <
calc Iatedo (measured by (measured by "H- (measured by (measured by (el
(calctilated) UVIVis) NMR) turbidimetry) turbidimetry)
P3a 1.0 0.4 1.0 29.7 30.6 0.9
P3b 4.0 3.8 4.0 26.3 30.6 4.3
P4a 2.0 24 2.0 41.8 46.4 4.6
P4b 5.0 3.3 4.0 36.5 38.5 2.0
P4c 10.0 9.6 9.0 33.9 36.0 21
P4d 15.0 13.7 15.0 25.1 38.1 13.0

71



The determined chromophore incorporation ratios
of the copolymers were close to the theoretically
calculated values and did not significantly differ
from the values measured By NMR spectroscopy
(see table 1), demonstrating the efficiency of the
two polymer analogous reactions.

The LCSTs of the copolymer serie8 and P4
were determined by turbidimetry, thus, the optical
transmittance of a light bearh € 632 nm) through
the sample cell of the photospectrometer was
monitored as a function of temperature. The
concentration of all copolymer solutions was 40
mg/mL in Millipore water and the heating rate was
1 °C per minute. The cloud points were measured
before and during irradiation with UV-light\ (=
365 nm) using an optical fiber (see scheme S2,
supporting information). The LCST was defined as
the temperature at which a transmission of 50 %
was observed. The LCSTs of the aqueous solutions
of the copolymer serie®3 and P4 exhibited a
strong dependence upon the content of incorporated
salicylideneaniline. In general, the LCST of all
copolymers decreased almost linear with increasing
amount of salicylideneaniline, due to the
hydrophobic character of the chromophore. The
LCSTs are listed in table 1. In all cases, higher
LCST-values were observed during irradiation with
UV-light. the LCST shift upon

irradiation can be explained by the isomerisatibn o

Therefore,

the salicylideneaniline groups from teaot to the
ketaform, accompanied with an increase in dipole
moment and thus an increased local polarity present
at the polymer backbone, which results in the
LCST. Accordingly, the
temperature range of the LCSTs before and after

increase of within

irradiation, an isothermal, light-induced
precipitation of the copolymers was possible. By
turning off the UV-light, the respective LCSTs
values remained higher than before irradiation
which might be explained by an intramolecular

stabilization of the exitedtetoform in high polar
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media such as water. After evaporation of the
samples solutions and re-dissolving in water, the
values for the LCST as before irradiation was
performed were measured again. Any
decomposition of the salcylideneaniline moieties
during the irradiation experiment could be excluded
via'H NMR-

UV/Vis-spectroscopy and GPC

by a careful investigation
spectroscopy,
measurement of the samples before and afterwards.

No changes could be detected.

100 +

—— P4d (conc. 40mg/mL)
before irradiation
—— P4d (conc. 40mg/mL)
during irradiation with
UV (2. =365 nm)

80

60

40 -

transmission / %

204

Figure 4. LCST curves of the copolymer sample P4d
before (black curve) and during irradiation (greyree)
with UV-light of 365 nm. The concentration was 40
mg/mL in Millipore water and the heating rate 1°@im

However, the chromophores were instable in
acidic media as the yellow colour of the polymer
solution faded away immediately upon addition of
concentrated hydrochloric acid. As an example the
LCST curve ofP4d before and during irradiation
has been recorded (see figure 4).

For the copolymer serieP3, we observed a
higher LCST shift (4.3°C) for an amount of 4.0 mol
% salicylideneanilineR3b) compared to the LCST
shift of 0.9°C for 1.0 mol% salicylideneaniline
(P3a). However, for the copolymer series P4, the
polymers with the lowestPda 2.0 mol %) and the
highest amountR4d: 15.0 mol %) of incorporated
salicylideneaniline showed the highest differences
in LCST before and during irradiation. A maximum
LCST-shift of 13.0°C was observed for copolymer
P4d. Normally, a linear increase of the LCST-shift

with increasing amount of chromophoric groups



would be expected. A reasonable explanation might
be the the

salicylideneaniline moieties in the polymer that

statistical  incorporation  of

may result in a neighboring effect of the
photoswitchable units incorporated. A similar effec
was already reported by our group for copolymer
series based on poNKcyclopropyacrylamide) with

azobenzene as a chromophoric group.

Conclusion
In summary, we were able to prepare thermo and
light-responsive copolymers containing different
amounts of salicylideneaniline chromophores. The
synthesis was based on a double polymer analogous
reaction of poly(pentafluorophenyl acrylate)
precursor polymers with the respective amines.
Within the investigated polymers, the molecular
had

kept constant while maintaining a narrow molecular

weight distribution been
weight distribution, which was achieved by RAFT
polymerization. The obtained copolymer serfiR&
and P4 exhibited a LCST in aqueous solution that
depended strongly on the amount
of incorporated chromophore. Furthermore, the
the

isomerization of salicylideneaniline

chromophore in the copolymers, which was

induced by irradiation with UV-light, had an
influence on the LCST.

Higher LCST values up to 13.0°C were measured
during irradiation and thus, in the temperature
region between the LCST of the non-irradiated and
the irradiated solution, a light controlled revblsi
solubility change was observed.

In our approach, the chromophore is not directly
attached as a preformed chromophore to the
polymer, but is rather build right at the polymer
backbone, which opens the route to combine it with
other immobilization chemistry, which may yield
multi-functional

potential and multi-responsive

materials.
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PNIPAM Copolymers Containing Light-Responsive
Chromophores: A Method Toward Molecular Logic

Gates

Florian D. Jochum, F. Romina Forst, Patrick Theato*

ABSTRACT

A series of thermo-responsive PNIPAM copolymerstammng different amounts of fulgimide
moieties have been synthesized via a polymer aoatogeaction of poly(pentafluorophenyl acrylate).
All copolymers were designed to exhibit a lowetical solution temperature (LCST) in water, which
was only weakly dependent on the amount of incaigor chromophoric fulgimide groups. The
copolymers showed a photocyclization of the fulgienside groups upon irradiation with UV-light
accompanied with a color change. The closed forth@ichromophore had a halftime of 136 min for
the visible reisomerization and did not affect H@&ST of the polymer. This led to the realizationeof
logic “NOT A” for the fulgimide containing PNIPAMwhile a corresponding azobenzene containing
PNIPAM resulted in a different logic “A implies B".
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Introduction

Molecular logic describes a concept of
computation using chemical structures and has
recently gained certain attention. The pioneering
work of Adleman in 1994 was followed with
various different concepts in material sciehce.
However, today mainly small molecule based
logical computations are investigated, with the imos
prominent based on photo-induced electron transfer
(PET)2 Only a small number of examples take
advantage of polymefs. Especially when

envisioning multi-input logic gates, functional
polymer synthesis with an unprecedented precision
and versatility is required, which has not been
available until very recently. Polymer based logic
gates have, however, the advantage of being much
more processable and more versatile in the type of
output and input signals than logic gates based on
small molecules. In general, polymer based logic
gates can be realized utilizing stimuli-responsive
polymers that respond to at least to two different
stimuli. Stimuli-responsive polymers have attracted
great interest in academic and applied science
recently. Most commonly, approaches take
advantage of thermally induced, reversible phase
transitions. In this context, polymers based on
polyacrylamides found great interest as thermo-
responsive polymers in aqueous solution. Many
polyacrylamides, e.g. polisopropylacrylamide)
(PNIPAM), feature a sharp transition behavior in
water in response to changes of the temperéture.
Accordingly, such polymers featuring a lower
critical solution temperature (LCST) in water are
expected to find application in many scientific
areas.

Besides polymers that are responsive to a single
stimulus, recently research on polymers that show a
responsive behavior to multiple stimuli has been
intensified® Other stimuli besides temperature can
for example be pH,ionic strengtH, or light®® Very
appealing and

important for applications are
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polymers that are responsive to light and

temperature and accordingly, there have been
several

reports on  temperature-responsive

copolymers that contain a light-responsive moiety,
e.g.
salicylideneanilin® groups. Recently, we and other

azobenzen8&!*  spiropyran¥ or
groups demonstrated that the LCST of thermo-
responsive polymers containing light-responsive
groups was dependant on the isomerization state of
these functional groups and a light controlled
solubility change was possible within a certain
temperature rang8* 3 Higher LCSTs were
measured after photo-isomerisation of the
chromophore side groups due to a change in the
dipole moment or the polarity, which leads to a
local increase of the whole polymer chain. Utilgzin
such changes in LCST for logic gates is a concept

to be explored in more detail.

In the following, the synthesis of temperature-
PNIPAM

featuring a fulgimide as a novel photochromic

and light-responsive copolymers
group is reported. To the best of our knowledge,
there exists no study in which the synthesis of
water-soluble polymers containing fulgimides had
already been reported. The synthesis of these
polymers is based on the thorough investigated
polymer analogous reaction (also called post-
polymerization modification) of activated ester
precursor polymer¥. Fulgimides were reported to
have photochromic properties similar to the parent
fulgides, but the absorption bands show
hypsochromic shifts. Further, these chromophores
are known to isomerize upon irradiation with UV-
light from theE to Z conformation or photocycle
depending on the wavelength.Based on the
different classes of fulgide and fulgimide family
compounds, many realistic and potential
applications have been developed and suggested, e.
g. actinometry, optical storage, optical data
processing, and nonlinear optical materials, optica

waveguides or optical switch&Therefore, it is



synthetically a challenge to incorporate the
fulgimide chromophore into a thermo-responsive
polymer and to investigate their effect on the LCST

of these compounds.

Experimental Section

All chemicals and solvents were commercially
available and used as received unless otherwise
stated. Tetrahydrofuran (THF) was distilled over
sodium. Poly(pentafluorophenylacrylatd)RFPA)
with an molecular weight of M= 24900 g mot
and a molecular weight distribution of M, =
1.36 was synthesized as described edrligE,2)-o-
2,5-Dimethyl-3-furylethylidene  (isopropylidene)-
succinic anhydride (1) was synthesized according to
the literaturé” The detailed procedures for the
synthesis of amino-functionalized fulgimide (3) and
the conversion witlPPFPA yielding the polymers
Pla-Plcare give in the supporting information. All

'H and *C NMR spectra were recorded on a

Bruker 300 MHz FT-NMR spectrometer in
deuterated solventsF NMR spectra were
400 MHz FT-NMR
spectrometer. Chemical shift$) (were given in
ppm TMS. Gel

chromatography (GPC) was used to determine

recorded on a Bruker

relative to permeation

molecular weights and molecular weight
distributions, M/M,, of polymer samples with
respect to polystyrene standards. GPC
measurements were performed in THF as solvent.
The flow rate was 1 mbL/min at 25°C. UV/Vis
spectra were recorded on a Jasco V-630
photospectrometer. IR spectra were recorded on a
Bruker Vector 22 FT-IR spectrometer using an
ATR unit. FD-masses were measured on a MAT 95
Finnigan mass spectrometer. Cloud points were
determined in Millipore water at a concentration of
7.5 mg/mL and were observed by optical
transmittance of a light bearh € 632 nm) through

a 1 cm sample quartz cell. The measurements were

1. N-Boc-1,6-
0 1\ hexanediamine /
~ toluene
(@] B
X _—
O
2.CDI/
Z toluene
)
(1)
P1
1. NH2-Rpye Oy /
n 2 |sopropy|am|ne // Roye _
o O NS N _
F F THF / NEt3 HN o) 0 & O
F F Roye
F
i g
PPFPA Roye NSy
o~ NH

o

Scheme 1Synthesis of amino-functionalized fulgimide andtsssis of chromophore containing PNIPAM.
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performed in a Jasco V-630 photospectrometer with
a Jasco ETC-717 peltier element. The intensities of
the transmitted light were recorded versus the
temperature of the sample cell. The heating rate
was 1°C per minute. Irradiation experiments of the
polymer solutions were performed in a 1 cm quartz
cuvette using an Oriel Instruments 500 W mercury
lamp (Output: 10mW/cA) with a 334 nm optical
interference filter.

Results and Discussion

To enable a comparative study of stimuli-
responsive  copolymers  featuring  different
chromophores, we have chosen to synthesize the
respective polymers by a post-polymerization
functionalization. As such, only the respective
functional groups are introduced, while the degree
of polymerization and the molecular weight
distribution remain unchanged. This synthetic route
is the only one that enables such a comparable
study as any influence other than the chemical

difference can be excluded. At first, an amino-
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functionalized fulgimide chromophore was
synthesized capable to react with activated ester
H 9-a-2,5-dimethyl-3-

furylethylidene (isopropylidene) succinic anhydride

polymers.  Therefore
(1) was synthesized according to the literattaad
further reacted withN-boc-1,6-hexanediamine to
yield the boc-protected “half acid” isomer (see
scheme 1). The obtained “half acids” derivates were
cyclized withN,N-carbodiimidazole (CDI) to yield
the boc-protected fulgimide compoun®).(In the
next step, the protecting group was removed by
treatment with trifluoroacetic acid resulting ineth
amino-functionalized compoun@)(

Next, poly(pentafluorophenyl acrylatéyPFPA

was synthesized by a reversible addition-
fragmentation chain transfer (RAFT)
polymerization as described recerifly. The

resulting precursor polymer had a molecular weight
of M, = 24.900 g/mol with a molecular weight
distribution of M,/M, = 1.36. PPFPA was then
subjected to a polymer analogous reaction with
the

amounts of amino-

different

@

T<LCST

Figure 1. A. UV/Vis spectra of the copolymer Pla (conc. 0.2i2mL in water) before (black line) and after uration
(gray line) for 1h with UV-light { = 334 nm). B. LCST curves of the polymers Platdregle), P1b (circle) and Plc
(triangle) before (white symbols) and after irratiten (black symbols) with UV-light & 334 nm) for 1 h. The concentration
was 7.5 mg/mL in Millipore water. C. Overview dfadssible states of the aqueous solution (7.5 igéihcopolymer Pla.
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functionalized fulgimide ) in tetrahydrofuran

(THF) at room temperature (see scheme 1). After
three hours of reaction, the remaining
pentafluorophenyl ester groups were converted with
an excess amount of isopropylamine yielding in a
PNIPAM

amounts of

series of temperature-responsive
copolymers containing different
The

copolymers were purified by dialysis against

fulgimide side groups R2). resulting
methanol as well as precipitation into hexane to
remove any low molecular weight impurities. All
copolymers were analyzed by FT-IR-spectroscopy,
GPC measurement, NMR-spectroscopy as well as
UV/Vis spectroscopy. The quantitative conversion
of the polymer analogous reaction was confirmed
by IR-spectroscopy (see supporting information) as
the activated ester polymer band at 1783 afithe
PPFPA vanished completely and two amide bands
at 1640 crit and 1533 cm of the copolymeiPla
appeared.

After the polymer analogous reaction, the GPC
trace of Pla (M, = 8900 g/mol) was shifted to
lower molecular weights in comparison to the GPC
trace of the precursd®PFPA (M, = 24900 g/mol)
due to the reduction of molecular weight per
repeating unit

(see supporting information).

Noteworthy, the molecular weight distribution
M/M, did not change significantly after the post-
modification (see supporting information). The

conversion was also followed byH NMR

spectroscopy (see supporting information). All
characteristic proton signals from the side grofip o
the polyacrylamide derivative (in CDLIS /ppm:
3.99, 1.11) and from the polymer backbone (in
CDCls: 6 /ppm: 2.69-1.34) were identified. Further,
F NMR spectroscopy was not able to detect a
fluorine signal anymore, indicating a complete
conversion of all pentafluorophenyl ester groups as
well as a complete removal of pentafluorophenol
salts formed during the reaction.

Table 1 summarizes the series of synthesized
copolymersP1 with varying contents of fulgimide
ranging from calculated 1 mol%°1d to 5 mol%
(P1o.

The composition of the copolymers was
determined by UV/Vis spectroscopy based on the
assumption that the absorption coefficient of
polymer bound fulgimide was identical to that of
the amino-functionalized dye3) at 318 nm
wavelength. A calibration curve of the dye was
created by plotting the measured absorption
maxima at different concentrations in methanol.
Comparison to the absorption maxima at 318 nm of
the copolymers solution®1a P1b and Plc in
methanol yielded the amount of incorporated
The

incorporation ratios of the copolymers were clase t

chromophore. determined chromophore
the theoretically calculated values (see table 1),
demonstrating the efficiency of the polymer

analogous reactions.

Table 1. Composition and LCST values for the PNIPAM copotyseges containing various amounts of chromophores

chromophore = fulgimide chromophore = azobenzene i
amount of LCST before LCST after amount of LCST before LCST after
Polymer fulgimide irradiation irradiation Polymer azobenzene irradiation irradiation
[molog] * [c]® [y ® [molog] * [cy® [c®
Pla 1.0 31.2 31.1 P2a 1.0 29.3 29.9
P1b 2.7 31.1 31.0 P2b 2.0 29.1 29.6
Pilc 3.6 30.1 30.2 P2c 3.9 20.5 23.7

¥ measured by UV/Vi& measured by turbidimetry
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Additionally, the chromophoric behavior of the
copolymers P1 was thoroughly investigated by
UV/Vis measurements. The color of the agueous
solutions ranged from colorless to slightly pink
depending from the amount of incorporated
fulgimide. However, all solutions turned deeply
pink upon irradiation with UV-light with a
wavelength of 334 nm (see figure 1). This
phenomenon can be explained by the
photocyclization of the fulgimide polymer side
The K,2-fulgimide

photochemical conrotatory ring closure, which had

groups. showed a
already been studied for the single dye molecule in
organic solvent® Consequently, the chromophore
bound at the polymer backbone should undergo the
same reaction. The UV/Vis spectrum of the
copolymer sampl@1ais illustrated in figure 1. The

absorption band at 530 nm increased strongly while

the band at 325 nm was decreased after irradiation.

The photocyclization reaction was fully reversible
under exposure to visible light & 400 nm) with a
calculated halftime ofty, = 136 min (see
supporting information).

The LCSTs of the copolymer series were
determined by turbidimetry, i.e., the optical
transmittance of a light bearh € 632 nm) through

the sample cell of the photospectrometer was

monitored as a function of temperature. The
concentration of all copolymer solutioR4 was 7.5

mg/mL in Millipore water, and was choose as a
concentration  for  cloud

suitable point

measurements based on recent other
investigations?

The cloud points were measured before and after
irradiation with UV-light for 1 h X = 334 nm) with
a heating rate of 1°C/min. The LCST was defined
as the temperature at which a transmission of 50 %
the LCST of all
copolymers was found to be only slightly decreased

with

was observed. In general,

increasing amount of  hydrophobic
chromophore but the influence was by far not as
dramatic as for other dyes in PNIPAM copolymers
as shown recentf.** Noteworthy, the LCSTs of
the aqueous solutions upon irradiation exhibited no
detectable dependence on the content of
incorporated fulgimide. In all cases, the same
LCST-values were observed within the error range
for LCST measurements after irradiation with UV-
light. The LCSTs before and after irradiation are
listed in table 1. Clearly, the LCSTs of the
copolymers were not influenced by the
photocyclization of the fulgimide side groups. The
LCST curves of all copolymem1 before and after

irradiation are shown in figure 1. Obviously, the

Table 2.Logic truth table for polymers P1 and P2 with thiédwing inputs and outputs. Input A;+ 1 (T = temperature at
LCST before irradiation + 1°C)al= 0 (T < LCST)); Input B:d = 1 (irradiated sample),d = 0 (non-irradiated sample);
Output: Out = 1 (soluble), Out = 0 (insoluble).

chromophore = azobenzene chromophore = fulgimide
Ia I Out Ia I Out
0 0 1 0 0 1
1 0 0 1 0 0
0 1 1 0 1 1
1 1 1 1 1 0
logic: “A implies B” logic: “NOT A”
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structural change of the fulgimide side group®ds t
weak to increase or decrease the polarity of the
polymer chain, even though the absorption
maximum at 530 nm was increased.

In contrast to these results, we could demonstrate
in recent publications, that the use of light-
responsive chromophores showed an impact upon
the LCST of PNIPAM-based copolymérs: The
LCST values of thermo responsive PNIPAM
copolymers containing azobenzene moieties are
also listed in table 1. Clearly, azobenzene deerkas
the LCST of the PNIPAM copolymers stronger
than the fulgimide. Further, higher LCSTs were
measured upon irradiation due to the local increase
of the dipole moment accompanied with the

isomerisation of the chromophore side groups. In

the case of the azobenzene based copolymers a

maximum shift of the LCST of 3.2°CPR¢ was
measured for an amount of 5.0 mol% chromophore,
respectively (see table 1). The light controlled
change of the LCST was fully reversible for whole
azobenzene serie®2).™ A similar trend for the
LCST values was also found for PNIPAM based
salicylideneaniline copolymers.

Translating this information into terms of logic
gates results in the fact that two different logic
gates can be realized, even though the polymers
have a similar composition and only differ in the
nature of the chromophore used. A logic gate in
general performs a logical operation on one or more
logical inputs and produces a single logic output.
As inputs the heating to a constant temperature
(input A I,) and the irradiation of the samples
(input B Ig) can be used in the case of thermo-
responsive polymers containing light-responsive
moieties. Inputd = 0 means that the sample is kept
at a temperature below the LCST before irradiation,
while I, = 1 means that the sample is heated to a
temperature one degree centigrade higher than
LCST before irradiation. Furtherz £ O resembles

the sample that has not been irradiated, whike 1

corresponds to a sample that has been irradiated at
the wavelength for the respective isomerization
process of the chromophore. The output that can be
read is whether the polymer sample is soluble (Out
= 1) or insoluble (Out = 0). The translated logic
data of the two polymer serieB1 and P2 is
compiled in table 2. It turns out that the azobeeze
containing PNIPAM polymerP2c due to the
differences in the LCST before and after irradiatio
acts as an “A implies B” logic, i. e. it is faldeA is

true but not B, otherwise true. In contrast, using
fulgimide as a chromophore results in a “NOT A”
logic gate as the solubility (output) of these
polymers are only dependent on one input the
temperature §) and the irradiation ) does not
effect the solubility behavior. In general these
examples of thermo-responsive copolymers with
different chromophores demonstrate a first steg in
molecular computing through a different Boolean
binary logic operation outputs and further more
complex computations are expected in the future
with polymers featuring responsive behavior

depending on multiple (more than two) stimuli.

Conclusion

In summary, to realize the envisioned multi-input
logic gates, we could successfully outline the
synthesis of polymers with dual functionality and
responsiveness in an unprecedented precision. We
were able to prepare thermo responsive PNIPAM
copolymers containing different amounts of
fulgimide chromophores. The synthesis was based
on a reaction  of

polymer  analogous

poly(pentafluorophenyl acrylate) precursor
polymers with an amino-functionalized fulgimide.
Within the investigated copolymers, the molecular
weight distribution had been kept constant, which
The

obtained copolymer series P1 exhibited a LCST in

was achieved by RAFT polymerization.

aqueous solution that was hardly influenced by the

amount of incorporated chromophore. Furthermore,
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the photocyclization of the fulgimide, which was
induced by irradiation with UV-light, did not effec
the LCST at all. This led to the realization obgit
“NOT A", while the corresponding azobenzene
containing PNIPAM resulted in a different logic “A
implies B” and we thus could demonstrate for the
first time that different polymer logic gates oreth
basis of stimuli-responsive polymers can be
synthesized utilizing reactive

one polymer

precursor polymer by choosing appropriate

constituents.
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Thermo- and Light-Responsive Polymers Containing

Photoswitchable Azobenzene End Groups

Florian D. Jochum, Lisa zur Borg, Peter J. Roth{rikk Theato*

ABSTRACT

Telechelic thermo- and lightresponsive polymersedasn poly(oligo(ethylene glycol) methyl ether
methacrylate) P(OEGMA) with azobenzene functioreditat the end groups were synthesized. In a
reversible addition fragmentation chain transfeARR) polymerization using a functionalized chain
transfer agent (CTA) containing a pentafluorophefBfP) activated ester, oligo(ethylene glycol)
methyl ether methacrylate (OEGMA, M 300 g mal) could successfully be polymerized with good
control over molecular weight, very high conversicand narrow molecular weight distributions.
Polymers derived from this CTA possessed an aetivaster at the-end of the polymer chain as
well as a dithioestew-terminus. Thew-dithioester group of each polymer chain could dueatively

be removed either with AIBN treatment or substduteth a PFP ester by using a modified diazo
compound. As a consequence, a postmodificatiometelechelic reactive end groups was possible
through a polymer analogous reaction with aminccfemalized azobenzene. P(OEGMA) polymers
containing azobenzene end groups showed a rewer8gilt- and temperature controlled phase
transition in water. Higher values for the loweitical solution temperature (LCST) were measured
after irradiation of the aqueous polymer solutiahee the higher polarity ofis-azobenzene. The
LCST differences between irradiated and non irtadigolutions increased linearly upon the ratio of
azobenzene units up to 4.3°C.
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Introduction

Stimuli-responsive polymers, also called smart
polymers, have been attracting great interest in
academic and applied science recently. For
instance, water-soluble polymers exhibiting a lower
critical solution temperature (LCST) are potengiall
useful for several biomedical applications such as
smart bioactive surfaces, selective bioseparation,
phase separation immuno-assays or hyperthermia-
deliveryi? poly(\-
alkylacrylamides) feature an LCST in aqueous

induced drug Many
solutior?™” and so far, poly{-isopropylacrylamide)
(PNIPAM) the studied

thermosensitive polymer, because its LCST of 32

has been most
°C is close to the human body temperaftte.

Another class of thermally responsive systems is
based on oligo(ethylene glycol) methyl ether

methacrylates (OEGMAY? As many other

methacrylate monomers, OEGMA can be
polymerized under controlled radical
polymerization methods vyielding well defined

materials. Polymers constructed from these PEG
(macroymonomers exhibit fascinating solution
properties in aqueous media. Depending on the
molecular structure of their monomer units (i. e.,
nature of the polymerizable moiety, length of the
PEG side chain, end group of the PEG side chain),
the polymers can be insoluble in water, readily
to 100 °C or

thermoresponsive behavior.

soluble up even show a
The area of polymers responsive to a single
stimulus has been extended to polymers, which
show a responsive behavior to multiple stimuli.
Other stimuli besides temperature can for example
be pH® ionic strengtl or light*>*® Of special
importance seem polymers that are responsive to
light and temperature and accordingly, there have
been several reports on temperature-responsive
poly(N-alkylacrylamide) copolymers, for example
those containing light-responsive azobenzene in the

side groups of the polymer chdi?> Azobenzene
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groups are known to undergo a reversible
isomerisation frontrans to cis-configuration upon
irradiation?>%* In the excitectis-configuration, the
higher dipole momefitleads to an increase of local
polarity of the polymer chain, which causes an
increase of the LCST*? As a result, these
copolymers can be precipitated upon irradiation
with UV-light within a certain temperature range.
To the best of our knowledge, in most reports, the
azobenzene chromophores were incorporated as
side groups in the polymer backbone and not at the
chain end. Upon increasing the number of
azobenzene units, the photoinduced shift increased
up to a certain value but decreased thereafteiserhe
phenomena might be due to the variety in the
number of azobenzene moieties and side group
effects of the photofunctional units. Akiyama et al
demonstrated that photoisomerization of a single
terminal unit of a polymer could also trigger a
phase transition of a polymer ch&h.They
prepared an end-functionalized PNIPAM by atom
transfer radical polymerization (ATRP) with an
azobenzene derivative initiator. A linear increate
the LCST shifts with

azobenzene located at the end group was found by

increasing amount of

this group which was in contrast to the transition
behavior of azobenzene functionalized PNIPAM
copolymers.

Telechelic polymers are polymers with the same
functional group at both chain ends. Accordindly, i
is synthetically challenge to introduce azobenzene
functionalities at the both end groups of a polymer
exhibiting an LCST. However, the investigation of
the light controlled solubility change in the cade
telechelic polymers and its potential applicatioa a
as exciting. The linear chain of an LCST polymer
such as P(OEGMA) then acts as a spacer between
the a- andw-end groups. A variety of methods to
obtain end-group-functionalized polymers by
controlled radical polymerizatiéfi*3 especially

those by reversible addition-fragmentation chain



transfer polymerization (RAFYY° have been
reported. The RAFT polymerizatith uses a
dithioester chain transfer agent (CTA) and thus
results in polymer chains that carry a CTA residue
on theira-end and a dithioester at theiterminus.
These dithioesters are very promising for a
subsequent end-group functinalizatfr’394

Herein, we want to extend the investigation of
thermoresponsive polymers with azobenzene at the

end group. In the following, the synthesis and

characterization of thermoresponsive
poly(oligo(ethylene glycol) methyl ether
methacrylates) P(OEGMA) in two different

molecular weights with either azobenzene at one
end group or telechelic azobenzene moieties at both
is described. All

designed to exhibit an LCST in aqueous solution,

chain ends polymers were
which was known to be dependent on the amount of
incorporated chromophoric azobenzene end groups,
the molecular weight of the polymer and the
isomerization state of the respective azobenzene
end group. The synthesis is based on the RAFT
polymerization of OEGMA-monomer (M- 300 g
mol ™) with 4 ethylene oxide units followed by post
modification of the respective- andw-chain end

As CTA,
phenylthiocarbonylthio-4-cyanovalerate)

groups. pentafluorophenyl-(4-
(PFP-
CTA) will be used, which was described as a
reasonable reagent for the synthesis of narrow
distributed polymers with reactive terminus
recently??** The LCST behavior of the resulting
P(OEGMA) polymers with azobenzenes and w-

end group and the light controlled phase separation

will be investigated in detail.

Experimental Section
Materials. All chemicals and solvents were
commercially available and used as received unless
otherwise stated. Oligo(ethylene glycol) methyl
(OEGMA)

poly(ethylene glycol) methyl ether methacrylate

ether methacrylate available as

from Aldrich (M, ~ 300 g mol) was distilled in
high
(DBPC) before use. Tetrahydrofuran (THF) and
1,4-dioxane were distilled over sodium. 2,2'-

vacuum over 2,6-dert-butyl-p-cresol

Azobis(isobutyronitrile) (AIBN) was recrystallized
from diethyl ether and stored at -7°C. As dialysis
membranes Spectra/Por 3 (MWCO 3500) were
used. 4-phenylthiocarbonylthio-4-cyanovaleric
acid® N-(2-aminoethyl)-4-(2-

phenyldiazenyl)benzamiéfe were synthesized as

and

described in the literature.

Instrumentation. All *H and*C NMR spectra
were recorded on a Bruker 300 MHz FT-NMR
spectrometer in deuterated solvent$€ NMR
spectra were recorded on a Bruker 400 MHz FT-
NMR spectrometer. Chemical shifts) (vere given
in  ppm to TMS. Gel
chromatography (GPC) was performed in THF to

relative permeation
determine molecular weights and molecular weight
distributions, M/M,, of polymer samples with
respect to polystyrene standards. Calibration was
done using polystyrene standards. UV/Vis spectra
were recorded on a Jasco V-630 photospectrometer.
IR spectra were recorded on a Bruker Vector 22
FT-IR spectrometer using an ATR unit. Cloud
points were determined in Millipore water at a
concentration of 10 mignL and were observed by
optical transmittance of a light beah £ 632 nm)
The

measurements were performed in a Jasco V-630

through a 1 cm sample quartz cell.

photospectrometer with a Jasco ETC-717 peltier
element. The intensities of the transmitted light

were recorded versus the temperature of the sample
cell. The heating rate was 1°C per minute.
Irradiation experiments of the polymer solutions
were performed with an Oriel Instruments 500 W
mercury lamp with a 365 nm filter and an average
output of 6.5 mW/crhin a 1-cm diameter quartz

cell (total volume 2.5 cf). Mass spectra were

acquired by using a Shimadzu Axima CFR
MALDI-TOF (Matrix

Assisted Laser
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Desorption/lonization-Time  of  Flight)

equipped with a nitrogen

mass
spectrometer laser
delivering 3 ns laser pulses at 337 nm. Samples
usinga-cyano-4-hydroxycinnamic acid (CHCA) as
matrix and Kl as additive were prepared by
dissolving the polymer in THF at a concentration of
10 g/L. First, an aliquot of ZiL of the matrix
solution (10 mg CHCA dissolved in 1 mL of 50%
acetonitrile in 0.05 % trifluoroacetic acid) was
placed on a multistage target plate. In the foliayyi
2 uL of the polymer solution (10 mg of the polymer
dissolved in 1 mL THF) and then gL of the
cationization agent solution (10 mg Kl dissolved in
1 mL methanol) were added. The target plate was
left to dry in air. The samples were analyzed with
the operator manually and measured in positive
reflectron ion mode. The laser was adjusted skghtl
above the ionization/desorption threshold.
Pentafluorophenyl-(4-phenylthiocarbonylthio-
4-cyanovalerate) PFP-CTA). 6.31 g (0.0226 mol)
4-phenylthiocarbonylthio-4-cyanovaleric acid and
4.81 g triethylamine (TEA) (0.0475 mol) were
dissolved in 150 ml THF with magnetically stirring.
The flask was sealed with a septum and 13.3 g
(0.0475 mol) pentafluorophenyl trifluoracetate were
added slowly through a syringe. The solution was
stirred for 3 hours at room temperature and was
then diluted with 150 ml of dichloromethane.
Afterwards the solution was transferred into a
separating funnel and washed three times with 50
mL of water. The organic phase was separated,
dried with sodium sulfate and after filtrationwas
concentrated in vacuum. The product was purified
by column chromatography (column material: silica
gel, solvent: petroleum ether / ethyl acetate &ri)
finally dried in high vacuum overnight. 7.62 g
(0.0171 mol — 76 %) of pure
pentafluorophenyl-(4-phenylthiocarbonylthio-4-
cyanovalerate) was obtaineti NMR (CDCL): &
Ippm: 7.91 (d, 2H), 7.57 (t, 1H), 7.39 (t, 2H), .0
3.01 (m, 2H), 2.80-2.70 (m, 1H), 2.59-2.49 (m,

red colored
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1H), 1.97 (s, 3H);'*C NMR (CDCL): & /ppm:
219.7, 167.8, 144.3, 142.7, 139.4, 136.3, 134.4,
133.2, 128.6, 126.7, 118.2, 45.5, 32.9, 29.1, 24.2;
%F NMR (CDCE):  /ppm: -162.28 (t, 2F), -157.69
(t, 1F), -152.88 (d, 2F); FT-IR (ATR-mode): 2927
cm® (C-H valence band), 1785 &n{C=0 reactive
ester band), 1516 ch{PFP C=C aromatic band)
Bis(pentafluorophenyl)-4,4’-azobis(4-cyano-
valerate) (PFP-ACV). 3.85 g (0.0137 mol) 4,4'-
azobis(4-cyano valeric acid) and 5.55 g (0.0549
mol) TEA were dissolved in 150 ml dry THF. 15.38
g (0.0549 mol) pentafluorophenyl trifluoracetate
were added slowly through a dropping funnel and
the solution was allowed to stir for 5 hours atmoo
temperature. Afterwards, 150 ml dichloromethane
were added, the solution was transferred into a
shaking funnel and was washed three times with 50
ml water. The organic phase was separated, dried
with sodium sulfate and after filtration it was
concentrated in light vacuum at 30°C. The raw
product was dissolved in 20 ml dichloromethane
and precipitated into cold hexane. After filtration
and washing with cold hexane, the colorless solid
was dried in vacuum at room temperature. 6.54 g
(0.0107 mol — 78 %) of bis(pentafluorophenyl)-
4,4’-azobis(4-cyanovalerate) was obtained and
stored at -7°C*H NMR (CDCk): § /ppm: 3.00-2.48
(m, 8H), 1.78 (s, 3H), 1.73 (s, 3H}*C NMR
(CDCly): 8 /ppm: 167.5, 142.6, 141.4, 139.5, 138.1,
136.2, 117.0, 71.7, 32.7, 28.3, 238F NMR
(CDCly): & /ppm: -162.20 (t, 4F), -157.56 (t, 2F), -
152,88 (d, 4F); FT-IR (ATR-mode): 2929 ¢nfC-
H valence band), 1786 ¢m(C=0 reactive ester
band), 1517 cfh (PFP C=C aromatic band)

General RAFT polymerization procedure (Pla
and P1b). Both RAFT polymerisations followed
the same procedur®FP-CTA, AIBN and freshly
distiled OEGMA-monomer were placed into a
Schlenk-tube with varying ratios (see table 1) eAft
addition of 20 mL dry 1,4-dioxane, four freeze-

pump-thaw cycles were performed to degas the



solution. The flask was filled with argon, immersed
into a preheated oil bath of 80 °C and stirred
overnight. After cooling down to room temperature,
the polymer was isolated by precipitation in hexane
in  THF,

into hexane,

The crude polymer was dissolved

precipitated again three times
centrifuged and finally dried in vacuum. Usually,
90% of red colored viscolBFP-P(OEGMA) (Pla
and P1b) were obtainet NMR (CDCL): & /ppm:
7.81 (d), 7.46 (t), 7.30 (t), 4.03 (br s), 3.83 &r
3.59 (br d), 3.49 (br t), 3.39 (s), 3.32 (s), 3(8h
3.08 (s), 3.04 (s), 2.81 (br s), 2.18 (br s), Ll82
m), 1.22 (br m), 0.90 (br df?C NMR (CDCE): 5
/ppm: 177.0, 128.1, 126.4, 71.6, 70.3, 68.2, 63.6,
58.7, 54.1, 44.4, 18.3, 16.1% NMR (CDCE): 5
Ippm: -162.5 (t, 2F), -158.1 (m, 1F), -153.0 (d);2F
FT-IR (ATR-mode): 2875 cih (C-H valence
band), 1789 cr (C=0 reactive ester band), 1727
cm® (C=0 ester band), 1519 ém(PFP C=C
aromatic band), 1250 ¢m(C-O ester band), 1097

cm® (C-O ether band)

General procedure for dithioester removal of
PFP-P(OEGMA) polymers with AIBN (P2a and
P2b). In a typical run,PFP-P(OEGMA) polymer
(P1a and P1b) containing a dithioester end group at
the w-position and 30 equiv of AIBN were
dissolved in a Schlenk-tube in dry dioxane. 18 mL
of dioxane was used for 5 mmol of diazo
component. After addition of AIBN, the Schlenk-
tube was sealed with a septum, placed immediately
into a preheated oil bath at 80°C and stirred fér 3
h. After cooling down to room temperature, the
polymer was isolated by precipitation into hexane.
in  THF,

into hexane,

The crude polymer was dissolved

precipitated again three times
centrifuged and finally dried in vacuum. Usually,
between 76-85 % of colorless and viscous polymers
(P2a and P2b) were obtainétl NMR (CDCh): &
/ppm: 4.04 (br s), 3.83 (br s), 3.62 (br d), 3.60t],
3.40 (s), 3.33 (s), 3.26 (s), 3.10 (s), 3.05 (B32

(br s), 2.02 (s), 1.86 (br m), 1.22 (br m), 0.92dp

3C NMR (CDCE): 6 /ppm: 177.0, 71.7, 70.3, 68.3,
63.6, 58.8, 54.3, 44.6, 18.3, 16.I%F NMR
(CDCl): & /ppm: -162.4 (t, 2F), -158.0 (m, 1F), -
153.0 (d, 2F)

General procedure for
P(OEGMA) polymers with PFP-ester at the
w- and a-position (P3a and P3b)In a typical run,
PFP-P(OEGMA) (Pla P1b)

containing a dithioester end group at theosition

the synthesis of

polymer and
and 30 equiv ofPFP-ACV were dissolved in a

Schlenk-tube in dry dioxane. 18 mL of dioxane was
used for 5 mmol of diazo component. After
addition of thePFP-ACV, the Schlenk-tube was

sealed with a septum, placed immediately in a
preheated oil bath at 80 °C and stirred for 3.5 h.
After cooling down to room temperature, the
polymer was isolated by precipitation in hexane.
in  THF,
into hexane,

The crude polymer was dissolved

precipitated again three times
centrifuged and finally dried in vacuum. Usually,
between 75-81 % of colorless and viscous polymers
(P3a and P3b) were obtainétl NMR (CDCh): &
/ppm: 4.04 (br s), 3.68 (s), 3.61 (br d), 3.52tfbr
3.40 (s), 3.35 (s), 3.26 (s), 3.20 (s), 3.10 (H32
(br s), 1.83 (br m), 1.22 (br m), 0.91 (br djC
NMR (CDCk): & /ppm: 177.0, 71.7, 70.3, 68.3,
63.6, 58.8, 54.1, 44.7, 18.4, 16.5F NMR
(CDCL): & /ppm: -162.4 (t, 4F), -158.0 (m, 2F), -
153.0 (d, 4F)

General procedure for the synthesis of
P(OEGMA) polymers with azobenzene at thex-
position (P4a and P4b).P(OEGMA) polymers
containing azobenzene end groups oifposition
were obtained by reaction of the polymers P2a and
P2b with

diazenyl)benzamide. Therefore, P2a and P2b were

N-(2-aminoethyl)-4-(2-phenyl-

dissolved with 5 equivN-(2-aminoethyl)-4-(2-
phenyldiazenyl)benzamide and 1 equiv TEA in dry
THF. 10 ml THF was used for 0.2 mmol of the
azobenzene compound. The solutions were stirred

for 12 h under nitrogen atmosphere. Then, the
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solvent was evaporated in vacuum and the residues
were suspended in cold water. After filtration loé t
N-(2-aminoethyl)-4-(2-

phenyldiazenyl)benzamide,

insoluble excess
the orange colored
filtrates were filled into dialysis membranes and
dialyzed against diluted aqueous ethanol (30-60 %)
for remove the

2 days to remainindyl-(2-

aminoethyl)-4-(2-phenyldiazenyl)benzamide  and
the pentafluorophenol salts. Every 6 hours the
solvent was refreshed. Afterwards, the contents of
the membranes were transferred into a flask and
concentrated in vacuum. The polymer residues
in THF and

precipitation into hexane. After centrifugation and

were redissolved isolated by
drying in vacuum, usually between 71-76 % of
orange colored viscous polymers (P4a and P4b)
were obtained®H NMR (CDCL): 3 /ppm: 7.94 (m),
7.72 (br s), 7.47 (d), 6.81 (br s), 4.04 (br s333(br
s), 3.61 (br d), 3.51 (br t), 3.33 (s), 3.10 (s332(br
s), 1.83 (br m), 1.22 (br m), 0.91 (br d); FT-IR
(ATR-mode): 2875 cih (C-H valence band), 1727
cm® (C=0 ester band), 1657 &m(C=0 amide
band 1), 1542 ci (C=0 amide band I1), 1250 ¢
(C-O ester band), 1097 ¢hfC-O ether band)

General procedure for the synthesis of
P(OEGMA) polymers with telechelic azobenzene
(P5a and P5b). P(OEGMA)

polymers containing azobenzene end groupa-in

functionality

and w-position were obtained by reaction of the
polymers P3a and P3b witi-(2-aminoethyl)-4-(2-
phenyldiazenyl)benzamide. Therefore, P3a and P3b
were dissolved with 10 equiv &f-(2-aminoethyl)-
4-(2-phenyldiazenyl)benzamide and 2 equiv TEA in
dry THF. 10 ml THF was used for 0.2 mmol of the
azobenzene compound. The solutions were stirred
for 12 h wunder nitrogen atmosphere. In the
following the solvents were evaporated in vacuum
and the residues were suspended in cold water.
After filtration of the insoluble excess\-(2-
aminoethyl)-4-(2-phenyldiazenyl)benzamide, the

orange colored filtrates were filled into dialysis
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membranes and dialyzed against diluted aqueous
ethanol (30-60 %) for 2 days to remove the
remaining N-(2-aminoethyl)-4-(2-phenyldiazenyl)-
benzamide and the pentafluorophenol salts. Every 6
hours the solvent was refreshed. Afterwards, the
contents of the membranes were transferred into a
flask and concentrated in vacuum. The polymer
residues were redissolved in THF and isolated by
precipitation into hexane. After centrifugation and
drying in vacuum, usually between 60-69 % of
orange colored viscous polymers (P5a and P5b)
were obtained"H NMR (CDCk): & /ppm: 7.94 (m),
7.72 (br s), 7.47 (d), 6.81 (br s), 4.04 (br s333br

s), 3.61 (br d), 3.51 (br t), 3.33 (s), 3.10 (s33(br

s), 1.83 (br m), 1.22 (br m), 0.91 (br d); FT-IR
(ATR-mode): 2875 cih (C-H valence band), 1727
cm® (C=0 ester band), 1657 &niC=0 amide band

1), 1542 cnt (C=0 amide band I1), 1250 ¢h{C-O
ester band), 1097 ¢h{C-O ether band)

Results and Discussion

The scope of the present study was the
preparation of telechelic thermoresponsive
P(OEGMA) polymers that possessed azobenzene
moieties either on one or on both end groups of the
chain. In order to reach this goal, several indigid
techniqgues to preparea- or w-end-group
functionalized polymers were combined. As former
investigations had shown, the pentafluorophenyl
(PFP) ester

functionality. Accordingly, pentafluorophenyl-(4-

is a very versatile and reactive
phenylthiocarbonylthio-4-cyanovalerate) PHP-
CTA) was obtained in a slightly different way as
already previously reported by our grétpFor
that, first 4-phenylthiocarbonylthio-4-cyanovaleric
acid was synthesized as described in the liter&ture
and treated with pentafluorophenyl trifluoracetate.
The final product was obtained after purification
through column chromatography in 76 % vyield.
Synthesis of PFP-P(OEGMA) polymers (see
scheme 1, route A)PFP-CTA was used as a chain



transfer reagent for RAFT polymerization of
oligo(ethylene glycol) methyl ether methacrylate
(OEGMA). The two resulting red colored viscous
polymers PFP-P(OEGMA) Pla and Plb were

by FT-IR

spectroscopy, UV/Vis-spectroscopy and GP@-

analyzed NMR-spectroscopy,

NMR polymers (see figure 1) showed the
characteristic aromatic signals of the dithioesber

end group at 7.81 ppm, 7.46 ppm and 7.30 ppm.

o (O}

polymer

P4b

P2b

N s F

ecr-/ct CJ | He hL /
HLJT_;\L,..___,‘/J% ! \L,«v i ’J\L
P1l; j_’a '\U\_J\./ UJ\] \

T T T T
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
chemical shift / ppm

Figure 1. 'H NMR spectra measured in deuterated
chloroform of the polymers P1b, P2b and P4b.

F NMR spectroscopy was performed to analyze
the end group of both polymers. The fluorine
signals at a chemical shift of -162.5 ppm, -158.1
ppm and -153.0 ppm of the PFP-ester proved the
existence of reactive-terminus. Additionally, the
FT-IR spectrum (see figure 2) showed the
polyacrylate band at 1727 émand also the
characteristic bands at 1789 trand 1519 cr of

the PFP-ester end group. The UV/Vis spectrum, as
illustrated in figure 3, showed the characteristic
absorption bands of the dithioester at 302 nm and
503 nm?**

The molecular weight of the polymePda and
P1bwas determined by GPC and in addition by end
group analysis usingH NMR spectroscopy. The
values for the molecular weights are listed in @abl
1. For the calculation of the molecular weight'bly
NMR spectroscopy, the ratio of the aromatic
dithioester signals (7.81 ppm, 7.46 ppm and 7.30
ppm) and the single signal of the methoxy protons
(3.32 ppm) was calculated.

The values for the number average of the
molecular mass fdetermined by GPCPla M, =
8600 g mof, Plb M, =

slightly higher than the calculated values and the

5000 g mot) were

ones measured by NMR®{a M, = 7900 g mot,
Plb M, =
divergence was the calibration of the GPC with
respect to polystyrene standards. However, the
polydispersity M/M, of 1.15 and 1.18 indicated a
narrow molecular weight distribution for ba#P-

3800 g mol). The reason for this

P(OEGMA) polymer samples.

As an example, the GPC curve of tR&P-
P(OEGMA) polymerP1b with the UV/Vis detector
set to the absorption maximum of the dithioester
(302 nm) is illustrated in figure 4. Altogether,aw
different PFP-(POEGMA) polymers with different

molecular weights, that means two different ratios

Table 1.Characteristic data for the P(OEGMA) polymers Plal #1b.

_ OEGMA- Mu/My
Polymer PEP-CTA AIBN OESMA M, (calc.) Ma (GPC) M (NMR) e
456 mg (1.025 .
Pla * 21 mg(1.280*  7.389(0.0265 7550 moit geo0gmol? 7900 g molt 1.18
B 10™ mol) mol)
10™ mol)
826 mg (L.856 .
P1b * 88mg(2317*  6.409(00230 7054 moit 5000 gmol? 3800 g molt 115
10™ mol) mol)

10° mol)
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between the OEGMA-repeating units and tine
and wend group were obtained in a narrow

molecular weight distribution.

1519 cm™

transmission

1542 cm

—— polymer P1b
polymer P4b

T T T T T T T T T
2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000

wavenumber / cm™

Figure 2. FT-IR spectra of the polymers P1b (black solid
line) and P4b (gray dashed line).

Dithioester removal of PFP-P(OEGMA)

polymers with AIBN (see scheme 1, route B).
Next thePFP-P(OEGMA) polymersPla andP1lb

containing a reactive ester functionality at tne
and a dithioester at the>endgroup were post
modified. The removal of the dithioester was
crucial to prevent the formation of disulfide
coupling reactions which might occur during a

polymer analogous reaction of thieend group.

1.00 4 —— polymer P1b
------- polymer P2b
polymer P4b
0.75+
0.01
c —polymer P1b
2
s §
S 0.50 2
el o
© 2
©
0251 0.00+
400 500 600 700
wavelength / nm
0.00 ey . . ,
300 400 500 600 700 800

wavelength / nm

Figure 3. UV/Vis spectra of the polymers Plb (black
solid curve, conc. 0.400 mg/mL acetonitrile), PBla¢k
dotted curve, conc. 0.349 mg/mL acetonitrile) arth P
(grey solid curve, conc. 0.125 mg/mL acetonitrile).

The dithioester of theFP-P(OEGMA) polymers
Pla andP1lb was removed with an excess amount
of AIBN in a slightly different procedure as
reported by Perrier at &l.For that, two samples of
the Pla and P1b were stirred with 30 equiv of
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AIBN for 3.5 hours at a constant temperature of 80
°C. A preheated oil bath with a constant
temperature of 80 °C was crucial for a successful
reaction and to inhibit high molecular disulfide
formation. The obtained polymem@2a and P2b
were analyzed byH NMR, F NMR, UV/Vis
spectroscopy as well as GPC measurements-Hhe
NMR as illustrated in figure 1 showed the complete
removal of dithioester group as the aromatic
protons of thew-endgroup at 7.81 ppm, 7.46 ppm
and 7.30 ppm were vanished completely. The
UV/Vis spectrum (see figure 3) did not show the
dithioester absorption band at 302 nm any longer.
Additionally, samples of the polymePRaandP2b
were analyzed by'F NMR to exclude any
decomposition of thex-functionality. The PFP-
ester was not harmed by this treatment, as PFP-
esters are stable toward radicals and elevated
temperature in the absence of nucleophiles. Clearly
the'®F NMR spectra of the polymers obtained after
AIBN treatment still showed the typical PFP ester

signals.

—— polymer P1b
M, = 5000 g mol”, PDI = 1.15

—— polymer P4b
B M, =5300 g mol", PDI = 1.12

normalized uv signal

T T 1
100000 1000000 1E7

T T T
10 100 1000 10000

molecular weight / g mol”

Figure 4. Normalized GPC elugrams of P1b (black line)
measured at 302 nm and P4b (gray line) measur&@at
nm.

The GPC curve of the polymeRR2a and P2b
showed no shoulder at twice the molecular weight
indicating that no disulfide coupling reaction had

The
weight

occurred (see supporting information).
molecular weights and the molecular
distribution were still the same as measured fer th

polymersPlaandP1h.



Synthesis of P(OEGMA) polymers with PFP-
ester at the w-and a-position (see scheme 1,
route C). To introduce a pentafluorophenyl ester
end group at thew-position, the dithioester end
group of the polymers had to be exchanged in a
reaction described in detail
Theato®?
P(OEGMA) polymers with telechelic PFP-ester

functionality. Quite similar to the conditions

by the group of

This method enabled the synthesis of

reported there, two samples of the dithioester-
terminated PFP-P(OEGMA) polymersPla and
P1b were treated with an excess amount
bis(pentafluorophenyl)-4,4’-azobis(4-cyano-
PFP-ACV). The PFP-ACV was

therefore previously synthesised by activating the

valerate)

commercial available 4,4’-azobis(4-cyano valeric

acid) with  pentafluorophenyl trifluoracetate. In
analogy to the procedure for the dithioester rerhova
with AIBN, the both PFP-P(OEGMA) polymers

PlaandP1bwere stirred with 3a®FP-ACV equiv

¥,

WO Pt
X P1b

1 2, A oo

PFP-CTA AIBN ou PFP-P(OEGMA)

+ AIBN + PFP-ACV
(30 equiv) (30 equiv
@M

)

3.5 hours at a constant temperature of 80 °C.

Full conversion of the end group modification was
confirmed for the polymerB3a andP3b again by

'H NMR, *F NMR and UV/Vis spectroscopy and
GPC measurements. The aromatic signals of the
dithioester w-end group in the proton NMR
spectrum had completely vanished while the typical
fluorine signals of the PFP ester in the fluorine
spectra were still present.

The UV/Vis spectrum did not show anymore the
characteristic absorption band at 302 nm, indigatin
the formation of telechelic polymers with activated
ester functionality at both sides of the chain.

Again, the GPC curve of the polymedPS8a and
P3b showed no shoulder at twice the molecular
weight, indicating that no disulfide coupling
reaction had occurred.

The molecular weights and the molecular weight
distribution were still the same as measured fer th

polymersPlaandP1h.

0,

P2a o) P3a 0
P2b P3b
Ox4 9<4
o a: M (NMR) = 7900 g mol-!
5 equiv “ZNwH)K@ 10equiv | b: M, (NMR) = 3800 g mol-!
N
D 1S D
CN CN H o
W N\/\N
n " O H N
P4a o) P5a o 0 N \©
P4b % PSb
O 0.4

Scheme 10verview of reactions described in detail in thet.te
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Synthesis of thermo- and

with

lightresponsive

group
functionality (see scheme 1, route D)n order to

polymers azobenzene end
address the terminal activated ester either on one
side or on both sides of the polymer chains, four
samples of the post-modified®FP-P(OEGMA)
polymers P2a-b and P3a-b respectively, were
reacted with an excess amount of aliphatic amino-
thatiN-(2-
aminoethyl)-4-(2-phenyldiazenyl)benzamide

functionalized azobenzene. For
was
synthesized in a reaction according to a previous
publication?? In a typical polymer analogous
reaction the polymers were stirred in THF solution
with 5 N-(2-aminoethyl)-4-(2-
phenyldiazenyl)benzamide for the polymé&aa-b

with one PFP-ester at tlreend and 10 equiv df-

equiv  of

(2-aminoethyl)-4-(2-phenyldiazenyl)benzamide for
the polymers P3a-b with telechelic PFP-ester
functionality. All polymer samples were purified
through filtration and dialysis against diluted
aqueous ethanol, in order to remove the remaining
excess N-(2-aminoethyl)-4-(2-phenyldiazenyl)
benzamide and the formed pentafluorophenol salts.
The obtained polymerB4a-b and P5a-b were all
orange colored in different intensity, and a GPC
measurement with the UV/Vis detector set to the
absorption maximum of azobenzene (323 nm)
indicated that azobenzene was successfully attached
to the polymer chain end and any excé&f2-

had

been completely removed by dialysis (see figure 4).

aminoethyl)-4-(2-phenyldiazenyl)benzamide

The GPC curve of the azobenzene-functionalized

polymers showed no shoulder at twice the
molecular weights, however, fractions with a lower
molecular weight than 3500 g/mol were totally
removed through the dialysis. The molecular
weight and the molecular weight distribution
M,/M, had not changed significantly, indicating
that no disulfide coupling had occurred during the
dithioester removal reaction. MALDI-TOF mass

spectrometry was used in addition to determine the
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molecular weight in the case of the polyni&th

(see supporting information). Noteworthy, the
average molecular weight of 4500 g fhakas in

the range between the mass values as measured by
'H NMR (M, = 3800 g mot) and GPC (M = 5300

g mol'). Additionally, NMR spectroscopy was
performed to analyze the synthesizeéda-b and
P5a-b polymers. The'H NMR spectra (see figure

1) showed the characteristic signals of the aramati
azobenzene protons at 7.94 ppm and 7.47 ppm.
Further, 'F NMR spectroscopy was not able to
detect any fluorine signals, indicating a complete
conversion of all pentafluorophenyl ester end
groups. The FT-IR spectroscopy confirmed the
successful modification of the end groups as the
bands at 1789 ctand 1519 ci of the PFP-ester
end group had totally vanished and two amide
bands of the azobenzene end group at 1657 cm
and 1542 cm had appeared (see figure 2). In the
UV/Vis spectrum of thé4b as illustrated in figure

3 the characteristic absorption band at 323 nm of

the azobenzene chromophore could be assigned.

SN
MOEGMA 276 (m = 4)
Z
CN
N 1 U S R
N NC)(
o
N JLMEG—M
M =376 &m
AM =44 . _
i . Mcaic = 15" Moggma ¥ Mo + M, + 39 = 4623
Mo = 4620
n=14
4620 4708
>
k= | 4664 AM= 276——
5 | n=15 ‘
£
| \
| 4576
|
H ‘ I ‘ﬂ‘ ‘ ‘ 4752 “
L Jldldla JL Jm,Jx/\, Jdh U/\L \J\J

4300 4400 4500 4600 4700

mass / m/z

4800 4900 5000

Figure 5. Section of the MALDI-TOF spectrum of
polymer P4b, demonstrating the high end-group
functionalization efficiency.

Figure 5 shows exemplary a section of the
MALDI-TOF mass spectrum oP4b in order to

demonstrate the high efficiency during the end-



group transformation (full MALDI-TOF spectrum,
see supporting information).

Clearly two statistical distributions can be
observed: a) distribution of the ethylene glycdlesi
chain length, with the typical peak separation &f 4
(equivalent to the mass of an ethylene glycol unit)
and b) the distribution of the main chain repeating
units, with the typical peak separation of 276
(equivalent to the mass of a repeating unit with 4
ethylene glycol units in the side chain). All peaks
can clearly be assigned to the polymer exhibiting
the proposed end-groups. For example, polymer
P4b with n = 15 repeating units in the back bone
and m = 4 side chain ethylene glycol units gives a
theoretical mass of 4623, which can be clearly
assigned to the peak located at 4620 in the MALDI-
TOF.

Each of the four polymer$4a-b and P5a-b
differed in the amount of incorporated azobenzene
chromophores as the polymers had a varying ratio
between the end groups and the molecular weight.
The conversion of the end groups of the respective
polymers was determined by UV/Vis spectroscopy
assuming that every polymer chain end had
precisely one reactive ester group for the polymers
P2a-b and two reactive ester groups in the case of
the telechelic polymer83a-h

Further, the ratio between end group and the
repeating units was used from the molecular weight
values measured byH-NMR as listed in table 1.
The absorption coefficient of the polymer bound
azobenzene was assumed to be identical to that of
free N-(2-aminoethyl)-4-(2-phenyldiazenyl)-benz-
amide at 323 nm. For that, a calibration curvélof
(2-aminoethyl)-4-(2-phenyldiazenyl)-benz-amide
was calculated by measuring the absorption
maximum at different concentrations in ethanol.
Comparison to the absorption maxima at 323 nm of
the different polymer solutions in ethanol yielded
the incorporated amount of chromophore (see table

2). Altogether, the values showed that the polymer

Table 2. Composition and conversions for the PFP-ester
end groups of the P(OEGMA)-polymers.

amount of

SO @i azo-benzene

azo-benzene

conversion
of the end

e [mol %] (rr[1r2(a)ls:/0r]ed groups

(calculated) by UV/Vis) [%]

P4a 3.8 3.5 93

P5a 7.6 6.1 80

P4b 7.9 7.8 98

P5b 16.8 12.5 79
analogous reaction of the PFP-ester end
functionalized polymers was performed
successfully with high conversions. For the

polymers P4a and P4b with one functional end
group at thea-terminus, an almost quantitative
conversion of the PFP-ester= (93 %) was
measured. However, the values for the polymers
P5a and P5b with telechelic azobenzene functional
group were lower and in the range between 79 %
and 80 %. These values with an estimated error of
10 % represent reasonable data which we could also
observe in a recent publicatith.

As the P(OEGMA) polymer$4a-b and P5a-b
containing azobenzene chromophores at the chain
end were designed to exhibit a light and
temperature controlled phase separation in aqueous
solution, cloud point measurements were performed
to determine the LCST. The cloud points were
measured before and after irradiation with UV-light
(A = 365 nm) for 1 hour. The LCST was defined as
the temperature at which a transmission of 50 %
was observed. However the LCST is dependent on
the concentration of the polymer solution, the
molecular weight of the polymer and effects of
salts. Therefore a defined concentration of 10
mg/mL polymer in Millipore water was chosen,
which had already been demonstrated in a recent
publication as a suitable concentration to deteemin
the LCST of P(OEGMA) polymers. In all
measurements, a slight temperature hysteresis

shifted to lower LCST-values during the cooling
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period was observed. Typically, the LCST-values
of the heating cycle were 0.5 °C higher than the
values of the cooling cycle. The LCSTs values for

the heating period are listed in table 3.

Table 3.Composition and LCST values for the
P(OEGMA) polymers.

amount of

LCST LCST
azo- before after
P. ETECTE irradiation irradiation B LLEST
[mol %] 1] <] [C]
(measured
by UV/Vis)
P4a 35 59.9 60.9 1.0
P5a 6.1 58.4 60.2 1.8
P4b 7.8 49.9 52.3 2.4
P5b 125 43.4 47.7 4.3

The LCSTs of the polymer solutions exhibited a
strong dependence upon the content of incorporated
azobenzene to the chain length of the polymer. For
polymers with increasing amount of hydrophobic
azobenzene chromophore, the LCST decreased and
a broadening of the curves was observed. While the
LCSTs of P4a and P5a differed in 1.5 °C, the
LCSTs ofP4b andP5b showed a difference of 6.5
°C. Additionally, the polymer$4b and P5b had
lower cloud points than the polymdpdaandP5a
respectively. This showed that the end group
functionality exhibited a stronger influence on the
LCST in the case of polymers with a lower
The LCST values of the
polymersP4a P53 P4b and P5b were plotted in

molecular weight.
versus the amount of azobenzene (see figure 6).
However, the polymerBlaandP1bhad the lowest
LCST values within a polymer series with the same
molecular weight due to the hydrophobic effect of
the dithioester and PFP-ester end groups.

The content of azobenzene had been calculated
by combining'H NMR

spectroscopy and UV/Vis measurements. Therefore

several methods

a total error of 10 % was assumed for each

calculated amount of azobenzene end group, while

94

the errors for the LCST values measured were in a
range oft 0.3 °C.

As the polymers contained photoswitchable
azobenzene either on one sid&& P4b) or on
both sides of the chain end®Ha P5b), a light
controlled solubility change was investigated. The
isomerization  of azobenzene is always
accompanied with a change in dipole moment of
the molecular structure. For the synthesized
polymers containing azobenzene groups, this means
that the LCST can be shifted through irradiation
with UV-light. For that, the respective samples
were irradiated with UV-light of 365 nm for 1 hour
and the cloud point of the solutions was measured
again. In all cases, higher LCST-values were

observed after irradiation (see figure 6).

64

62 Pda  p5y
A
604 pra A e
584 « Ity
56
544 P4b
® 52 —o—
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8 50 - P5b
5 484 F o i
46
44+ P1b .
424 "
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38 T T T T T T T T !
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amount azobenzene / mol %

Figure 6. Dependency of the LCST values of the two
P(OEGMA) polymer series a (triangle) and b (rectahg

on the amount of azobenzene end groups. The paymer
P4a, P5a, P4b and P5b showed higher LCST values aft
irradiation (white dots) than before irradiation lézk
dots) with UV-light.

As an example, the LCST curves of the polymers
P4b and P5b before and after irradiation are
illustrated in figure 7. The LCST shift can be
explained by the isomerisation of the azobenzene
groups accompanied with an increase in dipole
moment and thus an increased local polarity present
at the polymer backbone. Accordingly, within this
temperature range an isothermal, light- induced
precipitation of the copolymers was possible. The

values for the LCST of the irradiated solutions and



the LCST shifts are listed in table 3. Noteworthy,

the LCST shifts between irradiated and non-

ET[0 [ A—

\ "-_ P4b irradiated 1h (365 nm)
80 \

\ ——P5b

60 \ : —— P5b irradiated 1h (365 nm)

40

transmission / %

20

35 40 45 50 55 60 65 70
T/°C

Figure 7. LCST heating curves of the polymers P4b
(dotted curves) and P5b (line curves) before (blaoid
after irradiation with UV-light of 365 nm for 1 hgiey).
The concentration was 10 mg/mL in Millipore wateda
the heating rate 1°C/min.

irradiated  solution increased linearly with
increasing amount of azobenzene chromophore
(see figure 8), which is in strong contrast to the
transition behavior of copolymers based on pdly(

alkylacrylamides) with azobenzene sidegrotigs.

Table 3.Composition and LCST values for the
P(OEGMA) polymers.

SIS LcsT LcsT
azo- before after
benzene . L . . ALCST
P. irradiation irradiation
[mol %] 1] 1] [T]
(measured
by UV/Vis)
P4da 35 59.9 60.9 1.0
P5a 6.1 58.4 60.2 1.8
P4b 7.8 49.9 52.3 2.4
P5b 12.5 43.4 47.7 4.3

This finding is, however, in accordance to a
similar linear LCST increase which was already
reported by Akiyama et al. for PNIPAM based
thermoresponsive polymer with one azobenzene
end groug?® In general we observed the same effect
for P(OEGMA) polymers with either one or two
terminal azobenzene end group functionality.
Noteworthy, the polymeP5a with azobenzene at
both end groups showed an almost twice higher

LCST shift (1.8°C) than the polymelPglawith one

azobenzene terminus (1.0°C). The same effect was
observed for the polymer paiPSb (4.3°C) and

ALCST/°C

amount azobenzene / mol %

Figure 8.LCST shifts of the P(OEGMA) polymers versus
the amount of azobenzene end groups. The differénce
the LCST between the irradiated and none irradiated
solutions increased linearly with increasing amouwrdft
azobenzene end groups.

P4b (2.4°C). We believe that the presence of
azobenzene at the terminus of each polymers result
LCST the

photoisomerization is totally independent from side

in the controlled shifts, as
group effects which might occur in copolymers. To
light
solubility change, the samples were allowed to
LCST

measurements were performed again and showed

prove the reversibility of the induced

stand for several hours at daylight.
the same values for the cloud points as measured
Additionally,

UV/Vis kinetics of the irradiated solutions were

before irradiation with UV-light.

measured (see supporting information). While the
light (daylight) induced reisomerization of the
azobenzene occurred very fast (= 5 min), the
thermal (room temperature) reisomerization in the
dark had a half time of 14 days.

Conclusion

In summary, we have presented the synthesis of
P(OEGMA) polymers with eitheo— or telechelic
azobenzene functionalities exhibiting a thermo- and
light responsive behavior in aqueous solution.
Within the investigated polymers, the molecular

weight distribution was narrow, which could be
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achieved by RAFT polymerization using a PFP-
functionalized chain transfer agent (CTA) yielding
polymers with defined molecular weight and one
activated end-group per chain. The two polymers
synthesized had different molecular weighd &
MA(NMR) = 7900 g mot, P1b: M,(NMR) = 3800

g mol™) and consequently a different ratio between
the repeating units to the end groups. By using the
PFP-functionalized azo compound we were able to
substitute the dithioester endgroup of the polymers
into a PFP-ester thus allowing active ester
functionalization at the>-end of the polymer chain.
Both thea and thew PFP-ester end groups could be
addressed with primary amino-functionalized
azobenzene with high conversion yielding in light-
and temperature responsive polymers. The obtained
polymers P4a-b and P5a-b exhibited a LCST in
aqueous solution that depended strongly on the
amount of incorporated azobenzene as well as the
ratio between azobenzene endgroup and the
molecular weight of the polymer. Furthermore, the
reversible isomerization of the azobenzene end
groups in the polymers, which was induced by
irradiation with UV-light, had an influence on the
LCST. Higher LCST values were measured after
irradiation and thus, in the temperature region
between the LCST of the non-irradiated and the
irradiated solution, a light controlled reversible
solubility change was found. A maximum LCST
shift of 4.3°C was measured for the polyniéh.
Additionally, a linear increase in the LCST shifts
with an increasing amount of azobenzene in the
P(OEGMA) polymers was observed, which was in
contrast to the phase transition behavior of thermo

responsive polymers with azobenzene side groups.
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Thermo- and Light Responsive Micellation of

Azobenzene Containing Block Copolymers

Florian D. Jochum, Patrick Theato*

ABSTRACT

In this communication, the synthesis and charaetgon of thermo- and light responsive block
copolymers is reported. PB®PNIPAM polymers with azobenzene moieties were gnegband analyzed
by turbidimetry, fluorescence, NMR and DLS measam®1 A temperature controlled reversible

formation as well as a light induced disruption egfdrmation of micellar structures in water wasfad.

micelles
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thermavl\‘

relaxation
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Introduction

Stimuli-responsive  polymers show sharp

responses to environmental changes such as pH,
temperature, redox or chemical reactiofs.
Amphiphilic block copolymers are prone to form
polymeric micelles upon
The
nanostructures have been proposed for several

the

self-assembly in

aqueous solution. resulting micellar

nanotechnological applications. Besides
aforementioned stimuli, also light as a new
stimuli has attracted great attentioh Recently,

photoreversible morphological changes of block
have been reportéd.

copolymer micelles

Besides, the temperature controlled aggregation

of block copolymers based on the
poly(ethyleneoxideplock-poly(N-isopropyl-
acrylamide) (PE@-PNIPAM) has been

investigated? This block copolymer showed the
interesting property of a reversible temperature
responsive formation of micelles above the lower
critical solution temperature (LCST) of the
PNIPAM block® However, only few studies that
report on light and temperature controlled
micellar assembly of block copolymers with
chromophores in the PNIPAM block exist up-to-
date™*?

In this communication, we report on the
synthesis and characterization of thermo- and
light responsive amphiphilic block copolymers
and their reversible formation and disruption of
polymeric micelles. Motivated by earlier work,
we developed a new synthetic procedure toward
PEObH-PNIPAM block copolymers containing
phototoswitchable azobenzene moieties in the
thermo responsive PNIPAM block. Azobenzene
is known to undergais-trans isomerization on
alternating irradiation with UV and visible light.
Noteworthy, this isomerization is accompanied
by a change in the dipole moment of the
chromophore and thus the polarftye recently

demonstrated that the LCST of PNIPAM

100

homopolymers containing light responsive
groups depends on the isomerization state of the

photochromic dyé:®

Experimental Section

PEODL-PNIPAM  (4) block copolymers

containing azobenzenze side groups in the
PNIPAM block were synthesized via a
polymeranalogous reaction of

poly(ethyleneoxideplock-poly(pentafluoro-
phenylacrylate) (PE®-PPFPA, 2), which was
synthesized by RAFT polymerization, as shown
in scheme 1. The dithioester end group of PEO-
b-PPFPA(2) was removed by treatment with an
excess amount of AIBN. The removal of the
dithioester was crucial to prevent the formation
of disulfide polymer-polymer dimers during
aminolysis. The final PE®-PPFPA 2) had a

M = 22.000 g mot
(determined by GPC) corresponding

molecular weight
to an
average number of appraximately 70 activated
ester repeating units, with a molecular weight
distribution of M/M, = 1.227 Additionally, 4
NMR and FT-IR measurements proved a
successful formation of the block copolynier.
PEObL-PPFPA R) was allowed to

with

react.
N-(2-aminoethyl)-4-(2-phenyldiazenyl)-
benz-amide J), followed by reaction with an
excess of isopropylamine in THF at 50°C. The
resulting PEOs-PNIPAM (4) block copolymer
with an average amount of 5 mol% azobenzene
side groups in the thermoresponsive PNIPAM
block was purified by dialysis against water and
several precipitation steps. Again, a successful
reaction was demonstrated by NMR and FT-

IR measuremenfsThe GPC curve was shifted to
lower elution volume as the molecular weight of
the PEOb-PNIPAM (4) was M, = 12.500 g mat

(M /M, = 1.20),
compared to the molecular
precursor polymer PE®-PPFPA p).! The

which was lower when

weight of the



amount of incorporated azobenzene was
calculated by'H NMR integration of the proton
signals of the azobenzene aromatic protons (8.09-
7.52 ppm) and the PNIPAM singlet (3.96 pphm).
UV/Vis measurements in water showed the
characteristic absorption bands (326 nm and 431

nm) of the azobenzene side groups.

PEO-b-PPFPA (2)
My, = 22000 g mol", M,/M,, = 1.22, m ~ 70 (GPC)

A
Ii

2. !sopropy/
amin

OF/\ J,\/o o
= O
n / CN
H
o
coon AP P
o o o

A PEO macro-CTA (1)
M, = 5000 g mol!, M,/M, = 1.05, n = 113

{\A ‘]/\/ PFPA/ AIBN
L 1 4-dioxane, 80°C

COOH s 30 equiv. AIBN
1,4-dioxane, 80°C

1. N-(2-aminoethyl)-
4-(2+ phenyldlazenyl
benzamide (3)/
NEts/ THF

PEO-b-PNIPAM (4)
M, = 12500 g mol!, M,,/M,, = 1.20,

m-p
p " 5% (NMR)

s

O~
NH

N-(2-aminoethyl)-4- g
(2-phenyldiazeny)
benzamide (3)

B

OO AT

J —
trans
c g ™o

ﬁ PEO-b-PNIPAM (4)

-

PEO n

Scheme 1A. Synthesis of azobenzene containing PEO-b-
PNIPAM (4) combining RAFT polymerization and
polymer analogous reactions; B. Schematic tempegatu
induced micellation and light controlled micelle
disruption/thermal reformation of PEO-b-PNIPAM {4)
water.

Results and Discussion
PHO-

PNIPAM (4) into micellar structures in response

The self-assembling behavior of

to external stimuli, i.e. temperature and lighte(se

scheme 1) was investigated by several
complementary methods. For these systems, the
critical micelle temperature (CMT) is crucial and
is usually in the range of the LCST of PNIPAM.
Above this temperature, the PNIPAM block is
insoluble in water and forms the hydrophobic
core of a micellar structure, while the PEO block
forms the hydrophilic corona.

The CMT, was determined PE®-
PNIPAM (4) by turbidimetry. A concentrated
solution (10 mg/mL in HO) of the block

copolymer was heated in a sample cell of an

for

UV/Vis spectrometer and the transmission of the
light beam A = 632 nm) was recorded against the
temperature (see figure 1). Clearly, the
transmittance decreased upon heating in the
range from 20°C to 50°C. However, as can be
seen, the transmittance did not decrease
completely and the solution at 50°C was
macroscopic still transparent and not turbid. This
well-known phenomena is explained by the
formation of micellar structures, which scatter in
the case of higher temperatures and thus reduce

the transmission of a light beath.

95

90

85

transmittance (%)

80 +0.90

fluorescence intensity (a. u.)

75

10 15 20 25 30 35 40 45 50 55 60
TI°C

Figure 1. Turbidimetry measurements of PEO-b-
PNIPAM (4, black curve) and temperature dependent
fluorescence measurements (rectangle) of a soluifon
PEO-b-PNIPAM (4) in presence of coumarin 102.

Next, dependentH NMR
spectroscopy was performed. A solution (7
mg/mL) of the PEB-PNIPAM (4) in D,O was

measured at 20°C, 40°C and 60°C, respectively.

temperature

The'H NMR spectra showed a reduced intensity
and broadening of the signals of the PNIPAM
block at 40°C and 60°C when compared to the
signals at 20°C.
Additionally,

temperature dependent

fluorescence spectroscopy was applied to
investigate the reversible formation of micellar
upon heating PBO-

PNIPAM (4) solutions. We attempted to utilize

core-shell structures
the micelle formation, for reversible capture and
release of hydrophobic dyes. For that, 5 mg} of

was dissolved in 10 mL of a concentrated

solution of coumarin 102 in water, to guarantee a
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full encapsulation of the dye. The fluorescence
was measured at different temperatures from
15°C to 55°C in steps of 5°C (see figure 1). The
initial solution showed the strong emission of the
coumarin dye at 485 nm. The intensities
decreased when the solution was heated from
30°C to 50°C, as a result of the quenching effects
once several dye molecules are in close
proximity inside the micelle core. Although, the
did

completely, due to the excess amount of dye, this

fluorescence intensities not decrease
measurement confirmed the encapsulation of
hydrophobic dye in the core of the formed
micelles. This experiment was fully reversible as
the initial fluorescence intensities were obtained
when cooling back to 15°C. The fluorescence
intensities maxima at 485 nm were plotted versus
the temperature, as shown in figure 1 and
indicated a similar trend as the turbidimetry

measurements.

30+

Dh=5.5nm:
254 " 8

—15°C
—65°C
... 15°C

20+

154

104 Dp =25.5nm

norm. intensity (a. u.)

1 10 100 1000

Dp / nm
Figure 2. DLS measurements of PEO-b-PNIPA#) &t

different temperatures showing the reversible fdioma
of micellar structures.

Further, dynamic light scattering (DLS)

measurements were conducted to investigate the
change of the hydrodynamic diametef &f the
block copolymer below and above the CMT.
Therefore,

an aqueous polymer solution (1

mg/mL) was measured at two different
temperatures: 15°C and 65°C. At 15°C, the block
copolymer was molecularly dissolved and the

hydrodynamic diameter was measured to be

102

Dy = 5.5 nm (see figure 2).

After increasing the temperature to 65°C, the
hydrodynamic diameter increased to an average
value of O = 25.5 nm, indicating the formation
of micelles as the measured value corresponds to
typical sizes of polymeric micellés. After
cooling to 15 °C the size distribution decreased
and was the found to be the same as prior
heating.

The light induced isomerization of azobenzene
dyes from trans to cis is accompanied by a
change of the local polarity. As the transition
between a molecular dissolved block copolymer
and a micellar structure did not occur at a fixed
temperature, such as the LCST, it is consequently
a challenge to measure a light responsive
behavior of the block polymer for all polymer
chains simultaneously. At a fixed temperature
above the CMT, the micelles should disrupt after
irradiation due to the increased polarity of the
PNIPAM with azobenzene side groups in the
configuration (see scheme 1).

The light induced reversible isomerization4of
was investigated through UV/Vis measurements.
Therefore, the isomerization of the azobenzene
side groups followed by either thermal or visible
reisomerization was analyzed. As a result, the
kinetics followed the same process as earlier
PNIPAM with

azobenzene side groups.

reported for copolymers
The light responsive micellar disruption was
demonstrated by turbidimetry and DLS. As
already mentioned, changes of the transmittance
can be used to investigate a micellation process,
because micelles are larger scattering objects and
thus cause a decrease of the tranmittahdin
aqueous polymer solution (10 mg/mL) of the
PEObH-PNIPAM (4) was heated to a constant
temperature of 30°C, i. e. slightly above the
CMT, inside the UV/Vis spectrometer with a

setup reported earliér.
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Figure 3. A. Turbidimetry kinetics of 4 at 30°C showing
a partially light induced 4 = 365 nm) disruption of
micelles followed by a thermal reformation; B. DLS
measurements at 30°C of 4 before and after irraoiat
with UV-light (1 h,A = 365 nm).

At 30°C, most of the PE®-PNIPAM (4)
should be self-assembled into polymeric micelles
and a kinetic measurement of the transmittance
of the light beam X = 632 nm) was performed,
by plotting the intensity of the light transmitting
the quartz cuvette at 30°C versus time (see figure
3). The transmittance remained constant at
constant temperature (see first 750 s). After 750 s
the sample solution was irradiated with UV-light
of A = 365 nm using an optical fiber attached to a
500W UV-lamp (6.5 mW/cr) from above® The
transmittance increased notably (1.4 %) once
irradiation has been started and reached an
equilibrium after 38 min of irradiation (3000 s).
After 3400 s the UV-light was switched off. As a
thermal reisomerization of the

the

consequence,

azobenzene started thus decreasing
transmittance slowlytg,, ~ 6 h).
Further,

solution of 4 (1 mg/mL) at 30°C, i. e.

irradited
the

DLS measurements of a

temperature were the micellation process starts,
showed smaller structures. The average size
distributions was smaller toward a non-irradited

solution (see figure 3).

Although this effect may only occur in a small
temperature range, these experiments clearly
demonstrated for the first time the successful
light disruption and reformation of a micellar
structure with a chromophore attached inside the

core at a constant temperature.

Conclusion

In summary, we synthesized and characterized
stimuli- responsive polymers in respect to their
The

synthesis was based on a polymer analogous

self-assembly into micellar structures.
reaction of PEs-PPFPA @) precursor polymers
with amines.

The PE®-

PNIPAM (4) formed temperature dependent
The

investigated by

resulting block copolymer

micellar structures in water. reversible

formation was thoroughly
temperature dependent NMR and fluorescence
measurements, as well as turbidimetry and DLS.
Light
reformation of the micelles, was successfully

DLS

controlled disruption and thermal

demonstrated by transmittance and

measurements.
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Double Thermo-Responsive Block Copolymers

Featuring a Biotin End Group

Florian D. Jochum, Peter J. Roth, Daniel Kessleafriek Theato*

ABSTRACT

A poly[(oligo(ethylene glycol) monomethyl ether rhatrylate)block(N-isopropyl methacrylamide)]
(POEGMAH-PNIPMAM) block copolymer with a biotin end groum ahe PNIPMAM block as a
biotarget was synthesized as a model system fqoesature controlled polymer immobilization. The
synthesis was based on RAFT polymerization followegdpost-modification of an activated ester
precursor block and an exchange of the dithioestel group within one step. NMR, differential
scanning calorimetry (DSC), dynamic light scattgriibLS) and turbidimetry measurements were
performed to investigate the stimulus-responsigperties. The double thermoresponsive POEGMA-
b-PNIPMAM with biotin end group showed a temperatdependent multi-stage assembly behavior
as it was completely soluble in water at tempeestinelow the LCST of both blocks, formed micellar
structures above the LCST of PNIPMAM but below tlH@ST of POEGMA, or precipitated from
solution above the LCST of both blocks. At roormperature, the polymer could be immobilized
onto a streptavidin surface via its biotin end groas shown in surface plasmon resonance (SPR)
experiments. At 50°C, at which the block copolyrdmemed micelles trapping the biotin target within
the PNIPMAM core, no immobilization was observeldpwing that the biological binding ability of
the model could be controlled via external stimuli.

micelles 65°C insoluble

1!

POEGMA-b-PNIPMAM

streptavidin {3 biotin

end group
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Introduction

Amphiphilic block copolymers are unique
materials due to their self-organization behawor i
aqueous solution that enables the formation of
polymeric micelles. The driving force of the
micellation process is generally attributed to the
microphase separation of one insoluble block and
one soluble block in watéf Following this
principle, the selective alteration of the solubibf
one block has led to the reversible formation of
micelles that can be induced by inter-polymer

complexatiorf;®

chemical transformatioh’ the
addition of a selective solvefit} and stimuli-
responsive solubility changes of double hydrophilic
block copolymers?? All these approaches have
been successfully employed to fabricate micellar
nanoparticles possessing core-shell microstructures
In recent years it has been shown that especially
double hydrophilic block copolymers, which
exhibit one thermo-responsive block, can result
easily in amphiphilic block copolymers upon
Block

containing a hydrophilic water soluble block, like

increase of temperature. copolymers
poly(ethylene oxide), and a temperature sensitive
block,
(PNIPAM), %% have attracted great attention in the

past few decades due to their potential use in drug

such as poli-isopropylacrylamide)

delivery?” Besides PNIPAM, many other polymers
that exhibit a LCST in aqueous solution exist:
polyacrylamide$®3° polymethacrylamidé$ and

polymethacrylates with poly(ethylene glycol) side
chaing?. Especially poly(oligo(ethylene glycol)
methyl methacrylate) (POEGMA) and
poly(N-isopropyl methacrylamide) (PNIPMAM),

the analogous poly(methacrylamide) to PNIPAM,

ether

are of special interest for biomedical
applications**’ Depending on their molecular
structure, the LCST of POEGMA with an average
of 4 ethylene glycol repeating units has been
reported to be 64°€ while the LCST of

PNIPMAM is known to be at 45°¢.

106

Consequently, it would be interesting to explore th
micellation and/or aggregation process of a block
copolymer containing both thermo-responsive
polymers with different LCSTs. To the best of our
knowledge, there have been only a few reports in
block

copolymers or multiblock copolymers have been

which multiple thermo-responsive
synthesized and characteriz&¢>*’
Further, the end groups of polymers are the focus
for many biomedical applications, as they allow for
a direct conjugation of biological moieties in aen
to-one mannet®® In addition to methods of
covalently connecting synthetic materials and, for
example, proteins, biology offers the possibilify o
strong non-covalent bonds based on the bioaffinity
of certain proteins toward specific targets. Ashsuc
the strong affinity between streptavidin and biotin
exampfé?

thermoresponsive block copolymers capable of

represents a prime Recently,
forming micelles with biotin end group have been
reported®®®’® However, to the best of our
knowledge, the appealing idea to combine biotin
end group functionalized polymers with double
thermo-responsive block copolymers has not yet
been explored yet, mainly due to the fact that the
necessary synthetic techniques have only become
available very recently. Such double thermo-
responsive block copolymers featuring a biotin end
group would not only be model compounds for
smart micelles that can be used for drug deliviery,
which the drug is immobilized by a streptavidin-
biotin interaction in the core of a micelle, busal
for the preparation of double stimuli-responsive
polymer brushes in regard to precisely control cell

attachment and cell growth on surfaces.

The scope of the present study is twofold. We
present a suitable synthetic route to obtain a ldoub

thermo-responsive block copolymer
poly(oligo(ethylene glycol) methyl ether
methacrylatelock-poly(N-isopropyl meth-

acrylamide) (POEGMAs-PNIPMAM) containing



a functional biotin end group that is able to btod
reversible
(RAFT)

polymerization was used in combination with the

the protein streptavidin. Therefore,

addition-fragmentation chain transfer
reaction of two orthogonally functional groupse..

an activated pentafluorophenyl ester for side chain
functionalization of one block, and the dithioester
end group that allows the modification utilizing
functionalized methane thiosulfonates.
Additionally, not only the self-assembling behavior
of POEGMAD-PNIPMAM capable of forming
polymeric micelles will be investigated, but alke t
temperature dependent immobilization of these
biotin end-group functionalized block copolymers

on streptavidin-coated surfaces will be studied.

Experimental Section
Materials. All chemicals and solvents were
commercially available and used as received unless
otherwise stated.
(DMF)

N-biotinylaminoethyl methanethiosulfonats) vas

Dry N,N-dimethylformamide

was purchased from Sigma-Aldrich.
purchased from Toronto Research Chemicals Inc.
Phosphate buffered saline (PBS) contained 8.0 g/L
of NaCl, 0.2 g/L of KCl, 1.44 g/L of N&PO,, and
0.24 g/L of KHPQO, and was sterilized by boailing.
Tetrahydrofuran (THF) and 1,4-dioxane were
distilled over sodium. 2,2’-Azobis(isobutyronitrile
(AIBN) was recrystallized from diethyl ether and
stored at -7°C. Poly(oligo(ethylene glycol) methyl
ether methacrylate) (POEGMA) with a molecular
weight of M\(GPC) = 8600 g mdi was synthesized
as reported previously. Pentafluorophenyl
methacrylate (PFPMA,2) was synthesized as
immobilized

described recentl{? Streptavidin

surfaces were prepared according to a literature

follow&

functionalized biotin was synthesized by activation

procedure  as Briefly, amino-
of the carboxyl group with pentafluorophenyl
trifluoroacetate, followed by a reaction with an

excess of ethylene diamine. The PMSSQ-PPFPA

active ester surface coating on top of a gold-cever
glass slide was obtained by spin-coating from 0.04
wt% solution of PMSSQ-PPFPA in THF and
annealing at 130 °C for 2 h. The surface-analogous
reaction of amino-functionalized biotin with the
pentafluorophenyl esters at the surface was carried
out by dipping the coated substrate into a 10 wt%
solution of HN-biotin in water for 60 min. After
successful attachment of the specific binding site,
streptavidin was allowed to adsorb onto the
biotinylated coating. For that, the glass slidesewe
placed in a solution of 0.1 g/L streptavidin in
phosphate-buffered saline solution (PBS) overnight
and washed with buffered solution several times
Spectra/Por 3 (MWCO 3500)
membranes were used for dialysis.

Instrumentation. All *H, F and *C NMR
spectra were recorded on a Bruker 400 MHz FT-
NMR

afterwards.

spectrometer in deuterated solvents.
Chemical shifts § were given in ppm relative to
(TMS).  Gel

chromatography (GPC) was performed in THF to

tetramethylsilane permeation
determine molecular weights and molecular weight
distributions, M/M,, of polymer samples with
respect to polystyrene standards. Calibration was
done using polystyrene standards. IR spectra were
recorded on a Bruker Vector 22 FT-IR spectrometer
using an ATR unit. Cloud points were determined
in Millipore water at a concentration of 28.gand
were observed by optical transmittance of a light
beam A = 632 nm) through a 1 cm sample quartz
cell. The measurements were performed in a Jasco
V-630 photospectrometer with a Jasco ETC-717
peltier element. The intensities of transmittedhtig
were recorded versus temperature of the sample
cell. The heating rate was 1°C per minute. Dynamic
light scattering (DLS) was measured on a Malvern
Zetasizer Nano-S in a low volume glass cuvette (40
uL) on 1 g/L buffered aqueous solutions at an angle
of 90°. The solution was filtered through a @@
PTFE filter prior

analysis. Surface plasmon
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resonance (SPR) measurements were performed on
1 g/L aqueous buffer solutions (PBS) at room
temperature in a self-built cell of 0.5 mL volume
using a®/2® setup, a 632 nm HeNe laser, and a
photodiode. Glass slides were coated with 1.5 nm
of chromium and 50 nm of gold by evaporation.
SPR scans were fitted using WINSPALL
assuming a refractive index of all organic material
of 1.5. Differential scanning calorimetry (DSC)
measurements were carried out on a Perkin Elmer
DSC 7 calibrated by lead and indium standards.
Measurements were performed in a temperature
range from 10°C to 80°C. The heating/cooling rate
was 5°C/min and the concentration of the sample
in the DSC pan was 25 g/L. The
corresponding peak maxima were used for the
determination of the LCST by DSC.

solution

Synthesis of poly(oligo(ethylene glycol) methyl
ether methacrylate)-block-poly(pentafluoro-
phenyl methacrylate) (POEGMA-b-PPFPMA,

3). 0.702 g (0.0816 mmol) of POEGMA)( 1.028

g (4.079 mmol) of PFPMA2) and 2.3 mg (0.0140
mmol) of AIBN were placed into a Schlenk-tube.
After addition of 10 mL of dry 1,4-dioxane, four
freeze-pump-thaw cycles were performed to degas
the solution. The flask was filled with argon,
immersed into a preheated oil bath of 80°C and
stirred overnight. After cooling down to room
temperature, the block copolymer was isolated by
precipitation into hexane. The crude product was
dissolved in dry THF, precipitated again three 8me
into hexane, centrifuged and finally dried in
vacuum. 830 mg (48 %) of waxy, pink colored
POEGMA-b-PPFPMA(3) were obtained*H NMR
(CDCl): & /ppm: 4.09 (br s), 3.83 (br s), 3.65
(br m), 3.56 (br t), 3.38 (s), 2.88 (br s), 2.40 ¢}
2.10 (br s) 1.83 (br d), 1.40 (br d), 0.95 (br d§g
NMR (CDCL): & /ppm: 177.3, 172.7, 142.3, 139.9,
139.2, 136.7, 124.6, 71.9, 70.5, 68.5, 63.8, 59.0,
54.2, 46.0, 44.8, 18.5, 16.8F NMR (CDCE): 5
/ppm: -162.0 (br s, 2F), -156.9 (br s, 1F), -15bA4
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m, 1F), -150.4 (br d, 1F); FT-IR (ATR-mode): 2875
cm® (C-H valence band), 1780 &n{C=0 reactive
ester band), 1728 ¢h(C=0 ester band), 1519 ém
(PFP C=C aromatic band), 1106 (C-O ether band);
M,(GPC) = 18800 g mdl M,(GPC) = 23400 g
mol™, My/M, = 1.24.

Synthesis of poly(oligo(ethylene glycol) methyl
ether methacrylate)-block-poly(N-isopropy!
methacrylamide) (POEGMA-b-PNIPMAM, 4)
with biotin end group. 150 mg POEGMAs-
PPFPMA (3) was dissolved with 50 mg (0.131
mmol) of N-biotinylaminoethyl
methanethiosulfonate5) in 2 mL of dry DMF.
Afterwards, 43.8uL (0.314 mmol) of triethylamine
(TEA) 542 uL (0.633 mmol) of

isopropylamine were added, the flask was sealed

and

and stirred overnight under nitrogen atmosphere.
Next, the solution was transferred into a dialysis
membrane and dialyzed against methanol for 2
days. After evaporation of the solvent, the residue
was redissolved in chloroform and precipitated two
times into hexane. The product was centrifuged and
dried in vacuum at 40°C. 95 mg of waxy colorless
POEGMA-H-PNIPMAM with a biotin end group
was obtained*H NMR (CDCL): & /ppm: 5.57 (br
s), 4.75 (br s), 4.49 (br s), 4.07 (br s), 3.92 pr
3.82 (br s), 3.64 (br m), 3.55 (br t), 3.37 (SRP.
(br s), 1.84 (br d), 1.20 (br s), 1.12 (br s), 0(pB

d); °C NMR (CDCL): & /ppm: 177.2, 71.9, 70.6,
68.5, 63.7, 58.9, 54.3, 44.9, 41.6, 22.0, 18.85;16.
FT-IR (ATR-mode): 3407 cih (amide N-H-
valence), 2875 cth(C-H valence band), 1722 ém
(C=0 ester band), 1640 &n{C=0 amide band 1),
1522 cm' (C=0 amide band 1), 1096 ¢h(C-O
ether band); MGPC) = 11400 g md| M,(GPC) =
13600 g mof, M,/M, = 1.19.

Results and Discussion

For the preparation of biotin end-group

functionalized stimuli responsive block copolymers

the technique of RAFT polymerization was



employed. As the first block, oligo(ethylene glycol
methyl ether methacrylate with an,Mf ~ 300 g
mol™* was polymerized using pentafluorophenyl-(4-
phenylthiocarbonylthio-4-cyanovalerate) as a chain
transfer agent, yielding a macro RAFT agent for the
following polymerizations!”® The molecular
weight of POEGMA {) determined by GPC was
M, = 8600 g mot.

Next, poly(oligo(ethylene glycol) methyl ether
methacrylateplock-poly(pentafluorophenyl meth-
(POEGMAL-PPFPMA, 3)
synthesized by polymerization of pentafluorophenyl
methacrylate (PFPMA2) utilizing POEGMA ()

as a macro RAFT agent (see scheme 1).

acrylate) was

As we could show in previous studies, utilizing
activated ester polymers as reactive precursors

provides many synthetic advantages for the

ped pi)

F PFPMA

synthesis of functional polymef$’® In

combination with the RAFT polymerization

technique, one can obtain precisely defined
functional polymer structures, which was
successfully demonstrated in manifold
examples®®

Within  the present study, successful
polymerization of the pentafluorophenyl
methacrylate was confirmed bjH NMR, *C

NMR, F NMR, FT-IR and GPC measurements.
For example, figure 1 (black line) shows the
NMR spectrum of POEGMA-PPFPMA B). The
characteristic signals of the backbone of the
activated ester block (2.40 ppm and 2.10 ppm) and
of the methyl group (1.40 ppm) could be assigned.
F NMR showed the typical signals at -162.0
ppm, -156.9 ppm -151.4 ppm and -150.4 ppm of the

s COUNENING

Q POEGMA

~

}Q (1)
g

-

POEGMA-b-PPFPMA
M, (GPC) = 18800 g mol-!
M,/M, = 1.24

n =30, m = 30 (NMR)
POEGMA-b-PNIPMAM

M,(GPC) = 11400 g mol-!

\MW/Mn= 1.19 J

AIBN / 1,4-dioxane

? S
15 equiv _ﬁ_s/\/NHT(\/\/Q\NH
O

@)
3

= { X
F I F (3)
&

POEGMA-b-PPFPMA

OEGMA ) TEA / DMF
(0] HN

M, (GPC) = 8600 g mol-! O 1 80equiv \™

M/M, =1.18 N-biotinylaminoethyl A
(5)

methanethiosulfonate

)\ W/Hﬁ/ s/\/N“Y\/\/QNH

HN

S

IQ POEGMA-b-PNIPMAM
%
3

Scheme 10verview of reactions described in detail in thet.te
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PPFPMA polymer block. The four fluorine signals
are a consequence of the tacticity of the

methacrylate block (see supporting information).

A G a p

[ B F b\ rh
ol o I i \[ ;
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PPFPMA c - ¢ PNIPMAM /'C i '
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E3 D,d e3 h
A,a
“l e 21 ef
POEGMA-b- i ﬁ M }”
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POEGMA-b- CJWNL A NI
PPFPMA 3H 30
6.0 5.0 4.0 3.0 2.0 1.0 0.0

chemical shift / ppm

Figure 1. 'H NMR spectra measured in deuterated
chloroform of the block copolymers POEGMA-b-
PPFPMA (black line) and POEGMA-b-PNIPMAM with
biotin end group (gray line).

Additionally, the FT-IR spectrum (see supporting
information) showed in addition to the band for the
C=0 of the activated ester at 1780 ‘tnihe
common bands originating from the acrylate ester
at 1728 crit and the band at 1519 &mwhich was

attributed to the pentafluorophenyl group.

—— POEGMA-b-PNIPMAM
M, = 11400 g mol”
My/Mp = 1.19

—— POEGMA-b-PPFPMA
M, = 18800 g mol”
My/Mp, = 1.24

norm. Rl-signal (a. u.)

1000 10000 100000
molecular weight / g mol”

Figure 2. Normalized GPC elugrams of POEGMA-b-
PPFPMA (black line) and POEGMA-b-PNIPMAM with
biotin end group (gray line).

The molecular weight of the block copolymer
was determined by GPC. The molecular weight of
POEGMA-b-PPFPMA @) increased to a value of
M, = 18800 g mot with a molecular weight
distribution of M,/M, = 1.24. The GPC curve of
POEGMA-b-PPFPMA @) is illustrated in figure 2.

The chain length of the second block was

determined through the ratio of the integrals & th
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methyl groups of the backbone at 1.83 ppm
(PPFPMA) and 0.95 ppm (POEGMA) from the
proton NMR (see figure 1). A ratio of 1:1 of the
two blocks was calculated, which means that both
blocks consist of approximately 30 repeating units.
POEGMAb-PPFPMA @)

orthogonally reactive groups, i.e. a block with

possessed  two
activated ester repeating units, which are able to
react quantitatively with aliphatic aminesnd a
dithioester end group, originating from the RAFT
agent and attached to the PPFPMA block. This
approach thus allowed the further modification of
the dithioester by means of aminolysis in the
presence of a biotinylated methane thiosulfonate
(5), as shown in scheme 1. The thiol released from
the dithioester polymer end group during the
aminolysis undergoes a very selective reaction with
the electrophilic sulfur of the methane thiosulfa
(MTS)

recently and it allows to quantitatively introduce

reagent. This method was introduced
functional disulfide groups at the end group of
polymer chaing®® Disulfides have often been
employed as linkers between polymers and
biomolecules due to the chemical stability of the S
S-bond as long as
avoided®* 628828 The POEGMAb-PPFPMA )

precursor block copolymer was reacted in dry DMF

reducing agents are

in the presence of triethylamine (TEA) with 80
equiv. of isopropylamine and 15 equiv. oF
biotinylaminoethyl  methanethiosulfonate 5).(
Consequently, it was possible to convert both the
activated ester block and the dithioester end group

in a one-pot reaction.

The obtained poly(oligo(ethylene glycol) methyl
ether methacrylatejtock-poly(N-isopropyl
(POEGMA-PNIPMAM, 4)

possessed two different thermoresponsive blocks

methacrylamide)

and a functional biotin end group. This polymer
was purified through dialysis and then analyzed by
'H NMR, **C NMR, F NMR, FT-IR as well as

GPC measurements.



Figure 1 shows the'H NMR spectrum of
POEGMA-H-PNIPMAM (4) and of the precursor
block copolymer POEGMA-b-PPFPMA  B).
Clearly, the spectra demonstrate the successful
reaction of the activated ester side groups with
isoproylamine as the peaks of the backbone of the
PPFPMA block (2.40 ppm and 2.10 ppm) totally
vanished and the characteristic signals of poly(
isopropyl methacrylamide) at 5.57 ppm, 3.92 ppm
and 1.13 ppm appeared.

Further, F NMR was not able to detect any
fluorine signals after the reaction, indicating a
complete conversion of all pentafluorophenyl
groups (see supporting information). It also showed
that all pentafluorophenol salts had been removed
during the purification step.

Full

reaction could additionally be observed by FT-IR

conversion of the polymer analogous
spectroscopy (see supporting information) due to
the vanishing of the activated ester band at 1780
cm® and the appearance of the amides bands at
1640 cnt and 1522 cm, respectively.

Again, the molecular weight of the polymer was
determined by GPC and a value of M 11400 g
mol! with a molecular weight distribution of
Myw/M, = 1.19 was measured. Consequently, the
GPC curve of POEGMA-PNIPMAM (4) was
shifted to lower molecular weight, as shown in
figure 2. Noteworthy, the molecular weight
distribution did not change significantly after the
post-modification confirming that no formation of
polymer-polymer disulfides had occurred.

The presence of the biotin end group was directly
proven utilizing'H NMR, as a singlet at 4.49 ppm
could be assigned to the biotin C-H-protons of
POEGMAH-PNIPMAM  (4)

information).

(see supporting

Because POEGMA-PNIPMAM (4) with the
biotin end group contained different thermo-
with LCSTs,

temperature dependefit NMR measurements in

responsive  blocks different

deuterated water were performed to analyze the
phase transition behavior of the block copolymer.
Figure 3 shows th&H NMR spectra of POEGMA-

b-PNIPMAM  (4)

temperatures.

measured at  different

)\ i
NH

CNO 0 un 0 o HN’—&
b, a
( e%e
b
<b
| | e
60T V\JL o -
50C | ! /ij‘, L b
40T | /\f\#‘\ It B .
soc | M) B e
b
aoc | d all | e
5‘0 4,‘0 3‘0 2‘0 1,‘0

chemical shift / ppm

Figure 3. '"H NMR spectra of POEGMA-b-PNIPMAM
with biotin end group (10 g/L) in {® as a function of
temperature, showing the attenuation of the signals
corresponding to the two different thermo respamsiv
blocks at higher temperatures.

The signals at 4.2 ppm and 3.7 ppm are
characteristic of the PNIPMAM and POEGMA
blocks, respectively (see peak assignment in figure
3). At 20°C, the signals for both blocks are clgarl
detectable, and all signals are relatively sharp
that the diblock

molecularly dissolved. The relative intensity oéth

indicating copolymer is
signals that are characteristic for the PNIPMAM
block remained unchanged at 30°C and 40°C,
respectively. All proton signals were shifted to
higher ppm values, but the integral ratio between
the POEGMA signal and the PNIPMAM signal was
still the same as measured at 20°C. Upon further
increasing the temperature to 50°C, the relative
intensity of the PNIPMAM signal
decrease due to the phase separation of the block.
On the other hand, the POEGMA signals were still
clearly evident, which is reasonable because the
POEGMA block remains soluble below 60°C. On
the basis of chemical intuition, it is expectedttha
micelles with a PNIPMAM core and a POEGMA
corona have formed. At 60°C, the PNIPMAM

started to
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signal had almost vanished completely while the
signal originating from the POEGMA block started
to decrease because the phase transition of the
POEGMA  block,
beforehand by

determined
be LCST

which  was

turbidimetry  to

(POEGMA) = 57.9°C, was reached.

LCST POEGMA

endo 59.5°C

LCST PNIPMAM
43.5°C

heat flow (a. u.)

35 40 45 50 55 60 65 70 75 80 85
T/°C

Figure 4. DSC curve of a 20 g/L aqueous solution of
POEGMA-b-PNIPMAM with biotin end group recorded
at a heating rate of 5°C/min.

Further, differential scanning calorimetry (DSC)

measurements were performed in order to
determine the phase transition temperatures of the
block copolymer. Figure 4 shows the heating curve
of a concentrated solution (20 g/L) of POEGNA-
PNIPMAM (4) in water measured in the range from
10°C to 80°C with a heating rate of 5°C/min.
Clearly, the two endothermic peaks corresponding
to the different phase transition temperatures of
both blocks could be assigned.

For the LCST of PNIPMAM a value of 43.5°C
was found, while the POEGMA block had a phase
transition temperature of 59.5°C. Both values
correspond to phase transition temperatures of the
homopolymers respectively, as reported in the
literaturé**% Noteworthy, the endothermic peak
that is assigned to the PNIPMAM block was very
small and narrow while the peak of the POEGMA
block was very intensive and broad. This
phenomenon can be explained by the formation of

micelles.
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LCST PNIPMAM

80

60

40

LCST POEGMA
20+

transmittance (%)

0

25 30 35 40 45 50 55 60 65 70 75
T/°C

Figure 5. LCST heating curve of POEGMA-b-PNIPMAM
with biotin end group (25 g/L) in aqueous solution.

Next, cloud point measurements were performed
by turbidimetry to analyze the phase transition
behavior of the block copolymer. Figure 5 shows
the LCST curve measured of POEGNA-
PNIPMAM (4). The diagram shows a sharp phase
transition beginning at 55°C, which corresponds to
the LCST of the POEGMA block. However, a
slight decrease in the transmission in the range
between 45°C and 55°C was observed.
PNIPMAM

induced phase transition. This can be explained by

In this

region, undergoes a temperature

the formation of micelles, which reduced the
intensity of the transmitted light due to their inég
light this
measurement confirmed the results obtained by the

scattering capability. In general,

DSC measurement.

D, =6.0 nm —20°C
——50°C
-- 20°C

D, =19.0 nm

1 10
D,/nm

100 1000

Figure 6. Temperature dependent change of the
hydrodynamic diameter [Dof POEGMA-b-PNIPMAM

with biotin end group. A polymer solution (1 g/Lasw
measured at 25°C and 50°C.



Additionally, dynamic light scattering (DLS)

measurements were performed at different
temperatures. Figure 6 shows the evolution of the
hydrodynamic diameter the POEGMA-

PNIPMAM (4) as the temperature is changed. At

25°C, both blocks were molecularly dissolved in

of

water and an average value of 6.0 nm was measured
for the hydrodynamic diameter,Dof the block
copolymer. On increasing the temperature to 50°C,
which means above the LCST of the PNIPMAM
block but below the LCST of the POEGMA block,
a significant change in the size and size distidout
could be observed. An average value for the
hydrodynamic diameter D of 19.0 nm was
measured. This value further confirms the plausible
formation of micelles due to the temperature-
induced collapse of the PNIPMAM block, which

forms the hydrophobic micelle core.

The formation of micellar structures was fully
reversible, as the hydrodynamic diameter decreased
again to the initial value of P= 6.0 nm upon
cooling to 20°C. These observations were in strong
agreement with the conclusion obtained from
dependantH NMR
measurement results, which in combination confirm

previous temperature
the formation of micelles.
Next, the temperature controlled binding of this
POEGMA-b-PNIPMAM (4) with end capped biotin
onto streptavidin surfaces was investigated. As the
biotin group is located at the end of the PNIPMAM
block, it would be located in the core of the fodme
micelles when heating a polymer solution of
POEGMAb-PNIPMAM (4) above the LCST of the
PNIPMAM block, i.e. above 43°C. In this case, the
biotin end group should not be able to bind onto a

streptavidin functionalized surface anymore.

50°C
micelles  soluble block
copolymer
3 o 25°C B
£ 02] o 50°C %3 = | P ,
£ d
S 8
2 S ‘B
o K}
g A IC | s s
0.0 _ rinse
2 "' l e
©
o
s L , A
idin + 0 2000 4000 6000 8000

POEGMA-b-PNIPMAM (4)
in PBS buffer for 3h

(afterr treatment with
PBS buffer for 3h)

10000
t/s

Figure 7. Surface plasmon resonance (SPR) kinetic measurepid?®EGMA-b-PNIPMAM with biotin end group (right
graphic). After injection of POEGMA-b-PNIPMAM (1Lyfin PBS, the reflectance increased due to thesighyption of the
block copolymer with its biotin end group onto #ieeptavidin immobilized surface. The adsorptiors wampleted after
7000 s and the reflectance did not change any lorigethe following, the SPR cell was rinsed seléraes with PBS to
remove any non-specifically bound polymer. Thectdfince decreased but remained higher (B) tharrééfie injection (A).

This experiment confirmed the presence of therbastd group.

Temperature dependence binding of POEGMA-b-PNIPMM biotin end group onto a streptavidin immotatizsurface

(left graphic). The values for the organic layeigdhgs (A, B, C)

represent average values of theeemes measured by SPR

with the calculated standard deviation as error.28°C the block copolymer was able to attach oftepsavidin as the
organic layer height (0.22 nm) was increased (Byawals the heights before the reaction (A). At 56i€ POEGMA-b-
PNIPMAM formed polymeric micelles with the funcéibbiotin end group in the core. As a consequercadsorption onto

the protein surface occurred and the organic laybeight (0.01 nm) did not

increase significantly .(C)
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First, to verify the thermal stability of
streptavidin immobilized on the surface, three gold
covered glass slides with a streptavidin
immobilized surfac€ were immersed with a PBS
buffer solution at room temperature (25°C) and
then in PBS buffer solution at 50°C for 3 hours,
respectively. For both series the change of time fil
thickness was calculated from SPR measurement
data using WINSPALL? The average change of
the film thickness including the standard deviation
error of the three measurements is illustrated in
figure 7. Clearly, the thickness of the streptavidi
surface did not change after treatment with buffer
solution neither at room temperature nor after
treatment with warm PBS buffer (50°C). The
average increase of the surface was 0.00 nm with a
standard deviation of0.09 nm. Streptavin is
known to be thermally stable up to 65%CThe
SPR experiment confirmed that any denaturation of
streptavidin by treatment with warm PBS buffer
could be excluded.

Next, the polymer with its biotin end group was
analyzed in respect to a surface immobilization,
which was monitored by surface plasmon resonance
(SPR). Therefore, three gold covered glass slides
with a streptavidin immobilized layéwere placed
into a solution (1 g/L) of POEGMA-PNIPMAM
(4) in PBS buffer at room temperature (25°C) for 3
hours. A kinetic SPR measurement was performed
at room temperature (25°C) and the SPR kinetics of
the adsorption of POEGMA-PNIPMAM (4) with
the biotin end group onto the streptavidin
functionalized surface is shown in figure 7. First,
the sample cell was rinsed with phosphate-buffered
saline (PBS) solution and the reflectance remained
constant (0O to 1000 s). After 1000 s the block
copolymer sample in PBS solution was injected and
resulted in an increase of the reflectance dubedo t
immobilization of the polymer induced through the
selective non-covalent binding of the biotin end

group onto the streptavidin surface. The adsorption
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was completed after 7000 s and the reflectance did
not change any longer. In the following, the SPR
cell was rinsed several times (8000 s) with PBS
solution to remove any non-specifically bound
polymer. The reflectance decreased but remained
higher than before the injection. A total increase
the film thickness of 0.22 nm was calculated. The
selective binding of the block copolymer onto a
streptavidin functionalized surface confirmed the
presence of the biotin end group.

As summarized in figure 7, the average surface
thickness increased due to the immobilization of
POEGMAH-PNIPMAM (4) to the streptavidin
layer. An increase of the thickness of 0.22 rm (
0.05 nm) was calculated. In the following, the
temperature dependent binding of the block
polymer onto a streptavidin surface at 50°C was
The

confirmed that at 50°C micelles are formed and

investigated. previous  measurements

thus the biotin end group should be hidden inside

the micelle core preventing the selective
immobilization of the block copolymer onto the
streptavidin that, POEGMA-
PNIPMAM (4) in PBS solution (1 g/L) was

preheated to 50°C and at this temperature again

surface. For

three streptavidin immobilized surfaces were placed
into the solution for 3 hours. After the reaction
time, the glass slides were subsequently washed
with 50°C warm PBS solution to remove any
loosely bound polymer. Again, the increase of the
surface thickness of each sample slides was
analyzed by SPR. The surface thickness did not
increase significantly with 0.01 nmt 0.07 nm) as

an average value of the three measurements (see
figure 7). Obviously, while forming micellar
structures, the block copolymer is not able to bind
onto streptavidin. The slight increase of the film
thickness can be explained by temperature
fluctuations during the washing steps, as the
polymer is able to bind to streptavidin at room

temperature. This experiment demonstrated a



successful temperature controlled immaobilization of
a functional block copolymer onto a protein-coated
temperature, POEGNA-
PNIPMAM (4) is molecularly dissolved and thus

able to bind to streptavidin with its biotin end

surface. At room

group. However, at 50°C the block copolymer

forms micelles and the biotin end group is trapped
inside the core of the micelles. As a consequence,
the functional end group was not able to bind to

streptavidin.

Conclusion

In summary, we have presented the synthesis of
POEGMA-b-PNIPMAM (4) containing a bioactive
biotin end group. The presence of the biotin end
group could be proven byH NMR and SPR
measurements thus allowing the block copolymer to
adsorb onto a streptavidin immobilized surface. As
the block copolymer possessed two different
thermo responsive blocks, a temperature dependent
The
temperature responsive behavior was successfully
by NMR

spectroscopy, DSC and cloud point measurements.

self-assembly was  observed. double

proven temperature  dependant
Depending on temperature changes, the polymer

was either soluble, formed micelles or even
precipitated completely from aqueous solution. The
formation of micelles was also demonstrated by
DLS

hydrodynamic diameter of 19 nm. Additionally, a

measurements, which measured a

temperature-controlled immobilization of
POEGMAH-PNIPMAM (4) with the biotin end
group onto streptavidin surfaces was found. At
25°C the block copolymer was able to attach onto
streptavidin while at 50°C, i.e. in the micellarrfo

no adsorption could be observed. Concluding, we
have demonstrated a suitable concept for a stimuli
controlled binding of a smart block copolymer onto
a protein immobilized surface. The synthetic
approaches and the material properties presented

here in this model system should be promising for

further research and applications. For example,
these materials might be a versatile system for a
stimulus controlled binding of biopolymers onto a

protein immobilized surface.
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Science cannot solve the ultimate mystery of nature.
And that is because, in the last analysis, we ourselves are part of nature

and therefore part of the mystery that we are trying to solve.

Max Planck
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