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Introduction

1 I ntroduction

Research and development of block copolymers agid ¢émtropically and enthalpically
driven phase separatidl has stimulated a broad range of research areampemkd
numerous applications in the last decdddsLiquid crystals as an important material
class that exhibit exceptional anisotropic progsrtiue to their molecular shape are much
longer knowR =" and are used successfully in display applicatibfisstill, ongoing and
future research opens and will open opportunitiesgw applications, especially when
liquid crystalline properties are combined with ¢dkacopolymer materials and two ways
of self-assembly are present. By this, complex oeaehierarchical levels is achieved.

In the introduction of this thesis, a brief ovewiwill be given concerning selected topics
on functional block copolymers that are importathim the scope of this thesis. These
topics include i) the synthesis and properties lotk copolymers, ii) functional block
copolymers and iii) liquid crystalline side-grouppo&k copolymers, as well as specific
applications of functional block copolymers, as fohaddressable materials and gelators
for liquid crystals.

1.1  Block copolymers

Block copolymers are macromolecules composed déadt two chemically different
blocks (segments) that are covalently connected.cAemically distinct blocks generally
undergo microphase separation and block copolyraegswell-known for their self-
assembly into well defined, ordered morphologiesh@nnanometer scale. The formation
of microphase-separated morphologies is drivermlmy dounteracting forces. Enthalphic
effects cause the tendency to minimize the unfdleranteraction energy between
dissimilar blocks (A and B) via the formation of And B-rich regions in order to achieve
the smallest possible interface to volume rati@.(@ia creating curvature and chain
stretching normal to the interface). Entropic effecounteract this minimization of the
interface. This phase separation is accomplishdd some loss of translational and
configurational entropy by local compositional aidg to maintain a constant
homogenous segment density. The localization ofjdimetion points of the different
segments at the domain interface causes an adlitass of entrop{**%

The phase behavior of AB diblock copolymers cardbescribed by the Flory—Huggins
segment—segment interaction parameggrtle overall degree of polymerization)( and
the volume fractiond) of the individual blocks that is determined by ttatio of the two
monomers and their molar volume. The prodNdimes y (Ny) is used to express the
enthalpic-entropic balance and determines the degfesegregation and therefore if an
ordered or disordered phase results. The volunefidra(p) determines to a large extend

1
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which morphology is obtained as long as the blamhotymer remains in the range of an
ordered phase.

If Ny <10, the entropic effects dominate, resulting i® ttormation of a mixed,
disordered phase and the chain segments of botlpamnts penetrate each other. If
10< Ny < 100 the weak segregation limit (WSL) is reached the system is governed
by enthalpic effects, causing an order-disordensiteon (ODT) where the dissimilar
segments segregate into a variety of ordered perioecrostructures. This microphase
separation within the WSL was firstly theoreticadlgscribed by Leibléef!

For Ny > 100 the strong segregation limit (SSL) is reached the interphases between
the domains are narrow and well separated. Mdierstablished a theory for diblock
copolymers in the SSL describing the classical molggies. Neither the SSL nor the
WSL describes the morphological behavior of dibl@eckolymers completely. In 1996
Matsen and Bates used a self-consistent field th@&@yT) and could mostly bridge the
gap between weak and strong segregation ftfhit.

In the case of AB diblock copolymers typically fostable morphologies (i.e. spheres,
cylinders, gyroids and lamellae) can be found uresgrilibrium conditions for distinct
compositiong!11!

In Figure 1.1 a phase diagramiy(vs. ¢) calculated after Matsé€fi (Figure 1.1, a) is
compared to an experimentally determined phaserahagfor polyisoprendiock-
polystyrene presented by Khandptial.*® (Figure 1.1, b). The respective morphologies
are shown below with increasingx in the order: body centered cubic spheres (bcc,
Im3m) of A in a matrix of B, hexagonal cylinders (HEN,) of A in a matrix of B,
bicontinuous cubic (gyroid, Bal), perforated layers (HPL) and lamellae (L, LANYith
further increase aja the order is reversed with A being the matrix.

In more complex block copolymer systems, i.e. ABBlack copolymers, the number of
morphologies and their complexity are consideraxgnded >°!
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Figure 1.1: a) Phase diagram for AB diblock copdysnin the strong segregation limit (SSL)
calculated by Matseret al.;' b) experimental results for the phase diagram for
polyisopreneslock-polystyrene diblock copolymer near the order-digsortransition by
Khandpuret al.;*® c) illustration of the respective morpholodtésclose-packed spheres
(CPS), body centered cubic spheres ((bcc3niy hexagonal cylinders (H, HEX),
bicontinuous 1&d cubic (gyroid, 18d), perforated layers (HPL), lamellae (L, LAM).
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Functional block copolymers

According to IUPAC, “The ternfunctional polymer has two meanings: (a) a polymer
bearing functional groups (such as hydroxy, carbatyamino groups) that make the
polymer reactive and (b) a polymer performing acsje function for which it is
produced and used-”

In general, this definition covers two sets of modrs. Accordingly, in the frame of this
thesis mainly targeting block copolymers, the téunctional will be used if at least one
block bears functional groups that allow chemicsdctions or the block copolymers
fulfill a specific function due to their physicakgperties or induced changes in these
properties. To facilitate a more easy distinctietween these two different cases of block
copolymers carrying reactive chemical functionsime block copolymer segment will be
denoted asunctionalizable.

Functionalizable block copolymers with reactive side-groups

In Figure 1.2 three examples for functionalizableck copolymers are shown as an
illustration. The first example is a block copolymkearing a poly(1,2-butadiene)
segment. The olefinic double bond can be used fofarety of different polymer
analogous reactions. Hydroboration and subsequemiatmon vyields a hydroxy
functionalized side-group, that again can be usedfirther reaction§®'% A direct
attachment of a side-group can be carried out byydrosilylation reactioff” By
converting the double bond into a epoxy gfolift is possible to attach functional
amines. The double bond can be also used for éf@in crosslinking reactiorfs’
Secondly block copolymers with silyl protected g@mMhydroxyethyl methacrylate)
segments can be mentioned. Cleavage of the pregroup under mild acidic
conditions in a polymer analogous reaction uncovésgiroxyl functions that
subsequently can be used for further attachmerdtioes of e.g. photo-addressable
moieties’?’
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. block . block . block g
Block copolymer: n m n m n m
| O OH O ?

0
O SiMe, \|<

. I - trimethylsilyl protected tert-butoxy protected
Chemical function: olefinic double bond hydroxy function hydroxy function
Possible polymer - hydrosilylation - deprotection with mild acid yields - deprotection with strong acid
analogous reactions: - crosslinking hydroxy group yields hydroxy group

- conversion to hydroxy group - attachment of side-group via - attachment of side-group via
ester linkage ester or ether linkage

- attachment of side-group
via ester linkage

Figure 1.2: Examples of AB diblock copolymers begrireactive groups: double bond (left), silyl
protected hydroxy function (middle) atatt-butoxy protected hydroxy function (right).

A third example features a block copolymer withadyftert-butoxystyrene) segment. In
this case the phenolic function is protected bgrbutoxy ether group. Compared to the
previous example a much stronger acid is required the polymer analogous
deprotection®?® |In contrast to aliphatic hydroxyl groups, the pblencharacter allows
more easily the formation of ether linkages addsity to the ester linkages. This thesis
focuses mainly on block copolymers of the last tgpd thus, it will be discussed in more
detail in the following chapters.

Functional block copolymers with special physical properties

Functionalizable block copolymers with chemicalcteae side-groups can be used in the
synthesis of functional block copolymers that apée ao fulfill a function due to their
physical properties. Examples are azobenzene-comgablock copolymers. They are
promising candidates for the applications such aednaphic data storad@>® or
photocontrolled deformatidiy (e.g. artificial muscléd?). Numerous azobenzene-
containing block copolymers are side-group funcil@ed block copolymers with
isotropic or liquid crystalline moieties.

The functions of functional block copolymers camscalarise from their microphase
separated morphology:

An example of commercial successful functional kloopolymers are poloxamers, sold
for example by BASF under the trade name Plurdffit®oloxamers are symmetrical
ABA triblock copolymers consisting of hydrophilioly(ethylene oxide) (PEO) A-blocks
and a hydrophobic poly(propylene oxide) (PPO) Behl¢PEOblock-PPOblock-PEO)n

5
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as shown in Figure 1.3, that can be used as nao-sonfactants as well as drug delivery
systems in medical applicatioRd. Other examples are polystyrene and polybutadiene
based block copolymers, i.e. polystyrdseek-polybutadiendslock-polystyrene ABA
triblock copolymers called “SBS rubber”, sold foraeple under the names Kra®f"

or Styroflex®,®® that is a thermoplastic elastomer and used foride wange of
applications. In this thermoplastic elastomer tl@ygtyrene domains form physical
crosslinks that are connected by polybutadiene satgn Transparent modified
polystyrene, a polystyrersock-polybutadiene block copolymer, sold as Styr&fiixs
another member of this class. The transparencegsafi®m the microphase separated
morphology on the 10-20 nm level that does nottscatsible light.

Poloxamer: amphiphilic, non-ionic tenside SBS rubber: thermoplastic elastomer
*\P/\O%block{'\/\ol, b/ockf\/0+ * block{’\/\%block *
a b a a b a
hydrophilic hydrophobic hydrophilic

high Tq block  lowTg block  high Ty block

Figure 1.3: Examples of commercial available fior@l block copolymerdeft: Poloxamer
(Pluronic®); right: SBS rubber (Krata®, Styroflex®).

A wide range of possible application for functiomdbck copolymers can be found in
recent literature reviewd> =% Examples are: Highly ordered, nano-structured kloc
copolymers templates are suitable for advanced npate applications like nano
lithography (e.g. for high density magnetic disk&)* ! or templates for
mesostructured hybrids and inorganic matef&f§! Block copolymers with cylindrical
or bicontinuous microdomains can be directly usechanoporous membrane in filter
applicationd?®*¥ also biomedical applications of hyperbranched lblcapolymers were
explored due to their assembly into micelles, fibenembraned® Recently, donor—
acceptor block copolymers have been introducegtotovoltaic applicationé®

For the above mentioned applications block copolgnvath a highly uniform domain
size is required. Therefore the molecular weiglstrdiution should be as narrow as
possible to achieve the best control of the nanostres. Hence, a controlled
polymerization is a prerequisite and usually ugitizfor the synthesis of well defined
block copolymer$*”!



Introduction

Block copolymer synthesis

Anionic polymerization, as the oldest living polynzation method, was first
demonstrated by Szwarc in 1988 Since then it has been been proven as a reliable
and versatile method for preparation of well-ddfip®lymers and block copolymers with
narrow molecular weight distributidtf>? Anionic polymerization has been in addition
successfully applied for the synthesis of more dempolymer architectures such as
comb-shaped and star-block copolymf&ts?

Anionic polymerization is a chain growth polymetipa with carbanions as active
species. As a consequence, no recombination orogiggionation of the negative
charged propagation species can occur resultingngnmhers in a so callellving
polymerization. In general, the terrtiving polymerization is used for a polymerization
without termination and transfer reactidfis®? If additionally the rate of initiation is
much higher than the rate of propagation theseifacillow control over the degree of
polymerization (DP) respectively the molecular virigMW) and a narrow molecular
weight distribution of the resulting polymdPdisson distribution). As a main feature of
anionic polymerization -due to the living nature toé chain ends- the preparation of
block copolymers is possible (see Figure 1.4). therpreparation of block copolymers
the second monomer has to be more reactive thafirsheSince the rate of initiation of
the second block by the anionic end of the firgicklhas to be much higher than the
propagation rate of the second monomer. If thetiregcof the chain end of the first
block is too high, side reactions with the seconohamer can occur. In these cases
special derivatives have to be added to reduceethetivity of the chain-end of the first
block!®¥ The living nature of the chain ends also facéthtnctionalization of the chain-
end with suitable endcapping agefits® Using multifunctional linking agents instead of
endcapping agents is one approach for the syntbestar-block copolymerd3°557]

& o
\% |ni_ Ini a - 9 Ini ab/OCk b -
@ @ ® @
&
1,
Ini block block H
ow o L° ° c
| (®)

Figure 1.4: Schematic representation of an anipaigmerization of a ABC triblock copolymer.
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However, anionic polymerization is restricted tdimited number of monomers due to
high reactivity of initiator and chain-ends. Espdgi the use of functional monomers
(bearing an amine, alcohol, thiol, etc. functiomyestricted due to termination reactions
with the anionic chain-end. The monomer range carextended by using previously
protected functional monomeré>"!

Several other polymerization techniques have bemmodstrated for the synthesis of
block copolymers. Cationic polymerizati6fi, as counterpart to anionic polymerization,
can be used for a range of different monomers. Alsssible but more limited are the
group transfer polymerization (GT) that is mainly applied for the polymerization of
methaycrylate and acrylate based monoffiéfd and the ring opening metathesis
(ROMPY®®! of strained olefinic cycles using Schrock- or Grstype catalyst€?!

Recently introduced were the controlled radicalypwrization (CRP) methods like the
atom transfer radical polymerization (ATRPY, nitroxide-mediated polymerization
(NMP)®® and reversible addition/fragmentation chain tranpblymerization (RAFTY"]
ATRP and NMP allow for a wide range of differentnggdex monomers that can be
polymerized under mild conditions with good contrméer molecular weight and
molecular weight distribution.
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1.2 Liquid crystalline polymers

Liquid crystals (LCs) form thermodynamically stable mesomorphiaggs (mesophases)
between the (crystalline) solid state and the agatr liquids. Liquid crystalline systems

can be divided into two categories: lyotropic lduerystals and thermotropic liquid

crystals. Lyotropic liquid crystalline phases aoenfed in solution and depend on the
concentration. Thermotropic liquid crystalline pbssare formed depending on the
temperature. This is often the result of the shapisotropic molecules or at least
molecular parts. Exemplarily, on heating thermatdpyuid crystals undergo a phase
transition from the crystalline into the liquid stglline phase at the melting point. When
the temperature reaches the clearing poigj {fie molecules lose their liquid crystalline
order and become isotopic. The temperature randeetiween these two points is the
mesophase range. Different liquid crystalline pegseore than one) might be existent in
one compound. In the following only thermotropiguid crystal will be discussed.

From a historical viewpoint, thermotropic liquidystals were discovered by Reinitzer
during the investigations of cholesterylbenzoare4888® The termliquid crystal was
coined by Lehmanki:®® Later on, Vorlandéf”! started the first systematical investigation
of these compoundd. Mesogens, the molecules that form a thermotropieid
crystalline phase, commonly exhibit formanisotrogi@pe mostly rod-like (calamitic) or
disk-like (discotic). Molecules with these anisqii® shapes have different degrees of
order in the liquid crystalline phase. Figure 1h5ws examples of calamitic LC phases.
The simplest LC phase, the nematic (N) phase, é@ghitng range orientational order.
This is possible when the symmetry axes of the raxgemolecules are on average
parallel to a well defined spatial direction knosvdérector.

:?.1-'-"4'«."

mlm ’ ..

nematic phase smectic A phase isotropic liquid
N SmA I

Figure 1.5: Examples of liquid crystalline phagascalamitic mesogensleft) nematic phaseiddie)
smecticA phase andight) the isotropic phase (r€F, altered).

If positional or translational order in one directiis present the molecules order in
smectic (Sm) phases that are characterized byitbetar and the layer normal. The angle
9
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of the director with the layer normal determines $mectic phase. In the simplest case, if
both are collinear, the mesophase is called a stregithase (SmA). This phase exhibits
a short range positional order in the layer anduasglong range positional order
perpendicular to the planes and might be viewea @&wo-dimensional stack of fluid
layers!’” No long range order is present in the isotropipkiase.

Due to their anisotropic shape LCs possess integeproperties such as birefringence
(An), dielectric anisotropy/e), diamagnetic anisotropy and orientational elétgti¢”
Because of these anisotropic properties liquidtatysan be influenced by external fields
(electric, magnetic). For this reason predominangynatic LCs have been intensively
used in electrooptical applications, e.g., liquiystal displays. In those, the twisted
nematic (TN) mode was introduced in the early 1930d has extensively been used
since ther®> "

Three examples for nematic liquid crystals are showFigure 1.6. All of them consist of
a rigid core (two or more rings), that mainly deteres the anisotropy of the molecule, a
flexible terminal group on one end, that decreages melting temperatures, and
substituents laterally attached or on the oppasite to the flexible group to adjust the
electrical dipole of the molecul®’ The first example N-(4-methoxybenzylidene)-4-
butylaniline (MBBA) is a Schiff base and one of fivat nematic liquid crystals that was
synthesized in 1969 by KelkEf! MBBA could not be used in display applications doie
its yellowish color and the sensitivity of the S€lnase to hydrolysis. The next example
4-cyano-4’-(pentyl)biphenyl (CB) is one of the masmmonly used nematic LCs. It is a
prominent member of the cyanobiphenyl class that syathesized by Grag al. in 1972
and used in TN displays until tod&3. The strongly polar cyano substituent leads to a
higher dipole moment in this liquid crystal comghr® MBBA. The third mesogen
(1S,1'S,4R,4'S)-4-butyl-4'-(3,4,5-trifluorophendl)t-bi(cyclohexane) is an example for
a three-ring calamitic liquid crystal. In this cade fluoro substituents result in a high
dielectric anisotropy. Cyclohexane derivatives viztlo or more rings are among the most
important substances for the application in dispfa$

et OO S-O-Om

Figure 1.6: Examples for calamitic liquid crystalé-(4-methoxybenzylidene)-4-butylaniline (MBBA)
(left), 4-cyano-4'-(pentyl)biphenyl (5CB)nfddle) and (1s,1's,4R,4'S)-4-butyl-4'-(3,4,5-
trifluorophenyl)-1,1'-bi(cyclohexanejight).

10
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Today mostly mixtures of different liquid crystadse used in display applications to
achieve a broad mesophase range and to tailoiréfergence, dielectric anisotropy and
rotational viscosity of the materials for the dedipurpose.

Liquid crystalline polymers

Mesogens can be incorporated into polymers in séweays yielding liquid crystalline
polymers. The most basic types are shown in Figure The mesogens can be directly
connected to on another forming rigid rod-like ldjcrystalline main chain polymers
(Figure 1.7, a). Another possibility of main chall€ polymer contain mesogens
connected via flexible spacers (Figure 1.7, b). $pacers in these semi-flexible main
chain LC polymers allow for a better mobility oktimesogens and result in overall more
flexible polymers. If the mesogens as side-groupsattached to the polymer backbone
via flexible spacers the resulting polymers areledalside-group liquid crystalline
polymers (Figure 1.7, c). This type of LC polymevdl be discussed in the following
chapter because this motif is used in one segnfetitedblock copolymers discussed in
this thesis.

b) ww T - -

Figure 1.7: Schematic representation of princilgations of incorporating mesogens in LC polymers
a) main chain LC polymers with mesogens directlgrexted; b), semiflexible main chain
LC polymers with mesogens connected via flexiblecsps and c¢) side-group LC polymers.

1.2.1 Side-group liquid crystalline polymers

Polymers that carry mesogens laterally attachetidégolymer backbonedgmb-shaped)

exhibit thermotropic liquid crystalline mesophasasd are called side-group LC

polymers. They contain three major constituents:tife polymer backbone, (ii) the
11
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mesogenic groups and (iii) the flexible spacersneoting both other elements. This
concept, depicted in Figure 1.8, was presentedityefmann, Ringsdorf, and Wendorff
in 19781"®! The spacer is required to decouple the motionthefmesogens from the
polymer backbone. As a result, the former is abl®otm a mesophase, whereas the latter
tends to adopt a random coil conformation. Neuscattering experiments have revealed
that the polymer backbone is deformed in both nenagid smectic mesophases. It can be
concluded that it is impossible to completely dgdeuhe backbone motions from those
of the mesogenis’:"®

<«— polymer backbone

_—

— flexible spacer

— mesogen

Figure 1.8: Schematic representation of side-glimupd crystalline polymers.

Regarding the aforementioned three constituenssdefgroup liquid crystalline polymers
several influences on the thermal and mesophagegies can be distinguish&a®”

The thermal transitions of liquid crystalline polgrs are depended on the molecular
weight and the number of repeating units respegti8 With increasing molecular
weight the temperature range of the mesophaseasese If more than one mesophase
exist, at least the range of the highest tempezamesophase is extend&f® The
influence on the glass transition is less pronodndéis can be explained with the
greater decrease in entropy and increase in freeggnof the isotropic liquid with
increasing molecular weight compared to that ofrttere ordered phas&4 Depending

on the polymer system this dependency reachesldteap values at less than 50 repeat
units.

The decoupling of the mesogen from the polymer back increases with the increasing
flexibility of the polymer backbone. A more flexélbackbone results in more
arrangement possibilities of the mesogen and tberdahcreases the tendency to form
higher ordered mesophases. With increasing backlflereility the glass transition

temperatures tend to decrease while the cleariiig pwreases for a given spacer length
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and mesogenic group. Also the side-chain crystlbn becomes possible at shorter
spacer length for more flexible polymét3.

The influence of the length of the spacer can bapaoed to the length of the flexible
substituent for small molecule LCs. Increasing spéength decreases the glass transition
temperature due to the decreased packing densitgffact that is often referred to as
“internal plasticization™® Consequently the introduction of (longer) spacems result

in the appearance of mesophase(s) not preserg icothparable polymer with shorter/no
spacers in which the higher glass transition teatpee prohibited the formation of the
mesophase. This trend often exhibits an odd-eviectehat gets weaker with increasing
spacer lengtf®®”! Analogous to the trend observed for alky substitsiein low
molecular liquid crystals, short spacers also fawematic mesophases whereas long
spacers favor smectic mesophases. In the nematsophase of side-group liquid
crystalline polymers the transition temperatureglteo decrease with increasing spacer
length. In contrast the transition temperaturethersmectic phase, at least in the SmA,
increase with the length of the methylene spacewsig an odd-even effect. It has to be
noted that these trends depend on the specificnmolysystem. For example for
polymethacrylate based LC side-group polymers watlanobiphenyl mesogens an
increasing of the clearing temperature is obseryadcontrast, if methoxybiphenyl
mesogens are used, the clearing temperature decrédisincreasing spacer lendtf.
The odd-even effect is dependent on the respeptiygmer backbone and the linkage
connecting it to the spacer. An example are polyijaerylate based LC side-group
polymers, when a methylene spacer with ether liekaig used. For odd-membered
spacers, the mesogenic unit is orthogonal withaesfp the backbone not only for the
all-trans conformation of the spacer but also for selectedfarmations that include a
single gauche defect. Therefore, there are more possibilitiesnaiximum interactions
between the mesogenic groups and these resultgherhtransition temperatures. With
even-membered spacer there are much more conformeatvhere the mesogens are
positioned with some angle with respect to the bank. These conformations prevent
the efficient packing and, therefore, reduce thadition temperatur&>c®!

The mesogen density at the polymer backbone isnolftelow 100% for polymer
analogous attachment reactions, i.e. not everyatege unit carries a mesogenic side-
group. The glass transition temperature and clgammperature are functions of this
degree of attachment and exhibit an increase witheasing degree of conversiéh®
The mesogen density at the polymer backbone candoeased by introducing two or
even three mesogens per repeating unit. In this ttesmesophase range is enhanced and
the polymers with two and three mesogens per uait exhibit additional lower ordered
mesophases at higher temperatures compared tolgragys with less mesogenic groups
per monomer unit®:8°!
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1.2.2 Block copolymer with liquid crystalline segments

If mesogenic units are chemically incorporated irdoblock copolymer, several
combinations are possible. Examples are shown gur€&i 1.9. The two simplest
combinations combine both an amorphous block alngual crystalline block. LC main-
chain block copolymers are obtained if the mesodems one segment that is connected
to an amorphous block. (Figure 1.9, a). An exaniptegraft copolymers are the LC
main-chain graft copolymer (Figure 1.9, b). Sidewugyr LC block copolymers are
comprised of an amorphous segment and a segmenhidh the mesogens are laterally
attached to the polymer backbone (Figure 1.9, c).

In the following the focus will be on the last tyghe combination of an isotropic block
and a liquid crystalline block in the form of aeigroup LC block copolymer.

a)
I —
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z
Figure 1.9: Schematic representation of liquidstalfine block and graft copolymers with calamitic

mesogens. a) liquid crystalline main chain bloclpalgmers; b) liquid crystalline main
chain graft copolymers; c) liquid crystalline sigesup block copolymers.
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Synthesis of side-group liquid crystalline block copolymers

For the investigation of side-group LC block copoérs, the synthesis of samples with
well defined molecular structure for each blockroaevide range of molecular weights is
required. All kinds of living polymerization methedhave been employed for the
controlled synthesis of side-group liquid crystadliblock copolymers.

Direct anionic synthesis of a side-group liquid stayline block copolymer has been
achieved with mesogenic methacrylates containing fxample azobenzene
moieties?>*" biphenyl moietie€>°2%! as well a chiral mesogefid In this case, the
challenging issues are the required high puritghef monomers and solvents as well as
the often low temperatures (e.g. -78°C) that argichl prerequisites for anionic
polymerization. The purification of the mesogeniocnmamers is not easy to achieve due to
the relatively higher molecular weights which da atlow purification via distillation
under high vacuum. As a consequence, the degrpelyierization was not very high
for the functional block in the direct anionic paigrization approaches. Direct cationic
polymerization was achieved for example for a cydpioenyl mesogenic blo€R as
well as for an chiral LC block combined with a p@pbutyl vinyl ether) block forming a
AB diblock copolymef®® Group transfer polymerization (GTP) was first useyl
Ringsdorfet al . for the synthesis of side-group liquid crystallp@ymers but the first
liquid crystalline AB diblock copolymers were repext in 1990 by Springeet al.®”]
based on PMMA and methoxybiphenyl containing ligargstalline blocks. All of the
living polymerizations allow a good control over lecular weight and molecular weight
distribution but normally do not result in a highgiee of polymerization and are very
limited regarding the functional groups or requéeecial monomer€® Termination
reactions as a result of impurities are still aopem.

Radical polymerization presents a much more véesagiproach because a wide range of
functions are tolerated, the requirements on theamer and solvent purity are less strict
and the polymerization can often be carried owd atore convenient temperature range.
For the synthesis of block copolymers a controtbatical polymerization (CRP) methods
has to be used” Prominent CRP methods are the atom transfer fagatgmerization
(ATRP)®®  nitroxide-mediated  polymerization ~ (NMP¥  and  reversible
addition/fragmentation chain transfer polymerizatigRAFT)®”! ATRP, that was
introduced by MatyjaszewsR' allows for the use of different functional monosyer
results in narrow polymer weight distributions, leles the control of molecular weight,
block copolymer composition and chain topology. réiere this method has been used
extensively for the syntheses of side-group ligerigstalline block copolymers containing
for example quinquephenyl unftd? cyanobiphenyl-functionalized block§Y or
azobenzene functionalized blodkE% Other CRP techniques such as nitroxide-
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mediated polymerization (NMB§°” and reversible addition/fragmentation chain
transfer polymerization (RAFT1§"%81%were also used to synthesize side-group LC
block copolymers with well-defined compositions.

Another approach is the use of ring-opening-mesishgolymerization (ROMP) of
functional, olefinic, cyclic monomers (e.g. norbene or cyclopentene) by metal
catalysts of the Schrock or Grubbs tyP8. Series of liquid crystalline block copolymers
have been prepared by ROMP to study the influefispacer, backbone and mesogen on
the thermal propertid®” Examples of AB diblock copolymers include methapytenyl
mesogen§tY semifluorinated mesogeh! or cyanostilben mesogeh$® Side-group
liquid crystalline ABA block copolymers with a chlrmesogenic B block were reported
by Schrocket al..**!

A convenient approach for the synthesis of wellirdf side-group liquid crystalline
block copolymers is the polymer analogous readtfoht>***'This approach was used for
in this thesis. The block copolymer backbone idtsgsized first and the desired mesogen
is attached to one block in a second step. Thensatie reaction scheme is shown in
Figure 1.10. Anionic polymerization has been provkae most valuable way and is
employed for the backbone synthesis. For the palyanalogous synthesis of side-group
LC block copolymers the block copolymer backbong teacontain one block composed
of monomers that enable polymer analogous reactidasxmonly alcohol functions are
employed that allow a polymer analogous esterificadr etherification reactions. These
reactions can be driven to high yields. For an @gipolymerization these functions have
to be protected to prevent side reactions and t&toin reactions. After polymerization
of the block copolymer backbone the alcohol funwticare deprotected or another
chemical group is converted into an alcohol funttioThe polymer analogous
functionalization is then carried out with activétew molecular weight functional side
groups.
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Sequential anionic polymerization to the block copolymers

N
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Polymeranalogous reaction with activated side-groups
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Figure 1.10: General strategy for the synthesisside-group functionalized block copolymers via
sequential anionic polymerization of the block dgpmer, conversion to functional groups
in one block and the polymer analogous reactioattach the functional side-groups)(
protected functional groupse) functional groups~=) mesogenic side-group unitg.

This synthesis approach, also used in this thieasseveral distinct advantages:

e anionic polymerization allows for high molecular iglet block copolymers with
excellent control of molecular weight distributias well as the polymerization of
larger quantities of block copolymer

* commercial monomers can be used that are easyifyg and polymerize; monomers
that already carry the side-groups are syntheyicalbre challenging and harder to

purify

* the polymer analogous reaction allows for an eaagation of the side-groups
utilizing the same precursor block copolymer

* using the activation of the low molecular weighhdtional side-group improves the
degree of functionalization and in principle elimies the crosslinking reactions that
are often present if the block copolymer is acadatself.

In 1989 Adams and Gron$¥ were the first demonstrating this approach fo th
synthesis of a side-group liquid crystalline blooc#polymers. As a functionalizeable
backbone a poly(2-hydroxyethylethylene) segment wlassen, that was obtained by
hydroboration of the initial poly(1,2-butadiene)Z4PB) segment. Obet. al.**>1* ysed
an poly(1,2-&3,4-isoprene) based segment for themes&ind of functionalization.
Exemplarily, in Figure 1.11 the complete synthesegjuence based on a 1,2-PB is
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presented. The precursor diblock copolymer is pexpavia sequential anionic
polymerization of styrene and butadiene. The dobloleds are converted into hydroxy
groups via hydroboration and subsequent oxidafidme mesogens are attached by an
esterification reaction utilizing the correspondiagyd chloride as reactive intermediate.
This highly reliable approach has been chosen figrdnt groups for the syntheses of
functionalized block copolymef§2%117]

i+
block H
n- 1 1. m /\/ n m
BuL| X
2. MeOH
1. 9-BBN
2.NaOHH;0, j/[ %bloekj\i § . ]’[ % bIOCkT\i

Figure 1.11: Reaction sequence for the synthésigle-group liquid crystalline block copolymersskd
on anionic polymerization of polystyretdack-poly(1,2-butadiene) and subsequent
polymer analogous reactions reported by Adams amah<kf*® (BuLi: buthyl lithium; 9-
BBN: 9-borabicyclo[3.3.1]nonane).

As aforementioned the double bonds in 1,2-PB caso abe used for other
functionalization methods. SiH-containing mesogesns be attached to the backbone via
a hydrosilylation reaction using a Pt catalyst thursning a silicon-carbon bortd®**°!
The same type of reaction can be conducted ushey gblymer backbones with olefinic
double bonds like a poly(vinylmethylsiloxane) basgolymer®® Recently, a novel
polymer analogous functionalization based on aglpdtiadiene segment was presented
by Fernandezet al. by converting the double bonds into a epoxy grooat was
subsequently used for the attachments of functiamahed?*

A different functional backbone for a polymer amgas synthesis of side-group liquid
crystalline block copolymerwas introduced by Zaschle al..*?” The synthesis of AB
block copolymers with a completely hydroxy-functatimed segment was achieved by the
anionic polymerization of (2-trimethylsilyl)oxyethymethacrylate with conventional
monomers such as styrene, butadiene, n-butyl nmstase for the second block. The
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attachment of the mesogens was realized via a @oly@mmalogous reaction with a
activated acide chloride mesogen.

Besides this esterification reaction also polymealagous etherifications based on a
poly(4-hydroxystyrene) backbone resulting in sidewp liquid crystalline
homopolymers were describ&é*??

A relatively new approach is the use of a “clickaction. This type of reaction normally
proceeds with a high degree of conversion and doeseed the anhydrous conditions
required for the high conversions by the acid dtkrreactions mentioned above.
Recently, this copper(l)-catalyzed Huisgen 1,3-@ipaycloaddition reaction between
functional azides and an alkyne functionalized hpatgmer has been used for the
synthesis of side-group liquid crystalline polymebssed on a polymethacrylate
backboné™®®! Up to now, no functionalized block copolymers v@repared using this
method.

An inherent issue in the polymer analogous appraathe degree of conversions that is
commonly not quantitative. Verploegehal. conducted an investigation concerning the
influence of the degree of conversion on the measplas well as the resulting block
copolymer bulk morpholog¥® Using a poly(vinylmethylsiloxane)lock-polystyrene
based side-group liquid crystalline block copolyseith a chiral mesogen they revealed
that the glass transition temperature and cleaengperature as well as the morphology
are functions of the degree of conversion. Theritigatemperature and the order-
disorder-transition exhibited an increase with @asing degree of conversion. A smectic
mesophase was found for degrees of conversionaad®@0%4°%

Phase and morphology behavior of side-group liquid crystalline block copolymers

Side-group LC block copolymers are of special iegérdue to the combination of two
different order principles on different length s=aln one material at the same time.

As mentioned in chapter 1.1, in block copolymers thriving force for microphase

separation is the balance of minimizing the intgdgh energy and maximizing the
conformational entropy of the macromolecules, yredself-assembled well-defined
structures on the nanometer scale. On the othet, lmaientational and long-range order
on the molecular scale is the basic principle quill crystalline polymers where the
mesogens are laterally attached to the polymendimiside-groups. In side-group liquid
crystalline block copolymers those two propertiess@mbined by covalently connecting
a liquid crystalline block to a flexible amorphohkck, thus forming a LC/coil-block

copolymer. These systems are expected to show phase separation between
coexisting isotropic and anisotropic phases. Gdliyerais assumed that the parameters
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in side-group liquid crystalline block copolymengstems are much larger compared to
coil - coil block copolymers (described in chaptérl) due to the mesophase
formation*™ In a liquid crystalline phase, the dissolutiontbé isotropic segment is

unfavorable because it drastically decreases ttremnof the isotropic polymer that has
to adopt to ordered phase. On the one hand, tHemedrgeometry of the microstructure

will influence the liquid crystalline phase behaviue to packing restrictions. On the
other hand, the interfaces between the blocksheilinfluenced by the isotropic — liquid

crystalline interactions. In LC phases additiorlaktc forces influence the curvature of
the interface; therefore, the resulting morpholofiyhe microphase separation might be
affected and altered.

The liquid crystalline segment has a higher surf@ea per chain segment compared to
the isotropic segment because of the attached gidaps. Therefore due to the
localization of the block joints in a narrow intece a highly convexly curved interface
would result from packing arguments stabilizingtigpic spheres or cylinders in a liquid
crystalline matrix. This high curvature interfacssl cause a director deformation and
the free elastic energy of the liquid crystallinstem rendering theses microstructures
unfavorable. The observed morphologies are thexefetermined by the balancing of the
geometrical factors and the elastic energy ofithgd crystalline phasg**

For the process of microphase separation in sidepgrliquid crystalline block
copolymers two pathways exist. In Figure 1.12 ftriscess is schematically illustrated.
On cooling, starting from the isotropic melt michayge separation occurs and ordered
structures are formed. The LC formation may defdnm rubbery isotropic block, if the
isotropic-LC transition temperature of the liquigystalline block is higher than the, of

the isotropic segment. Thus morphologies with loagvature may be obtained. In the
opposite case, the LC formation will take placeaimonfined microdomain within the
glassy matrix.
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Figure 1.12: Microphase separation process fore-gidup liquid crystalline block copolymers.
If Tg<T.c the LC phase is formed in a rubbery matrix wheriéaby> T, c the LC
formation takes place in a glassy matrix (basece6fi).

Generally, side-group liquid crystalline block ctpoers exhibit similar mesophases as
the respective side-group liquid crystalline homopeer. Fischeret al. were the first to
report a morphology diagram for a SmA side-grogpiti crystalline diblock copolymer
with polystyren€?® as well as poly{-butyl methacrylaté)*® as amorphous block and a
cholesteryl based methacrylate as liquid crystalbiock. In both cases no LC cylinders
were observed and the LC spheres exhibited onlgnaatic mesophase. It was assumed
that a smectic phase can only be realized in cootis subphases like the lamellar or
matrix phases, not in rods or spheres of the L(plsage with a very small diameter
compared to the layer spacifi§f’ Ober et al. reported a morphology diagram of a
diblock copolymer with a azobenzene mesogen angsfyoene as amorphous block. In
contrast to the reports by Fischeiral., they found LC cylinders exhibiting a SmA
mesophase and also a 22 °C higher clearing temyper@k;) compared to the respective
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lamellar morpholog¥**® This effect was explained by the confinement @f diylinders
that stabilizes the smectic mesophase. In the gaaper this group also reported the
formation a bicontinuous morphology.

Watanabeet al. prepared LC block copolymers of different molecwleights with about
50 wt% of an amorphous PS block with different noalar weights. Interestingly, they
found not only the expected lamellar morphology lalgo one side-group liquid
crystalline block copolymer showed a cylindricalrusture®® Hammond et al.
investigated the phase diagram of LC block copohgméth a polystyrene segment and a
chiral mesogenic methacrylate and found lamellarpmalogies even at LC fractions as
low as 30 wt%4'?” It has been shown that in LC cylinders the messgeient parallel to
the axis of the cylindef$® and also the liquid crystalline groups can becifit to
stabilize perpendicular orientating of the amorghdamains (cylinders and lamellae) in
thin films 1128l

Theoretical models have been developed focusinghenorder-disorder transitions of
both liquid crystalline orientation and microphasgregatioh:*” Novel stable lamellar
microstructures were predicted by theoretical dateans and modeling that could be
confirmed experimentall§?" 3¢

An fascinating branch of this topic is the photaiodd morphology change or ordering
and patterning in side-group liquid crystalline ddocopolymers using azobenzene-
containing block copolymers that was reviewed b al..!*3!

1.3  Functional block copolymersfor holographic data storage

Data storage

Modern-day society is heavily based on informatibar this reason our era might be
called the “Information Age”. The volume of infortian produced and stored annually is
growing exceptionally and has already reached atsowhich could not be imagined in

the last century. This digital information is stbii@ a binary form i.e. in terms of “zeros”

and “ones” known as bits (1b). A letter of the alpét utilizes eight bits and is termed a
byte (1B). According to some estimates, the totabant of hard disk storage worldwide

at the end of 2008 was roughly 200 exabytes (erabyitd® bytes)*2

To store and process these data several storage medused today. Magnetic disks,
commonly known as hard drives, are still the bestlioom for storage of large amounts of
information which have to be accessed and altefesh and fast. Magnetic disk and
conventional magneto-optical data storage techiyolsgs the surface of the medium to
store bits of data. The super-paramagnetic eftbat, is the basis for today’s magnetic
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disks, limits the compression of magnetic domamsoghly 10 nm. Below that point
thermal self-erasure occurs and the magnetizeigsitrandomly*3*!

Blu-Ray Disk is the state of the art consumer medior optical data storage and is based
on a blue laser light source (405 nm) combined wijttics of numerical aperture 0.85,

which allows for a smaller, focused spot-size, tinseasing the area available for

storage. Thereby the Blu-Ray Disk has a storagaaiypof 25 GB and is superior to the

related optical media, the CD (750 MB) or DVD (&B).

The capacity of the current Blu-Ray disk standaath theoretically be increased by
stacking different layers. In 2008 Pioneer Corgoratannounced a prototype400 GB
Blu-Ray disc containing 16 data layers of 25 GBheadiich is still not commercially
available*

However, up to now, individual bits are still stdras distinct magnetic or optical changes
in the surface of a recording medium. As the feagizes of surface recording media are
further scaled down, they will eventually be clagsin on physical limits as stated above.
All storage media presented above use only theacar{2-D) of the media to store the
data. An approach to further increase the storagsity is a volumetric (3-D) approach.
Inscription of holographic gratings, especially wole gratings, is such a volumetric
approach, where an entire page of information @stbred in a photosensitive material.

Holographic data storage

Holography is an optical imaging technique that veliscovered by the Hungarian
physicist D. Gabor in 1948*! In 1971 he was awarded the Nobel prize in phyfsichis
"invention and development of the holographic metit™®

In holographic data storage, the information igexioas an optical interference pattern
that is created by intersecting two coherent ldm&ms within the storage material. In
Figure 1.13 the principle of holographic data sgeras presented. A coherent beam is
split into two beams. The first beam, called thgnal or object beam, contains the
information. In this case, a spatial light modutatoused to store a huge amount of bits at
the same time. The second beam, called the refereeam, generates a coherent
background. Both beams are superimposed in thagganedium. The resulting optical
interference pattern with areas of different intgnand/or polarization (depending on
laser polarization) is then stored in the photosiesmaterial as a local change of the
refractive index. In the reading process a subs#gliemination of the recorded pattern
in the storage medium with the reference beam almo®nstructs the inscribed
information.
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Figure 1.13:  Principle of holographic recordimeftj and readingr{ght).*"!

One major advantage of holographic media is thiarge number of these interference
patterns can be superimposed in the same volumeesteof a holographic material by
inscribing the holograms under different anglesstmultiplying the storage density
(“angle multiplexing”)*3"*38!

As for all optical data storage, holographic media divided into “write once” and
“rewritable” media. Write-once media for holograpluata storage are mainly based on
photopolymerst*"13°14%|n these systems photo polymerization of a monarsrecies

is induced in defined regions. The refractive inde&dulation, which is basically the
contrast and an essential paramete for data stisageated by a concentration gradient
between irradiated and non irradiated areas. Tladignt arises from a diffusion driven
process of a monomeric species caused by lightegalinitiation of the polymerization
in the irradiated regionsThe first commercially available product is the haBe
Technologies TapestY) media that already announces a capacity of 30@GB&TB at

a 20MB/s to 120MB/s transfer rate and millisecond$a access time on a 130 mm
disk.[l37,14l]

Azobenzene chromophores

In general, rewriteable holographic media are baseghotochromic materials. The most
important and widely studied class consists of amabne compounds and especially
azobenzene-containing polymers. Photoaddressabtepgaymers containing laterally
attached azobenzene side-groups were first repbyt&ingsdorfet al..**?**3 Eichet al.
were the first to study the photoisomerizationhed azobenzene chromophores and their

application as holographic data storage matefiisThese chromophores exhibit two
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configuration isomers, thetranss and the cis-state. Hereby thetrans-state is
thermodynamically more stable. Upon irradiationhaitV light a conversion to theis-
state is exited. The back conversion to the maablstrans-state can be induced by
visible light or thermally (see Figure 1.14). Whieradiated with light, the azobenzene
moieties undergo photochemical electronic excitatimat results in multiplérans-cis-
trans photo-isomerization cycles inducing a motion @ dhromophore*!

OQT@:@@&@@

trans trans

Figure 1.14: Schematic representation of the miler trans-cistrans photo-isomerization of
azobenzene. Upon absorption of UV lightrans-to-cis conversion is induced; with visible
(blue) light, acis-to-trans conversion occurs until an equilibrium betweenhbisbmers is
reached. The thermodynamically less stadifeisomer can thermally return to thieans
isomer.

If linear polarized light is used in this proceske above mentioned chromophore
reorientation continues until the molecular transitmoment is oriented perpendicular to
the polarization direction of the incident lightn€trans-azobenzene chromophores are
oriented perpendicular to the direction of polaiaa of the light, they become inactive
with respect to incident lightWeigert effect}**®! and electronic excitation is no longer
possible. Using this mechanism reorientation of ctheomophores in the solid state can
be induced.

Holographic writing process

In the simplest case of transmission holographiting; an interference pattern is created
by intersecting two coherent plane waves (no opjadhe storage material. The resulting
intensity grating is a sinusoidal light intensitsadient as shown in Figure 1.15. Only in
the areas of the intensity maxima the photo-indussdientation of the chromophores
occurs. Since the shape anisotropic azobenzenetymbas different polarizabilities
parallel and perpendicular to its axis, the irretiaareas have a different refractive index
(n*) compared to the non-irradiated areasg).(lAs consequence, the exposed areas
become macroscopically birefringent.
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Figure 1.15: Principles of writing holographic tings in azobenzene-containing materials. a) Wyitha
hologram with reference and object beam b) enlarggibn of interference with the resulting
intensity grating c) schematic representation efréorientation of azobenzene chromophores
in the storage material by excitation with the ity grating. Excitation occurs only in the
blue highlighted areas of maximum intensity, rasgltin a different refractive index in the
irradiated areas (n*) compared to the non-irradidtg).
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1.4  Liquid crystalline gels

Gels consist of at least two components: the mioonponent (i.e. the gelator) forms an
elastic network within the liquid major componeng (the solvent). As a result, gels can
be regarded as soft solid materials that can easlgleformed by mechanical forces.
Liquid crystals are anisotropic fluids with an otetional long-range order and thus show
a very sensitive response to external fields. Gelggoid crystals form an interesting
class of functional soft materials because theyhoenthe properties of gels and liquid
crystals.

On the on hand, these gels can undergo controfiddreversible shape changes using
different stimuli. The applied stimulus or exterrfald might be thermal, magnetic,
electrical, UV/visible light, or pH change. The pbachange can be a two-dimensional
change, a bending motion, or three-dimensional aéicto, a volume change. This
reversible contraction and expansion of polymersgat well as their mechanical
properties are similar to that of biological musc¢té®

On the other hand, in display applications LC gsde show faster responses in the
twisted nematic (TN) mode than the respective tigaid crystals, due to the elastic

interaction between the liquid crystal and the mekd**® LC gels also have potential for

use as an element in a light scattering displayimmedecause they show high contrast
switching in light scattering mode. The advantaféhis display type is, that it does not

require polarizers and therefore the brightnessiimnced compared to TN mdtfd!

Liquid crystalline gels are formed by three-dimensil, space-filling networks of
gelators in the liquid crystal. Depending on thdure of their crosslinks, they are
classified as chemical or physical géf&14°!

In a chemical gel the crosslinking is achieved via chemical readigrelding covalent
bonds. As a result the gelation is irreversible angermanent network is obtained.
Destroying the crosslinks causes chemical degr@dati the system. Chemical LC gels
are usually prepared by in situ polymerization & br non-LC monomers in a low
molecular weight solvedt® This in-situ approach precludes a high degree of
polymerization and a well defined crosslinking coamty resulting in slower
reorientation of the director. Another approachagroduce a polymer network in the
first step and subsequently swell it with the lowlecular weight LC to yield a LC
gel 52133 when telechelic polymers are used for this apgroac more controlled
network structure is achievabfé?

In contrast to the chemical gels, the gelation lisveersible process physical gels. Most
literature-known physical gels are obtained byd#ieassembly of fibrous solid networks
of low molecular weight gelators to a fibrous solid network?® This fibrous assembly of

gelators exhibits a high aspect ratio and is drieggmon-covalent interactions such as
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hydrogen bonding and/amr-t interactions. LC gels of this type are dependeantthe
order of sol—gel transition temperatureXe) and isotropic—LC transition temperature
(Tisoud- ¥ Two different types of LC gels can be differerath{see Figure 1.16). For
Type | the Tso1gelis higher than T, thus the gel is formed before the solvent becomes
liquid crystalline. Type | gels are inherently mofaicroscopically oriented LC gels. For
type Il the opposite is the case. Herg Jel is lower than .. Therefore the solvent
becomes liquid crystalline before the gelation escé&or type Il it is possible to obtain
oriented LC gels if the system is oriented at Tsq-des

e\ ) o\ e : Gelator
e.. 0 ® 3 :LC
< = 4 oo‘ o®
Type I: Toorger™ Tisode  [B="e o Typell: Tisoye> Toorgel

Figure 1.16:
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Schematic illustration of two typdshermoreversible LC physical gels.

(Ieft) Type It Tooiger™ Tisouis (right) Type Il Tisoic> Tsorgei (Dased on lit*).

In contrast to physical LC gels utilizing low molgar weight gelators, Kornfieldt al.

recently introduced a polymer based concept forsisay geld''®% Hereby, ABA

triblock copolymers were usedas gelators for low molecular weight liquid crystals

consisting of a side-group functionalized polymeblBck and amorphous A-blocks. The

main feature of these triblock copolymer is that fanctionalized B-block is soluble in

both, the LC state and the isotropic state of teerholecular weight LC, whereas the A-
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blocks are only soluble in the isotropic liquid. Asconsequence, a physical network is
formed on cooling from an isotropic mixture of tpelymer and the low molecular
weight LC due to the self-assembly of the A-blo¢kse Figure 1.17). In this concept the
formation of the network by aggregation of the dnldcks is due to microphase
separation that is induced when the solvent isesbdbwn from the isotropic into the LC
phase. In a nematically ordered solvent dissolutadinthe isotropic polymer is
unfavorable because it drastically decreases th®mnof the dissolved polymér®!
This can be regarded as a major difference of phygiels based of the self-assembly of
low molecular weight gelators to polymer gelatdrs.the former the solvent quality
changes gradually with temperature, thus permitthrey distinction of the two LC gel
types. In contrast in the latter, the change ivesal quality is abrupt and coincides with
isotropic-LC transition and, thus, only one LC tgle can be observed.

heating cooling
LC- iso iso > LC

I |

=

<= : LC-compatible mesogenic side-group

~~: polystyrene ' : node
_" polymer backbone
: low molecular weight LC

Figure 1.17:  Schematic illustration of a thermemsible LC physical gel using ABA triblock copolyme
gelators in a nematic solvent.
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2 Aim and motivation of thethesis

The central goal of this thesis is the synthesid application of functional block
copolymers. The following synthesis sequence wasechout: i) block copolymers, that
carry a protected functional groups, are prepasgedronic polymerization, ii) the block
copolymers are subsequently converted into funatipable block copolymers by
deprotection of the side-group and iii) the sideugrs with definite functions were
attached by polymer analogous reaction resultinfuirctional block copolymers with
specific properties. The functional block copolymaeavere tailored for applications as
photoaddressable block copolymers or block copotygeéators for liquid crystals. Three
different subjects were pursued within the scopthisfthesis:

Combinatorial synthesis of block copolymers by anionic polymerization

Combinatorial methods and techniques are an efticeynthetic approach for the
preparation of well-defined block copolymers. Theingiple advantages of a
combinatorial block copolymers series is basedhenfact that an identical start block is
used. The second block is varied in a combinatdaahion in length or chemical
structure. Series of block copolymers preparethismway are on the one hand interesting
for the fundamental investigations of morphologa®l properties. On the other hand,
combinatorial series can be beneficial for the stigation and efficient optimization of
functionalized block copolymers.

This chapter covers the completion and implemeottatf a novel reactor setup that
permits the anionic polymerization of block copobnsin a combinatorial fashion.

The main objectives of this chapter are:

a) completion of reactor setup for combinatorial amqwolymerization of block
copolymers

b) implementation of reactor setup as well as estaiblisoperating and
polymerization procedures

c) demonstration of combinatorial block copolymer $yasis with model systems on
the basis of:

- AB block copolymer series with different lengthByblock

- AB block copolymer series with different monomar®-block

- ABC block copolymer series with different lengthC-block
d) synthesis of functional block copolymer precursors

- implementation of protected monomer suitableafmionic polymerization
of block copolymers
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Azobenzene-containing block copolymers

Azobenzene-containing block copolymers are promgisitass of materials for volume
holographic data storage. Rewritable materialstfier volume holographic data storage
require a high maximal refractive index modulattbat should be reached after a short
writing time and should exhibit long term stabilifjhese parameters are hard to combine
in one material. For example liquid crystalline lagnzene-containing polymers normally
exhibit stable gratings but the writing time ishet high due to the inherently high order
of the liquid crystalline phase. Thick polymer sadespthat are required for holographic
angular multiplexing must exhibit aoptical density of 0.3 - 0.7. One approach to
conveniently adjust the optical density is the dieg of azobenzene-containing diblock
copolymers with the pure homopolymer that form dptical inert matrix of the block
copolymer.

The main objectives of this chapter are:

a) implementation of polyhydroxystyrene as a functiananomer to achieve a high
glass transition temperatures in resulting functized block copolymers

b) synthesis of functionalizable block copolymers withly(methyl methacrylate) as
well as polystyrene as amorphous, optical inerrimmaegments

c) functionalization of these block copolymers to rownectic azobenzene-
containing block copolymers as schematically illat&d in Figure 2.1

d) investigation of structure-property relations of tlquid crystalline mesophases

e) processing of azobenzene-containing diblock copetgminto thin and thick
photo-addressable samples suitable for holograptperiments

f) holographic experiments on selected examples peedrin cooperation with the
Dr. Hubert Audorff and Prof. Lothar Kador (Bayreeth Institut fur
Makromolekiil-forschung, BIMF) within the framewook SFB481

block H
a b
~N

functional repeating unit optical inert matrix block

flexible spacer

mesogenic azobenzene chromophor

Figure 2.1: Schematic representation of the tedyetzobenzene-containing diblock copolymers for
holographic data storage.
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Cyanobiphenyl-functionalized ABA triblock copolymers as gelators for low molecular
weight liquid crystals

Liquid crystalline gels are a special class of fiomal soft materials as they become soft
solids upon gelation while preserving their stirmesponsive properties. These materials
are useful for fundamental studies concerning itpeid crystalline behavior in the gel
state as well as potential applications in LC digpl Liquid crystalline gels can be
prepared by using ABA triblock copolymer as gelatéor the low molecular weight
liquid crystals.

The main objectives of this chapter are:

a) synthesis and characterization of cyanobiphenyttionalized homopolymers
and structure-property investigation with respecthe solubility in 4-cyano-4'-
(pentyl)biphenyl (5CB)

b) synthesis of ABA triblock copolymers with functidizable B-blocks of very high
degree of polymerization

c) synthesis and characterization of novel cyanobiphkiemctionalized ABA
triblock copolymers as schematically shown in Fegr2

d) preparation of liquid crystalline gels based on 5@hg these block copolymer
gelators

e) investigation of the influence of the polymer bagkbs of the gelators on the
gelation of 5CB by rheological methods

f) investigation of gelation by electro-optical methoth cooperation with Dr.
Maxim Khazimullin and Prof. Ingo Rehberg (Experirta@rPhysics V) within the
framework of FOR608

B
* block block *
a b a

polystyrene block

flexible spacer

mesogenic cyanobiphenyl unit

Figure 2.2: Schematic representation of the tadjetyanobiphenyl-containing ABA triblock
copolymers tailored to be used as gelators forrfmlecular weight crystals.
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3 Combinatorial synthesis of block copolymers by anionic polymerization®

3.1 Introduction

Combinatorial experimentation as a technique tcelacate the development of new
products and materials has drawn a lot of atterd®m@ research strategy within the last
decades. The principle of combinatorial experimigonais the use of parallel and high-
throughput synthesis and screening that results ireliable and comparable set of
materials and material properties. Starting fromgdiesearch and pharmacology with the
fundamental work by Furk&®® Geyser**”! and HoughteH?>® today it is a widely used
technique in the fields of life science and catalySompared to these fields, the usage of
combinatorial methods is fairly new in materialeszie*® Recently, these methods have
advantageously been applied to many fields inclydinlymer researé§® and device
optimization for optoelectronic devicE§"

Polymer synthesis by high throughput experimentahas been demonstrated for free
radical polymerization including ATRP, RAFT, andtioaic polymerization as well as
for polycondensatiof®*®? Most polymers synthesized by these methods are
homopolymers and random copolymers. These studesge tmainly focused on
optimizing the polymerization conditions or studyithe kinetics. A limited number of
combinatorial syntheses for block copolymers yigddiABA triblock copolymers and
star-shaped block copolymers are knd¥#,but in these cases no sequential anionic
polymerization was used.

In the case of anionic synthesis for AB diblock algmers the two basic possibilities for
combinatorial variations are (i) variation of thebBck length and (ii) variation of the B-
block’s chemical structure. In a classical, one poionic setugghe second option is not
possible. It is possible to obtain block copolymesigh increasing B-block lengths by
taking multiple samples during the polymerizatiohtoe B-block!**¥ However, the
kinetics of the system must be known if a precisdecular weight is desired. Thus,
highly reactive monomers (e.g. butylacrylates) cdrbe used easily. In a sophisticated
approach Abetzt al. also used two combined reactors for the preparaifawo ABC
triblock copolymers. The AB diblock was preparecbime reactor and the living anionic
polymer was partly transferred into a second reactabsequently the C-block was
polymerized with different length in both reactffs! Recently Schubest. al. used an
automated combinatorial system for anionic syn&l&8l They were able to perform

! parts of this chapter are already published: RtaBgetC. Erdelen, H.-W. Schmidt, Design and
Implementation of a Reactor Setup for Combinatofimionic Synthesis of Block Copolymer Series with
Well-Defined Compositiongylacromol. React. Eng. 2010, 4, 65—72.
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anionic polymerization in a parallel manner, denti@tmg its use for kinetic studies and
the synthesis of end functionalized polystyrenekdo

Here a customized lab scale reactor setup for animembinatorial synthesis of block
copolymers on a ten gram scale is presented thetsopew possibilities in precision to
synthesize block copolymer series. The reactopsaitows in thdirst step living anionic
polymerization of the A-block (in ABC triblock copyaners the AB-block). In theecond
step the living blocks are distributed without termiioat to three additional reactors. In
thethird step the B-block (in ABC triblock copolymers the C-blgacan be individually
polymerized and tailored in four reactors (maircteaand three additional reactors).

3.2 Reactor setup

In order to implement the described combinatoriattisesis of block copolymers a
customized reactor setup suitable for anionic pelymation procedures was designed.
The whole reactor complex was initially designed afso built to a large extend by Dr.
Christian Erdelen at the Chair of Macromoleculare@istry I. There are three main
issues that were addressed:

1. handling and transfer of the living polymer solatiwithout termination,

2. defining/controlling the volume of the polymer stduns which are transferred from
the main reactor into the secondary reactors,

3. individual temperature control for each reactor atow the polymerization of
differently reactive monomers.

Aside from these main issues, all common requirgsnehanionic polymerization have
to be met. The purified solvents, initiators andliaides must be introduced without
contamination and the mixing speed in all reacta@s to be sufficiently high to allow
uniform initiation.

The complete setup consists of three parts anthensatically shown in Figure 3.1:

| three distillation units for absolute solventsinected to the reactor setup via tubing
system

I two vacuum lines for high vacuum distillation @honomers; one line directly
attached to the reactor setup

[l the polymerization reactor setup consistingair reactors
Each part is described in detail in the followirgtons.

The whole system is kept under 300 mbar inert d&s Quality 5.5) overpressure
provided by an independent gas supply. The foussglare distillation units are
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originally designed for three different solventtyahydrofurane (THF), cyclohexane and
toluene. Two units made of brown glass to reducexpge formation are used for THF.
The solvent is pre-dried over Cakh the first unit and the distilled solvent is the
pumped into the second unit where potassium is €@medrying. For cyclohexane and
toluene in the other two distillation units onlytassium is used. The whole hood of the
distillation units is set up without electricity @rater to minimize the danger potential.
Thus, for the inline cooling system paraffin oil ised instead of water as cooling
medium and all units are heated by hot siliconcodulating through steel heating pipes
in the distillation flasks. The distillation unigge arranged in a way that the boiling point
of the solvents decreases with the distance tothleemostats to reduce heat loss.
Therefore, the toluene unit is placed next to begrhostats and THF is in the farthermost
units (see Figure 3.1).

“ _ cooling
desiccating system |
cartridges !

para_nﬁin MR SRA1 [
oil SR2 |

SR3
|
Turbo-
N, vacl50 Trivac
55 Vacuum | Trjyac D8B
THF CH toluene . dislti::I:;ion D4B (pump)

umps
thermostats 1-3 llmvac P}

silicon oil

(pump)

Figure 3.1: Schematics of the reactor setup amdatljacent distillation units and vacuum lines (THF
tetrahydrofurane; MR: main reactor; SR1-3: sidect@al-3; red: heating; blue: cooling;
green: N).

Vacuum lines are used to distill the monomers and additives floe anionic
polymerizations under high vacuum. Two lines arglemented, a main line and a
backup unit. The backup vacuum line uses an dilsibn pump coupled with a rotary
vane prepump (Ilmvac) reaching a minimal pressiirk08 mbar. The main vacuum line
uses the same pump system that is connected t@abtor setup. Two different pumps
can be used independently, a turbopump (TurbovgccbQpled with a rotary vane
prepump (Tricav D4B) reaching a minimal pressuré®f mbar in the system or a rotary
vane pump (Tricav D8B) with a minimal pressure @f nbar.
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In Figure 3.2a schematic illustration of theector setup is shown. It consists of four
reactors, i.e. one main reactor (MR) with a 1.@pacity and three secondary reactors
(SRs) with 200 ml capacity. Dry solvents are dised¢ed into the reactors from the
attached distillation units. Monomers, initiatoesid additives can be injected into each
reactor via a valve system through a septum.

Reactors: The reactor setup was mainly built from commelgiavailable components.
The main reactor is a 1.6 | glass vessel with ogojacket (BuchiGlasUster EcoClave
075) and a high—torque drive with integrated magnebuplings (cyclone 300Qp to
3000 rpm). Swagelok-fittings in the lid of the MRoal a temperature sensor, one inflow
tube (a) and two outflow tubes (b and c) to be mhsseough. One outflow tube is
connected tdine 2 and the other téine 3. The orifices of the outflow tubes are placed
below the T-mixer (e) at the bottom of the reaciidre inflow tube (a) is connected to
line 1 to feed monomers and solvents and to apply vacaurmert gas. The three
secondary reactors are 200 ml glass-pressure se@@thiGlasUster Miniclave) each
equipped with an external magnetic stirrer. Swdgéttings through the lid of each
secondary reactor accommodate a temperature séwsoinflow tubes (one fronine 3
(d) and the other (a) frohmne 1) and one outflow tube (b).

Pumping and pipeline systems: To facilitate the handling of the living polymerlstons
without termination, the reactor setup constitidasenclosed system interconnected by
three separate lines under inert atmosphere (2@0 gdge pressure of dry nitrogen).
The reactors can be independently connected to Baehby using the respective
combination of valvesLine 1 has three main functions. It is used first to ewdelthe
reactors with a turbo molecular pump (Turbovac 66twlled by Leybold Turbotronik
NT 10) prior to the polymerizations, second to gpiplert gas and third to feed dry
solvents into the reactorsine 2 is used to pump solutions out of the reactors wiitht
overpressure which is applied vime 1. Line 3 is a double jacketed, temperature
controlled pipeline (min. operation temperatured °C), and is designetb transfer
temperature sensitive liquids under controlled domus. It is used to transfer and
distribute the living polymer precursor solutiomem the MR to the SRs. In addition, a
custom-built, graduated 120 ml double jacketed gjlagssel (Figure 3.2, T) is
implemented ifine 3. This transfer vessel allows controlling the tfansolume to each
reactor. In stepl, the polymer solution is pumped into this vessehg reduced pressure
during the polymerization process. Subsequentlgedgiermined volume is pumped into
each SR. Likeéine 1, line 2 andline 3 are connected to the supply of solvent, nitrogesh a
vacuum in that manner, that they can be rinsed watlvent, dried with vacuum and
flushed with nitrogen any time during the experimen
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N> solvent X = three way valve X = stopcock

vac. supply )X = two way valve ¥/ = septum
p = fixed port in two
\/ N/ F)
2 XN XYY way valve line 1
P&‘ )A B XX ’A‘

Figure 3.2: Top: Schematic illustration of rector setup for comiamil anionic synthesis (Vac. =

connection to vacuum line,,N- connection to nitrogen line, solvent supply =smection to
solvent distillation units, T. = graduated transfessel, Th. = thermostat, MR = main reactor,
SR1-3 = secondary reactors 1-Bypttom: photo of the reactor setup.
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Temperature control: The temperature can be monitored (temperature iGgeis
(electronic) GMH 175) and controlled in each reaatdlividually. The MR, the transfer
line 3 and the graduated transfer vessel are connectactcitgostat (huber cc80w). This
allows reactor temperatures in the range of +5%5°€70°C. The temperature of each SR
is controlled externally. Thus the polymerizati@mperatures in every reactor can be
adjusted individually with respect to the monomsed: For example dewars filled with
an acetone/dry ice mixture can be used to cool dowanionic polymerization to -78°C.

3.3 Reactor setup features

A combinatorial reactor setup for a three step @seovas designed in order to realize a
sequential anionic polymerization that is subsetjyeransformed into parallel syntheses

based on an identical precursor. To demonstratedpabilities of the novel setup series

of model block copolymer system were prepared.

Figure 3.3 illustrates three example polymerizapoocedures realized with the described
reactor setup. The top schematic in Figure 3.3 shomo variants for AB diblock
copolymers. In the first step)(monomer A is polymerized in the main reactor (MR)
the A-block. In the second stepl)( defined volumes of the precursor solution are
distributed to three secondary reactors (SRs).hénthird step I{(l), two variants are
possible. In variant one may inject the monomen Blifferent quantities in each reactor.
After complete polymerization of the B-monomer aeseof four AB diblock copolymers
is obtained. These AB diblock copolymers have idahA-blocks but their B-block have
a varied length. In this variant all B-blocks hawWe same chemical composition. In
variantii for the third stepl(l) different monomers are used in each reactor o fihe
B-blocks. In this case, after the polymerizationtteé B-block, the resulting AB diblock
copolymer series features an identical A-block an@&-block with varying chemical
composition. The length of the B-blocks can beador kept constant in this variant.

The bottom schematic in Figure 3lRistrates one variant for the synthesis of a ABC
triblock copolymer series. Here the first st€pcontains the sequential polymerization of
A-block and B-block in the MR. In the second stéf) the AB diblock precursor is
distributed to the SRs. For the third stép)(the same monomer C is used in each reactor
in different amounts, nevertheless the setup alltovaise different monomers C as
mentioned above. After the polymerization in thedlstep (I1) a series of four ABC
block copolymers based on an identical AB diblookl @a C-block with increasing block
length is obtained. The described examples areafdyv demonstrating the feasibility of
combinatorial block copolymer series with this getu
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Figure 3.3:  Schematic representation of the tsteps for the sequential anionic synthesis of ABp)(
and ABC block copolymer seriebattom) as described in this publicatiofMR: main
reactor; SR 1-3: secondary reactor 1 to 3; I-111: steps in the polymerization procedure; i and
ii: possible variants).

The possibilities to achieve block copolymer arettiires can be extended e.g., by using
di- or multifunctional initiators (see chapter 5.€ombinatorial experiments can be also
applied to the termination step by using differmtninating agents in each reactor. This
can open the way to more complex polymer architestithat are based on chain

extension and coupling reactidns'®”

39



Combinatorial synthesis of block copolymers by aiggolymerization

For example the endcapping could be carried ouh witprotected alkine or azide
function. This would enable the synthesis of mamnglex block copolymer series by the
use ofclick chemistry. Another possibility is to use the conatborial synthesized block

copolymer series as a macroinitiator for a corgbladical polymerization by the use of
an appropriate endcapping agent. Thus the anioslygmerization can be transformed
into a controlled radical polymerizatiif:*®!
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34 Implementation

In order to test and demonstrate the capabilitethe above described reactor setup,
several different block copolymer series were sgsited. Three of these series were
selected and reported here to demonstrate thegdsghlighting different aspects:

» Seriesl consisting of AB diblock copolymers comprising Aobks of same length
and B-blocks of different lengths,

» Series2 featuring ABC triblock copolymers with identical Adock and a varying
length of the C-block,

» Series3 are AB diblock copolymers that are based on antidal A-block and vary
in the chemical structure of the B-block. The airaswo check if the control over
block composition and length was indeed possible.

3.4.1 AB diblock copolymerswith variable B-block length

Block copolymer seriesl consists of the four polystyrereeck-poly(methyl
methacrylate) (PS-PMMA) AB diblock copolymeta-1d with increasing lengths of the
PMMA block. All block copolymers were synthesizedy bsequential anionic
polymerization of styrene (S) and methyl methadey@MA) in tetrahydrofuran (THF)
with sec-butyllithium (s-BuLi) as initiator at -70 °C. Litobm chloride (LiCl) was added
as described in literature as an additive to premibte living polymerization of
methacrylates with well-defined and narrow molecwiaight distribution$'®® After
polymerization of the polystyrene (PS) block 1,pkainylethylene (DPE) was added to
reduce the reactivity of the living styrene anidese Figure 3.4). This well established
method was used to suppress side reactions ofdilgstgrene chain end with the added
methacrylates that would otherwise occur due tb higcleophilicity of the PS anidrr!

n1 n '\ Li*
s BulLi
: sael 3O
L|CI THF LiCl, THF, -70°C

-70°C

1.
—block l'\ia/b/c/d

2. MeoH

LiCl, THF, -70°C

1a-1d

Figure 3.4: Polymerization of the PS-PMMA diblagbpolymer seriega - 1d.
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In the first step, the PS-precursbm was polymerized in the main reactor (MR) and
reacted with DPE. In the second step aliquots efpiblymer solution were transferred to
the secondary reactors via the temperature coedroltessel and transfdine 3.
Additionally a sample of the DPE- capped PS-premungas obtained in the same manner
and pumped into a flask with dry methanol via thled of line 3. In the third step the
second block was polymerized in each reactor seggry injecting the appropriate
amount of MMA.

Block copolymers batches up to a scale of 10 g wgoeally obtained in the secondary
reactors. Figure 3.8hows the SEC traces of the four AB diblock copaysia - 1d and
the corresponding PS-precursbr. All four PS-PMMA block copolymers contain an
identical PS-block (M= 55.1 kg/mol). The molecular weight was measubgdsize
exclusion chromatography (SEC) with respect tolggbgrene calibration. The number of
averageaepeating units in the PS-block were determineetowps= 530 (Ln). The molar
ratio of A-block to B-block can be calculated byabzing distinct signals in théd-NMR
spectra.

1n la 1% 1c ’1/d
=
H
s  block l'\ia/b/c/d
> 0
2 R
o |
c 1a-1d
10* 10° 10°

molecular weight/(g/mol)

Figure 3.5: SEC traces of precursor bldek and all AB diblock copolymerda - 1d (RI-Detection;
solvent: THF; molecular weight with respect to R&adards).

The number of repeating units in the B-block weetednined forla rupyua = 1430,1b

fupvma = 2170, 1Cc rupmma = 2910 and 1d rupmma = 4560. The PS-PMMA block
copolymers that cover a molecular weight rangingmfr M, = 167 kg/mol to
M, =509 kg/mol and exhibit a narrow molecular weidistribution (PDI< 1.06). Due to
the rather high molecular weight of the PS-preaufsp minor impurities can result in

detectable termination. Small amounts of the PSyps®rln can be detected in the crude
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product ofla - 1d (see Figure 3.5) and can be quantified via the kii¢et in the SEC
measurements with respect to the incorporated Akblba: 3%, 1b: 5%, 1c: 4% andld:
7%) The experimentally measured composition isdadyagreement with the calculated
block copolymer composition (see Table 3.1). Midewiations are attributed to small
variance in measuring the transferred precursauisol volume prior to feeding the SRs.
This demonstrates that good control within a sesfeslock copolymers is ensured. PS-
PMMA diblock copolymer series are used in block agmer based lithograpH§?
Combinatorial series such as these might be usefybtimize this and other applications.

Table 3.1: Characteristic data of AB diblock copoér seried containing A-block with rps= 530 and B-
blocks with a different length

block copolymer series M,?  PDI" rups? rupwma®  composition (n:a/b/c/d)
1 (kg/mol) calc.? measur ed®
1n 55.1 1.04 530 - - -
la 167 1.05 530 1430 1:26 1:27
1b 244 1.04 530 2170 1:39 1:4.1
1c 282 1.04 530 2910 1:56 1:55
1d 509 1.06 530 4560 1:8.6 1:8.6

a) determined by SEC with polystyrene standardsjd®éction; b) polydispersity index; c) average bem
of repeating units: calculated from block copolymemposition (determined BiA-NMR) for rupyua, with
rups determined from SEC; values rounded to three fiogmit figures; d) on the basis of the monomer feed
e) determined byH-NMR

3.4.2 ABC triblock copolymerswith variable C-block length

As mentioned above, this method is not limited ® @iblock copolymers. The second
series is based on ABC triblock copolymers, i.elystgreneblock-poly(2-ethylhexyl
methacrylatepBlock-poly(methyl methacrylate) (PS-PEHMA-PMMA% - 2d, featuring

a constant ratio of the PS and PEHMA blocks andnareasing length of the PMMA
block. This series was polymerized similar to thhecpdure described above for the
sequential polymerization of S, MMA and 2-ethylhkexryethacrylate (EHMA) with s-
BuLi in THF at -70°C (see Figure 3.6). Again LiChw/used as an additive and DPE for
end capping the PS anions. The A-block and the WBkbare polymerized in the first
step in the main reactor. After the PS-precurspolgmerized and end capped with DPE,
EHMA is injected for the polymerization of the Belok. Aliquots of the living polymer
solution are transferred to the secondary rea@ndsthe third block is polymerized in
each reactor separately in the last step.
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Figure 3.6: Polymerization of the PS-PEHMA-PMM#btock copolymer seriega - 2d.

The SEC curves for block copolymer ser@escluding the precursor polymers of the A-
block 2n and the AB-block2nm are shown in Figure 3.7. Apparently, all block
copolymers could be isolated without contaminatdrierminated homopolymein or
diblock precursonm. The signal intensity in the SEC curve of the prsor polymers
2n and 2nm is below 1% in all ABC triblock copolymers indioggg that the
combinatorial anionic polymerization proceeded with significant termination of the
precursors during the process.

Z\n 2nm Za\ZS Zﬁ 7d

T block block H
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Figure 3.7: SEC traces of precursor blo2ksand 2nm and all ABC triblock copolymerga-2d (RI-
Detection; solvent: THF; molecular weight with respto PS-standards).
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Characteristic data of the block copolymers ofesfiand its precursoran and2nm are
given in Table 3.2. The molar ratio of the PS tdHREA blocks was determined to 1:1.5.
The ratio of the PMMA blocks increases from 8.7180. The deviation from the ratio
calculated from the used monomer feeds comparétetoation determined byH-NMR
analysis of the block copolymers is minor as alyealoserved in seriek The number of
repeating units of the A-blockn is determined by SEC to bepg+ 31. The numbers of
repeating units in the other blocks are calculatsidg the block ratio determined Biy-
NMR. In the AB diblock2nm the repeating units of the B-block are 45. In &®&C
triblock copolymers the C-block repeating units aaeruppva = 270,2b rupmma = 320,
2C rupmma = 530 and2d rupvma = 560. The total molecular weight of the ABC tabk
copolymers varied from = 30.7 kg/mol to M= 53.9 kg/mol and all polymers exhibit a
molecular weight distribution of P34 1.06.

Table 3.2: Characteristic data of ABC tribloclpotymer serie® containing A-block P§, B-block
PEHMA,s and C-blocks with a different length

block M,? PDI®  rups®  rupenma®  rupuma®  composition (n:m:a/b/c/d)
copolymer

series 2 (kg/mol) calc.? measur ed®
2n 3.2 1.06 31 - - - -

2nm 9.1 1.05 31 45 - 1:15 1:15
2a 30.7 1.06 31 45 270 1:15:82 1:15:87
2b 34.5 1.05 31 45 320 1:15:9.8 1:15:104
2c 49.9 1.06 31 45 530 1:15:15.7 1:15:17.2
2d 53.9 1.04 31 45 560 1:15:196 1:1.5:18.0

a) determined by SEC with polystyrene standardsgd®ection; b) polydispersity index; c) composition
(determined b)}H-NMR) for ruppma and rpepma, With russ determined from SEC; values rounded to three
significant figures; d) on the basis of the monofeed; e) determined By4-NMR

34.3 AB diblock copolymers containing B-blocks with different chemical
structures

Finally an AB diblock copolymer series based onitentical precursor A-block and B-
blocks with different chemical structures was pregaSuch block polymer series are not
accessible by common one reactor setups and te®midglock copolymer series like
this allow the investigation of the influence oétpolarity of the end block with respect to
an identical A-block. The third synthesized se(l&s3d) is composed of tBS as the A-
block. Different metharylates were selected as mmers for the B-block, methyl
methacrylate, ethyl methacrylate;butyl methacrylate andert-butyl methacrylate in
different amounts. The polymerization procedursitsilar as described for seriégsThe
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PtBS precursor is polymerized and reacted with DPEx@main reactor at -70 °C then
aliqguot amounts of the living polymer solution @aransferred to the secondary reactors.
The B-block is polymerized in each reactor sep&raby injecting the designated
monomer yielding the AB diblock copolymer seriebeTpolymerization temperature in
the SR3 is set to -45 °C in contrast to the MR, SR#l SR2 to accommodate the
polymerization otBMA.
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2. MeoH >r

Figure 3.8:  Polymerization of the diblock copolynseries3 consisting of PS-PMMA3a), PS-PEMA
(3b), PS-PNBMA 8c), PS-PtBMA @d).
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One challenge for this polymerization was to prevall purified monomers at the same
time. For typical AB diblock copolymers the secandnomer was still purified while the
first monomer was being polymerized. All monomeasl o be kept in liquid nitrogen in
the dark to prevent spontaneous polymerizationad@mmodate for this issue some of
the monomers were purified and distiled one dayfolee the combinatorial
polymerization and stored in liquid nitrogen unidage. For the overnight storage the
closed vials were set into a disk of foamed polgstg floating on liquid nitrogen in a
high dewar. The vials were placed in holes in tlek éh that way that the lower part
containing the monomer was immersed in the liquicbgen. Thus the monomers were
kept at constant temperature although the volumetefrigerant decreases over night
by evaporation.

Figure 3.9 shows the SEC traces of the AB diblaghotymers3a-3d and their precursor
3n. All characteristical data are given Table 3.3. Termination of the precursor is less
than 1% as detected by SEC. The precursor consRiB&-block 3n with a molecular
weight of M, = 5.5 kg/mol. The molecular weight of the resutislock copolymers is in
the range of M=43.3 kg/mol 8d) to M,=44.0 kg/mol 8a). All resulting diblock
copolymers 3a-3d exhibit a narrow molecular weight distribution (P& 1.04),
demonstrating that all end block methacrylate mogmsncould be polymerized in a
controlled manner.
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Figure 3.9: SEC traces of precursor bl&k and all AB diblock copolymer8a-3d (RI-Detection;
solvent: THF; molecular weightith respect to PS-standards).
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The B-blocks are varied in a molar range from 118.9:13.3 in block composition and
the experimentally determined composition was imdyagreement with the intended.
The block compositions were not intended to be kefpraall polymers in this series as
one might expect. The resulting different moleculagights were desired to keep the
overlay of SEC traces distinguishable. The repgatinits were determined in the same
way as for serie¢ and2. It has to be noted the in the case of s&id®e calculation of
repeating units from the molecular weight obtaibgdSEC might not be as accurate as
for 1 and2. This possible deviation is due to the fact thatmolecular weight were given
with respect to a polystyrene calibration that rhigiot be exact for polyért-
butxystyrene). Nevertheless the resulting valueswemmonly in good agreement with
the calculated one therefore the polystyrene citmms was applied also for all pdiert-
butxystyrene) based polymers. In the case of s8rtbge repeating units were determined
to rupigs = 31, ripmma = 415, rgema = 380, rpnsma = 280 and rpigma = 210.

Table 3.3: Characteristic data of AB diblock copoér serie8 containing B-blocks with different
chemical structures

a) b) 0 composition
block copolymer M PDI Upies” FUpxvia (n:alb/c/d)
series3 g
(kg/mol) calc.? found ©
3n 55 1.06 31 - -
3a 44.0 1.04 31 415 1:13.3 1:13.3
3b 36.9 1.04 31 380 1:9.7 1:9.1
3c 417 1.04 31 280 1:86  1:89
3d 34.3 1.03 31 210 1:74  1:69

a) determined by SEC with polystyrene standardsdd®éction; b) polydispersity index (MM,);
c) average number of repeating units: calculatedhfblock copolymer composition (determined i
NMR) for rusyva, With ruses determined from SEC; values rounded to three fogmit figures; d) on the
basis of the monomer feed; e) determinedHNMR

The use of a protected functional monomer sudB@&s for the starting block allows for
a further functionalization of block copolymers eaftcleavage of thdert-butoxy
group!*” On one hand, the polarity of such a segment isgth considerably resulting
in a change of the solution morphologies in cersoivents®™ On the other hand, the
hydroxystyrene allows for its use as a photoré8igir the attachment of mesogens or
chromophores by a polymer-analogous reaffilnsimilar to hydroxyl-functionalized
1,2-polybutadien” and will be discussed in the next chapters.
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3.5 Achievements

In this chapter a specially designed reactor setap presented that can be used for a
combinatorial approach to the synthesis of blockpotgmer series by anionic
polymerization. The setup features one main reautdrthree secondary reactors to carry
out anionic polymerizations on lab scale quantitiss low temperatures. The
implementation was demonstrated with three seriedBo and ABC block copolymers
with the identical A-block and AB-block respectiyelThe B-block in AB diblock
copolymers and the C-block in ABC triblock copolysi€an be varied with respect to
block length or chemical constitution.
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4 Azobenzene-containing block copolymers

4.1  Introduction
Homopolymers

Liquid crystalline homopolymers containing lateyalittached azobenzene side-groups
were first reported by Ringsdorf and Schnkidt**®! Eich et al. were the first to studying
the photoisomerization of azobenzene chromopharésteir application as holographic
data storage materiafé?! Holographic data storage provides the potentiabtofing
significantly more than one terabyte of informatwith transfer rates exceeding 1 GB/s
and data access time of less than 100 ms. A detaiteoduction to holography and
holographic data storage is given in chapter 6.1.2.

Until today many different azobenzene-containingnbpolymers were synthesized and
their photochemistry was investigate®*’¥ Additionally, statistical copolymers with
two different azobenzene unifs! as well as copolymers of azobenzene moieties and
non-chromophoric mesogéié%"® were investigated in order to improve their
performance in holographic experiments (e.g. ditica efficiency, stability of inscribed
information).

Azobenzene-containing polymer materials can beeeitmorphous or exhibit a liquid
crystalline phase. Azobenzene chromophores areesdr@potropic molecules that can act
as mesogenic units. In amorphous polymers theligyabf the inscribed gratings has
been found to depend on the glass transition testyrer of the polymer and the type of
the azobenzene side-group. Yet, holographicallyegtanformation is decaying quickly
above this temperature due to the increased theratakation of the photoinduced
orientation in the isotropic stafé:*”® Even at room temperature amorphous polymers do
not show a pronounced long term stability of trecribed gratings.

If the azobenzene-containing polymer features aidigrystalline phase and forms at
room temperature a glass with liquid crystallinelesr the holographic gratings are
expected to be stable at room temperature. Liguydtallinity also influences several
other important parameters like cooperative motmrefringence, diffraction efficiency
and writing timé?*"¥! Natansohn and Rochdff! summarized that the alignment in
liquid crystalline polymers is thermodynamicallywdaed in the temperature range of the
liquid crystalline phase due to its inherent ord2uring irradiation with linear polarized
light, the director of the liquid crystalline mwbmain(s) can be reoriented or -in an
initially amorphous quenched film- a liquid crysitag¢ order can be induced. Orientation
of the chromophores is easier in the first caseredsethe latter is energetically much
more demanding.
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In a holographic experiment liquid crystalline agobene polymers often exhibit an
additional increase of the diffraction efficiendyes the writing laser is switched off. This
“post-development” or “post exposure gain’ is assumed to be due to an increase in
orientation of the mesogens along the direction ihgiven by those chromophores that
were pre-aligned during holographic writing proceshis effect can be enhanced at
elevated temperatures because the increased fleme/cupports the mesogens thermal
movements leading to an faster alignmiétit’ "2

If azobenzene units are close to each other theoplimced orientation of the
chromophores is stabilized. Thisobperative effect” is essential for the stability of the
holographically inscribed informatid*®*"® Copolymers with azobenzene moieties and
non-chromophoric mesogens, as mentioned above, fanother class of
photoaddressable liquid crystalline polymers. Tleechromophoric, mesogenic groups
can undergo cooperative molecular motions withphetooriented azobenzenes, thereby
inducing a higher birefringence, and simultaneowssbilizing the orientation. Due to
this improved cooperative effect these systemsbitxnéry good long-term stabilitf?2%!

Azobenzene-containing materials for volume hol ographic data storage

For volume holographic data storage and to achigyle data density, thick films (up to
1-2 mm) are required in order use Bragg-type ggatiend to perform angle multiplexing
with a high angular selectivity. The films shoulgh#it a low optical density and no
scattering of visible light otherwise the laser lneeannot penetrate the entire sample.
Thus the use of homopolymers is precluded sinde difficult for the beam to pass
through chromophore-containing thick films becausfethe large molar extinction
coefficient of azobenzene chromophores at the veagth of the laser beam. Due to this
consideration the optical density of the samples thabe adjusted in the range of 0.5 -
0.7. Another issue for the holographic data storpgeed by homopolymers is the
formation of ‘surface relief gratings’ in addition to the desired refractive index
modulation upon illumination with a light intensigyating™**®" These thin gratings are
formed by light induced mass transport and areirdetrtal to angle-multiplexed
inscriptions with high angular sensitivity. Moreoytheir diffraction efficiency is usually
higher than those of desired phase gratings ivohene. The formation of surface relief
gratings is most pronounced on the surfaces of polgmers and azobenzene-containing
molecular glasseé>'8%

The optical density of azobenzene-containing hortyopers could be reduced by

blending the homopolymer with an optical inert pogr. Almost all polymer blends

consisting of two or more polymers form macrophsagarated morphologies. These

morphologies are in the micrometer range and, thexethey show bulk light scattering
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and are unsuitable for holographic data stordd@wever, one literature example is
known, where this issue was overcome by using adblen which both polymers had
similar backbones. In this case the multiplexin@@holograms could be realizegf!

If the chromophore content and thereby the optieaisity is to be diluted another factor
has to be considered. In order to efficiently mélithetrans-cis-trans isomerization for
enhanced writing speeds and improved stabilizatio&,chromophores have to be close
to each other to benefit from the above mentiorexperative effect. Therefore, diluting
the chromophores by statistical copolymerizatiothvein optical inert comonomer is not
a viable option since the cooperative effect arghclk, the long-term stability of the
inscribed gratings are 10$8* Ikedaet al. reported the formation of holographic gratings
in thick films of azobenzene-containing copolymeish non-chromophoric mesogens
such as cyanobiphenyl or tolane moieties consemiegooperative effect. Nevertheless,
it has to be noted that scattering issues wererappthat would prohibit the processing
of these materials into thicker sampfe&83 A solution to this issue are azobenzene-
containing block copolymers and block copolymendkediscussed in the following.

Azobenzene-containing block copolymers

An elegant concept for controlling the optical dgn$or holographic data storage was
first reported by Breinegt al.. In this concept the chromophore content is dilubgd
using azobenzene-containing diblock copolymer systes shown in Figure 4%:2918%
One block is functionalized with the azobenzeneowtuphores whereas the other
segment has to be a transparent optical inert blG@dnmonly the photoaddressable
segment form the minority phase and the opticat s®gment forms the matrix. By using
a block copolymer approach the optical density & tmaterial can be reduced while
maintaining the cooperative effect. As an additioadvantage, the use of block
copolymers also precludes the formation of surfeetef gratings in the holographic
writing process. Due to the confinement of the alwphores to the minority phase the
solid matrix can prevent the formation of undestadace relief gratings®
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Figure 4.1: Concept for dilution of the opticalndéy in an azobenzene-containing diblock copolymer
with increasing matrix fraction while maintainindpet cooperative effect in microphase
separated confinements.

Azobenzene-containing block copolymer blends

To produce material samples with thickness in thiémeter range, the optical density
has to be further diluted. This can be achieved bbgnding these azobenzene-
functionalized diblock copolymers with the homopubrs of the respective optical inert
block. The photoaddressable block copolymer isteliluvith the matrix homopolymer
resulting in a change of morphology from lamella& (cylinders) to spheres. Upon
further increase of homopolymer content the diamefehe sphere stays constant and
only the distance between the spheres incrézséd. Schmidtet al. prepared thick
transparent films (1.1 mm) by blending an azobeezmmtaining block copolymer with
PS homopolymer, allowing angular multiplexing of tg 80 holograms at the same
spatial position, which were long-term stable atmatemperatur&®®!

Synthesi s of azobenzene-containing block copolymers

For the synthesis of block copolymers with latgralitached azobenzene side-groups the
different synthetic approaches that have been siszliin chapter 1.2.2 for side-group
liquid crystalline block copolymers can be utilized the following only some examples
highlighting the most prominent synthetic methodsblighed in the literature for
azobenzene-containing block copolymers are predente
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Up to now several group have been reporting thehggns of azobenzene-containing
block copolymers. In the first reports direct ancopolymerization of an azobenzene
methacrylate and styrene was used for the syntlefssde-group liquid crystalline
diblock copolymers®®®18IThe combination of anionic polymerization of treckbone
and polymer analogous attachment of the azobengbremophore was reported for
hydroxylated polyisoprenbtock-polystyrene diblock copolymers around the same
time 58" More recent work using this approach was basebyaioxylated poly(1,2-
butadieneplock polystyren8*1 and poly(2-hydroxyethyl methacrylatbeck-
poly(methyl methacrylat&y’ diblock copolymers functionalized with azobenzesie-
groups. Lately the polymer analogous technique a@died in the preparation of an
azobenzene-containing ABA triblock copolymer basexh polystyrendslock-
polybutadieneslock-poylstyrené?!! In contrast to the above mentioned example, the
polybutadiene segment was not hydroborated andegubstly oxidized. Here the double
bonds were first epoxidized and then the attachnoérthe azobenzene moieties was
carried out using amine functionalized chromophor&sobenzene-containing block
copolymers were also synthesized by controlledceddpolymerization. Atom transfer
radical polymerization (ATRP) is the most widelyedstechnique for the synthesis of
azobenzene-containing block copolymers incorpagatimethacrylic groups containing
azobenzene monomers. Examples include diblock gomak with PMMA
segment§ 92188181 pg segments?® 9% pEGE! or PPAMY segments. Besides diblock
copolymers also ABE®! ABC,,*° and ABA triblock copolymer§®% as well as
triarm star block copolymétg® were reported.
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4.2  Scope of this chapter

In this thesis novel azobenzene-containing blogoboners that can be block copolymer
blends for the production of thick samples for vo& holographic data storage were
designed, synthesized, processed, and charactefizegims within this chapter are:

1. implementation of polyhydroxystyrene as a functiananomer to achieve a high
glass transition temperatures in resulting functlimed block copolymers,

2. synthesis of functionalizable block copolymers wathly(methyl methacrylate) as
well as polystyrene as amorphous, optical inertrimaegments,

3. functionalization of these block copolymers to Howmectic azobenzene-
containing block copolymers,

4. investigation of structure-property relations esal®c with respect to liquid
crystalline phases,

5. processing of azobenzene-containing diblock copetgminto thin and thick
photo-addressable samples suitable for volume hapdgc experiments,

6. holographic experiments on selected examples peeorin cooperation with the
Dr. Hubert Audorff and Prof. Lothar Kador (Bayreeth Institut for
Makromolekiil-forschung, BIMF) within the framewook SFB481

The azobenzene-containing homopolymers, copolyrf@rseference experiments and
block copolymers were synthesized via the polynm@t@gous approach, shown in Figure
4.2. The combination of anionic polymerization the polymer backbone and polymer
analogous attachment of the desired side-groupelk smited to prepare tailored block
copolymers with high molecular weights, narrow neolar weight distributions, and
allowing a broad variation of the attached sideugroFor instance series of block
copolymers can be prepared based on the same tdpctymer backbone but differing
in the attached chromophore allowing to evaluatectire-property relations and to tune
the properties. Here an example based on a fumdizable block copolymer with
PMMA matrix (4) is shown. After anionic polymerization of the khone and
deprotection of the hydroxy function the azobenzgmemophores are attached featuring
spacers with different lengths. The block copolysréa-6¢ exhibit only a single spacer
length each where&a-7ccontain a random distribution of two different spalength in
the functional segment.

The respective homopolymdéi and the copolymers with a random distributionwd t
different spacer lengthB/-VI were prepared as reference materials especiallyhto
mesophase charaterization. The influence of thasations on the resulting mesophase
and the holographic behavior were investigated.
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Figure 4.2: Overview of the methoxy azobenzenetionalized target homo, copolymers and block
copolymers that are discussed in this chapter.
Il : Azobenzene-functionalized homopolymer aid - VI: azobenzene-functionalized
polymers with two different spacer lengths as miee materials for mesophase
characterization;
6a - 6¢ Azobenzene-functionalized block copolym@esi7c azobenzene-functionalized
block copolymers with a segment with two differepticer lengths.
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4.3  Synthesis and characterization of functionalizabldhomopolymers and block
copolymers

Different azobenzene-containing block copolymersensynthesized that are suitable for
the block copolymer/homopolymer blend concept tpustdthe optical density in thick
samples mentioned above. All block copolymers dargafunctionalizable segment that
can be used for the attachment of the desired apbore and an amorphous optical inert
matrix. Different lengths of this functionalizakidéock were used throughout the series.
For the optical inert matrix block two different mmmers were used. One series contains
PMMA as second block whereas the second seriesrésat PS matrix. Both, PS and
PMMA are known to exhibit good optical transparemegking them ideal candidates in
order to obtain non-scattering specimens. Theseseues were intended to be tested in
different preparation approaches for holographta déorage materials.

4.3.1 Polyhydroxystyrene

For the synthesis of azobenzene-containing homd- ldack copolymers a polymer
analogous route is advantageously as describedhapter 1.2.2. For this approach, a
functional group has to be present in each repgatimt of the polymer chain to allow
further attachment reactions. Hydroxy groups arerayrothers the most commonly used
functions for polymer analogous functionalizatioithvazobenzene moieti€:*’ They
allow attachment reactions via esterification ¢regification.

A well established monomer for this approach isadigne or isoprene. Anionic
polymerization of butadiene in anhydrous cyclohexanth the use of 1,10-ethane-1,2-
diyldipiperidine (DIPIP) results in 1,2-polybutadee (1,2-PB) that can be further
hydroborated and oxidized yielding an alcohol fumtt Subsequently, the desired side-
group can be attached via a polymer analogous ifesation *8177:19% poly(2-
hydroxyethyl methacrylate) (PEHMA) is another fuantl polymer used for the
synthesis of azobenzene-containing matei&fs! Prior to the anionic polymerization it
protection is required to avoid termination. Forstipurpose commonly silyl based
protection groups are employ€ti*°® Due to the high reactivity of the protected HEMA
derivatives, additives such as alkoxides or LiCkuwr the living character during
polymerizatior?®

Within this thesis poly(4-hydroxystyrene) (PHS) wesosen as the functional block.
Azobenzene-containing polymers based on this baeklexhibit higher glass transition
temperatures () compared to functionalized polybutadienes. Thisdvantagously for
holographic data storage materials because higigeprbvide improved stability of the
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inscribed gratings. The reactivity of phenolic goeus much higher compared to aliphatic
hydroxy groups allowing to conduct a polymer analogetherification reactions.

As mentioned above hydroxyl functions are unsugdbt direct anionic polymerization.
Therefore, a protected hydroxystyrene monomer, hanat-butoxystyrenetBS) was
used.tBS can be polymerized in a living fashion resultingpoly(4tert-butoxystyrene)
(PtBS) without the use of additivés:**”) Analogously to HEMA different silyl or
methoxymethyl protection group¥’ are also possible for anionic polymerization, but
tert-butoxystyrene has the advantage to be commer@sabtylable. The protection group
of PtBS can be cleaved under acidic conditions yieldRht5.

As shown in Figure 4.3 anionic polymerizationtBfS can be initiated with s-BuLi in
THF at -70 °C and proceeds in a living fashion withgood control over molecular
weight and molecular weight distribution.

Li*
\ ) H
n-1 n
s-BuLi MeOH
) 2 SO0
THF
>ro -70°C >ro>(o >‘/o

Figure 4.3 Anionic polymerization ¢ért-butoxystyrene resulting intBS ().

During this thesis several batchesloivere polymerized. Only few were prepared as a
homopolymer batch. Most of the homopolymers weee ghecursor segments of block
copolymers that were isolated prior to the additminthe second monomer. In the
following section polymeranalogoues reaction praced and characterization will be
shown exemplarily on a homopolymer batch which Iteduin an average number of
repeating units of about ggs = 1860 (). The determination of molecular weights of
PtBS was carried out on a SEC setup with THF as elddre molecular weights were
given with respect to a polystyrene calibration.m@arison of the molecular weights
determined by SEC with the theoretical moleculargivecalculated from the ratio of
initiator and tert-butoxystyrene showed a good agreement of bothesal@thus, the
molecular weights as determined with respect ttilgstyrene calibration were used for
all further calculations. The average number ofeedimg units (ries) was calculated
from the number average molecular weight)Metermined by SEC.
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Deprotection ol by acidic cleavage of thert-butoxy group results in PH3 §. To this
end, the homopolymdr was reacted with an large excess hydrochloric aciiHF at
reflux over 12 h. Specially care had to be takennguthe workup process to avoid
crosslinking reactions of the resulting polyhydrstyyene. In the first step, the acidic
solution was precipitated in a very dilute sodiurpdioxide solution (0.1 g/L) to
neutralize the excess acid. Precipitated polymey auaectly transferred into large excess
of water adjusted to ph =5 with pure acetic a€herwise the precipitated polymer
would agglomerate while binding a high fractionvediter that was difficult to remove.
After neutralization of the PHS it could be drieader high vacuum at room temperature.
Typically, it was stored at -20 °C until furthereusStorage at room temperature resulted
in crosslinking.

Direct comparison with the protected precursor guodntification of the deprotection
cannot be readily achieved. Determination of thdemdar weight by size exclusion
chromatography (SEC) measurements is not reliatdsiple due to the high polarity of
the alcohol functions causing the polymer to interaith the column material. Because
of the insolubility in CDCJ, *H-NMR measurements are also impossible that preslud
direct comparison with the protected form to canfithe quantitative cleavage of the
protection group. Therefore, to quantify the clegesaf the protection groupl was
reacted with acetyl chloride (Figure 4.4). The hasg polymerVIl could be analyzed
under the same conditions as the protected precposgmer.

H H H
" Ha n AcCl n
THF pyridine
B —_—
THF
XO OH DMF

o\fo
| I A"/l

Figure 4.4: Deprotection éfto Il (PHS) and the acetylation of the hydroxy functygelding VII .

'H-NMR traces of andVIl polymers are depicted in Figure 4.5. The signattietert-
butoxy group at ppm = 1.25 is completely missingVvih (rupacs= 1860) whereas the
signal for the acetoxy group can be detected a P@m. Thus'H-NMR analysis
indicates quantitative conversion for both reactjiamamely polymer analogous cleavage
and acetylation.
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Figure 4.5: 'H-NMR spectra of PtBS (upper trace) andil PAcS (lower trace) in CDGI

SEC results of acetylated polym¥itl (My: 271 kg/mol, M,: 292 kg/mol, PDI: 1.07)
revealed a slight reduction of molecular weight paned tol (M;: 310 kg/mol,
My: 333 kg/mol, PDI: 1.07). This might be attributiedthe lower molecular weight and,
therefore, to a lower hydrodynamic volume of thé/per.

Thermal analysis of all three polymers was condlctey differential scanning
calorimetry (DSC) at a heating rate of 10 K/min end\, (Figure 4.6). The protected
homopolymerl exhibit a glass transition at 105 °C and the hygdrdunctionalized
homopolymerl a much broader and higher glass transition atratdi33 °C. It should
be noted that this transition shifts to higher temapures with each heating cycle which
might indicate an increased intermolecular formrratd hydrogen bonds or side reactions.
The glass transition of the acetylated homopolywikr at 124 °C is shifted to higher
temperature compared t@nd is better defined than fir.
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Figure 4.6: Second heating thermograms of homapeisgl, Il andVIl at a heating rate of 10 K/min
under N.

4.3.2 Synthesis and characterization of functionalizableblock copolymers with
PMMA matrix
All PtBS-PMMA block copolymers were prepared by sequéati@onic polymerization
of tBS and MMA in THF at -70 °C using s-BuLi as initat(see Figure 4.7). LiCl was
used as an additive to reduce side reactions ofester group of the MMA during
polymerization and 1,1-diphenylethylene (DPE) wddesl to reduce the reactivity of the
PtBS anions. The polymerization reactor and the pelymation procedure described in
chapter 3.4.3 were used. Typically, batches up Qg ©f diblock copolymer were
prepared. A sample of eactBS precursot was isolated and terminated in dry methanol
prior to the addition of MMA. The homopolymelrscan be used to prepare azobenzene-
functionalized homopolymers.

i+
1. DPE block’i’f"'
. 2. m MMA
s-BulLi n 1 n m
MeOH
3 eO \O o

—_—

THF, LiCl
-70°C THF, L|CI
-70°C

o >r°

Figure 4.7: Synthetic pathway to AB diblock copubr RBS-PMMA 4a - 4cvia precursot.
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Three different BBS-PMMA block copolymers were prepareda( - 49. Their
characteristic data are given in Table 4.1. Thealeolecular weight of these polymers
ranges from about M= 28 kg/mol for4a to M, = 128 kg/mol for4c featuring an
increasing length of both, the functionalizabledslas well as the matrix block. The
length of the functional segment increase from=\8.36 kg/mol, (ress= 19), forla in
4a to M, =43.13 kg/mol, (rees= 245), forlc in 4c. The different block length of the
PMMA block were chosen to be tested for compatipivith the commercially available
PMMA grades used for the later blend experimente (shapter 4.7.2). All block
copolymers exhibit a narrow molecular weight dmition (PDI< 1.07). 4c contains
fractions of homopolymet that was terminated during the addition of therestg
resulting the broadest molecular weight distribut{eDI = 1.07). This contamination can
be removed after the deprotection step and williseussed in the synthesis of the block
copolymer serie§ (see chapter 4.5.3).

Table 4.1: Characteristic data of block copolymasicand their BBS precursor$a-Ic

MY My PDI” lUpes” rUpvma”  Wegs”  Wewma”
block copolymer series 4 kg/mol % %

da 28.3 29.3 1.04 19 241 12.2 87.8
precursor la 3.4 3.6 1.07 19 -

4b 72.9 76.0 1.04 61 455 11.8 88.2
precursor b 10.7 111 1.04 61 -

4c 128.3 137.0 1.07 245 878 32.1 67.9
precursor Ic 431 44.37 1.03 245

a) determined by SEC with polystyrene standardsdd®éction; b) polydispersity index (MM,);
c) average number of repeating units determine®Bg¢ and*H-NMR d) weight fraction determined by
'H-NMR

The block copolymerga and4b exhibit nearly the same block copolymer compositio
with a weight fraction of the functionalizable bkoof weiss~ 12 % but the block length
of the latter polymer is three times higher. Therefthese polymers are expected to
exhibit the same morphology after functionalizatiofhe functionalizable block
copolymer 4c is used for most functionalization reactions witlethoxy azobenzene
chromophores. It contains a weight fraction of 32¥%the functionalizable block.
Functionalization of this segment with azobenzem@mophores will result in a weight
fraction as high as 50%. This large segment withtal number of 245 repeating units
should be beneficial for the holographic properaéthick samples prepared from blends
of the azobenzene-functionalized block copolyrGewith PMMA homopolymer (see
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chapter 4.7). Due to this long azobenzene-contgibiack the spheres resulting from the
blending should feature a larger radius favoring tbooperative effect of the
chromophores (see chapter 4.1). The thermal piepestere exemplarily determined for
the diblock copolymedc via DSC with a heating rate of 10 K/min exhibitiagglass
transition temperature for thetBS block of Typws)= 111°C, which is a very similar
value compared to the homopolymer, aggwvva) = 129°C for the PMMA block, a value
as it can be expected for anionically synthesiZdi/IA.

Synthesis and characterization of a functionalizable triblock copolymer with PMMA
matrix

Poyl(tert-butoxystyreneslock-poly(2-ethylhexyl methacrylatéjtock-poly(methyl meth-
acrylate) (PtBS-PEHMA-PMMA) triblock copolym®&rwas synthesized by the sequential
anionic polymerization ofBS, EHMA and MMA in THF. LiCl was used as an addti
for the controlled polymerization of the methactgkaand 1,1-diphenylethylene (DPE)
was added to reduce the reactivity of the PtBSremi®he polymerization reactor and the
polymerization procedure described in chapter 3ve used.

i -
, a1 a U
s-BulLi
0 o O
LiCl, THF LiCl, THF, -70° C

-70°C

XO >|/O

\b\/o)\é\o -Li* ' \ block f\ib/OCk T’\/@
O o 2. MeoH _
LiCl, THF, LiCl, THF,

-70°C -70°C

8 9

Figure 4.8: Synthetic pathway to AB triblock copoker9 (Pt BS-PEHMA-PMMA).

The triblock copolymer was characterized by SEC #mel molecular weight was
determined to M= 54.3 kg/mol with a PDI of 1.06. The repeatingtsiin each segment
were determined from th#{-NMR analysis to rptgs = 16, rpenma = 65 and rpyma =
469. This corresponds to the molar fractions of?PEEHMA:PMMA 1:4.1:29.5.
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4.3.3 Synthesis and characterization of functionalizablélock copolymers with PS
matrix

PtBS-PS block copolymerslQ) were prepared by sequential anionic polymerinatd
tert-butoxystyreneaand styrene in THF at -70 °C using s-BulLi as ihitigsee Figure 4.9).
The polymerization reactor and the polymerizatioocpdure described in chapter 3.4.1
were used. A sample of eachtBB precursor | was isolated and terminated in dry
methanol. Typically batches resulted up to 70 blo€k copolymer.

Li* = H
block

\ —_
n-1 m n m

n s-BuLi O O

—_— —_—
THF
> >
|

XO -70°C

10

Figure 4.9: Synthesis otBS-PS diblock copolymerBla — 10e

Block copolymerlOawas polymerized in a single reactor batch andifeata long PtBS
block (e) and was used for the preparation of thick samplgsblending with PS
homopolymer after functionalization with the azobeme chromophores (see 4.7.2). As
mentioned foc, the long PtBS block was chosen to result in lagpderes in blending
experiments.

One block copolymer seried(b-10¢ was prepared with increasing length of the PS
segment using the combinatorial approach as destrib chapter 3.4.1. Exemplary,
thermal characterization dDarevealed only one glass transition in the rang&0sf °C.
Since the glass transitions temperature of botlckislaare expected to be in the same
range (105°C-111°C) one can assume that they pezimposed.
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Table 4.2: Characteristic data dB®S-PS block copolymera-10eand their EBS precursorte andIf

M na) M wa) PDI” ruPtBSC) rUPsC) WPtBSd) WPSd)
block copolymer series 9
kg/mol kg/mol % %
10a 99.2 102.7 1.04 188 651 32.8 67.2
precursor le 331 34.1 1.03 188
10b 158.6 162.7 1.03 48 1407 5.5 94.5
10c 143.4 147.1 1.02 48 1340 5.7 94.3
10d 92.2 94.9 1.03 48 630 115 88.5
10e 66.8 69.2 1.04 48 445 154 84.6
precursor |f 8.5 8.8 1.04 48 - - -

a) determined by SEC with polystyrene standards-ddéction; b) polydispersity index (MM,);
c) average number of repeating units determine®Bg¢ and*H-NMR d) weight fraction determined by
'H-NMR

4.4  Synthesis of reactive azobenzene chromophores

Two different types of mesogenic azobenzene chrévoigs were used in the syntheses
of photo-addressable polymers. The first derivativzol-4 consists of methoxy
azobenzene derivatives with variable spacer lengtich open the possibility to be
attached to the polymer backbone via an ether d¢jekaThe mesogenic
methoxyazobenzene chromophorészol-4 were chosen because the resulting
homopolymers are known to exhibit smectic mesophagen attached to a polystyrene
based backborle” Furthermore, only spacer with an even number othyhene units
were used because the resulting side-group liquydtalline polymers are known to
exhibit the higher phase transition temperaturespaved to the odd-membered offés.
The second chromophore type is a cyanoazobenzemnatde Azo5 that was attached
via an ester linkage to the polymer backbone.

cl
- Orop O
Azo|1 2 3 4 Azo5
x|4 6 8 10
Figure 4.10: Azobenzene mesogéze1-4andAzo5 used in this thesis.

Holographic properties of these liquid crystallambenzene-containing polymers should
be investigated as part of this work. The methaxycfionalization of the azobenzene
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core is much more chemically and thermal stablepared to the cyano group Azo5.
Especially the thermal stability is advantagousirduthe annealing processes that are
required during the preparation of holographic s@sfdetails are given in chapter 4.7).

The alkyl dibromide spacer that result in ethekdiges to the chromophore as well as the
polymer were chosen because of its commercial ahisitly in different lengths allowing
an easy variation of the spacer length. The resge@zobenzene-containing block
copolymers were used to reveal structure-propetgtions with respect to the influence
of the spacer length on the holographic performance

The cyano derivativdzo5 was chosen because these chromophores are knawsulo

in high refractive index modulation in the holognapexperiment§®* On the other hand
the cyano group is prone to side reaction at eéelvegmperatures under basic conditions
during the synthesis. Therefore, the chromophoyethesis and spacer attachment had to
be optimizedAzo5 is attached to the PHS block via an esterificateaction utlizing the
reactive acid chloride that is known to result irhigh degree of conversion in the
polymer analogous reactiéi:>*

The synthesis of the azo chromophote®1-4 was carried out similar to the procedure
described by Imriet al.®”) whereas the synthesis Azo5 was carried out according to
procedures as developed in our grétP.A schematic overview of the synthetic pathway
is given in Figure 4.11. The seridgol-4was prepared in a two step synthesis. The first
step is an azo coupling of phenol with the diazatiZz-methoxy aniline resulting in the
hydroxy functionalized chromoph@zola The second step is the introduction of the
bromine functionalized spacer in the chromophor@ &i Williamson ether synthesis.
Utilizing a large excess of the dibromo-compounduees the probability of the spacer to
react with two azobenzene chromophores. Due togieehydroxy function potassium
carbonate is sufficient as a base for the deprtitman this series excess alkyldibromide
had to completely removed, otherwise coupling feast between the polymer chains
during the polymer analogous reaction can occur.

The synthesis oAzo5 starts in a similar manner with the azo coupliredding the cyano
functionalized azo chromophézo5a and the attachment of the butyric acid ethyl ester
spacer. After subsequent saponificatiomab5b the carboxylic acid derivativRzo5cis
converted into the acid chlorid&zo5. The specific reaction conditions of the
saponification, e.g. the solvent mixture (ethandFIwater) and stirring at room
temperature ensure that the formed potassium stieaarboxylic acid precipitates and,
thus, protects the product from further side-remsj e.g. the hydrolysis of the
cyanogroup into an aromatic acid. The chromophpo5 is connected to the polymer
backbone via a polymer analogous esterification.
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Figure 4.11:

N O—(CH,),-Br
NC N Azo5b O

=-CN, -OMe

1. NaNO,, HCI, 0°C

2. Phenol, NaOH, 0°C
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Synthetic pathway for azobenzenerobphoresAzol - Azo5
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4.5 Azobenzene-functionalized homopolymers, copolymeend block copolymers

45.1 Synthesis and characterization of methoxy azobenzeffunctionalized
homopolymer

All methoxy azobenzene-containing polymers werectiomalized using the same
procedure. Therefore the synthesis and polymer ackenization is described and
discussed in detail usid as a typical example. For the characterizatiotm@fpolymers
a set of polymer analytic techniques was used. dlikde weight and molecular weight
distribution was analyzed by SEC. The degree ofvemion was determined by IR
spectroscopy antH-NMR.

The azobenzene-functionalized homopolyihlewas prepared as a reference material for
the mesophase characterization of the respectoak lsopolymers. It was synthesized via
a two step polymer analogous reaction of the ao#dlyi synthesized polymédc (Figure
4.12). The homopolymdc was deprotected by acidic cleavage of tdxé-butoxy group
according to the procedure described in chapterl4.Bhe azobenzene chromophore
Azo3 was attached to the polymer backbdlwe in a polymer analogous etherification
reaction yieldingll .

=

H < > H
N 0 Br
' HCI MeO—@—N' HS "
— Azo3
THF

DMF, K,CO3, K, 18-C-6

>|/ MeO—@—N’ Hg
]

Ic lic

Figure 4.12:  Polymer analogous deprotectioft@nd attachment of chromophdkeo3 to the precursor
lic via etherification resulting in methoxy azobenzenataining homopolymdil .

The Williamson ether synthesis was carried outnhyadrous N,N-dimethylformamide
(DMF) at 110 °C with potassium carbonate as badepatassium iodine and 18-crown-6
as catalyst.

In an ether synthesis, as @2Seaction, the reactivity is enhanced when cardetin

polar, aprotic solvents. Aceton is commonly emptbgs demonstrated in chapter O for
the attachment of the spacers to the azobenzets Hieire it turned out to be unsuitable,
which is attributed to the insufficient solubilibf the resulting polymerHl . Therefore

N,N-dimethylformamide DMF was used at a reactiomgerature above 100 °C. The
reaction was carried out under inert atmosphereimmehydrous solvents, otherwise an
extensive darkening of the solvent was observedhand to remove side products in the
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oligomeric range were detected. The reactivityhef alkyl bromides was enhanced by the
addition of a catalytic amount of KI and 18-croww®ereas the latter acts as a phase
transfer catalyst. Kl undergoes a halide exchanigje the bromide of the chromophores
yielding a more reactive iodide. Potassium carb®neds sufficient as a base due to the
phenolic alcohol function as already mentionedtfa@ synthesis of the chromophores.
Typically reaction times about 24 h were used. Deigation of an endpoint of the
polymer analogous attachment proved difficult beeailne molecular weights determined
by SEC did not necessarily correspond to the degfemnversion in a linear fashion
thus, the reaction could not be monitored direclye only viable solution was a micro
work up of every sample drawn during the reactiod determination of the degree of
conversion byH-NMR.

After stopping the reaction, a first precipitatiohthe functionalized polymdtl in water
was performed in order to remove the inorganicss&ltrther purification was achieved
by repeated precipitating a 10 wt% polymer solution methanol. Typically, this
procedure resulted in a rest chromophore contefdssfthan 2% as determined by SEC
measurements (UV-trace).

SEC traces ofil and the precursdc performed on the SEC setup with 0.25 wt% of an
electrolyte are given in Figure 4.18. showed a molecular weight of M 120 kg/mol
and a molecular weight distribution of }M, = 1.05 based on polystyrene standards. The
molecular weight of the functionalized polymer isany threefold compared to its
precursor polymelc (M,= 43 kg/mol) and thus in the expected range. Thaamwmdal
and narrow molecular weight distribution confirméat the polymer analogous reaction
proceeded without significant coupling between pay chains (Figure 4.13).

I Ic

5 o

Ic

inormalized ntesity/a.u.
el

Oror]
MeO—@—N" Hs
1]

15 16 17 18 19 20 21 22
elution volume/mL

Figure 4.13: SEC traces of methoxy azobenzene-tamgahomopolymetll and its precursor polymer
Ic (eluent: THF + 0.25 wt% tetrabutylammonium bromide)
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Determination of degree of conversion

The FT-IR-spectra provide a first indication on ttegree of conversion (DC). In Figure
4.14 the spectra diil and the deprotected precurdtr are presented. The hydroxy
functionalized polymelic shows a broad signal corresponding to the phe@¢@eH) at

a wavenumber 3295 ¢hin the azobenzene-functionalized homopolytiierthis signal

is no longer apparent indicating a high degreeariversion within the error margins.
Other specific signals can be compared as weloalh it has to be noted that both
spectra cannot be normalized on one common sighals, the intensity in the specific
signals is difficult to determine. The strong sigag1250 crit for thelll originates from
the (C-O) stretching vibrations of the arylalkyhets of the spacer connections to the
backbone as well as the chromophore. The intep$itige (C-H) stretching vibrations of
the alkyl bonds at 2930-2830 &mthe (C=C) stretching vibrations of the aryl borads
1600 cnt as well as a signal at of 841 ¢rmdicating a 1,4-disubstituted benzene ring are
increased due to the attachment of the chromophore.

90
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S god
S H
(@] n
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MeO—@—N” Hs
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Figure 4.14: Infrared (IR) spectra of methoxy aamene-containing homopolymigr (red) and hydroxyl
functionalized precursdic (black).

'H-NMR spectra of the functionalized polymer wereamled using CDGlas solvent
(Figure 4.15). Sometimes 1-3 drops of DMFh&d to be added to ensure full solubility
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of the polymer. The degree of conversion was detexthusing the integrals of the

aromatic protons of the azo moiety (E} compared to the integrals of the aromatic
protons (CHY of the backbone. Signals in polymi#t-NMR spectra tend to broaden,

therefore the specific signal cannot always be redgd.
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Figure 4.15: 'H-NMR spectra of methoxy azobenzene-containing hmtymer Ill in CDCL with
signals used for calculation of degree of conversio

In homopolymers liké the signal of CkP + CH,*’ can be used as a distinct signals sole
for the attached chromphore and amounts to an ritaxf I(CH>+CH,>") = 7H. In
contrast, for the block copolymers with PMMA matdiscussed later, this signal is not

separated from the O-GHignal of the PMMA, therefore another set of sigreas to be
used.

The aromatic protons CH near to the azo-group are normally detected witlamy
overlap with signals arising from the backbone. réf@e this integral was used as
reference H-NMR (CDCh-dy): &(ppm)= 7.6-8.0 (m, 4H, C#)]. The signals of the
other four aromatic protons of the azobenzeieNMR (CDChk-dy): &(ppm)= 7.2-6.7
(m, 4H, CH"] partly cover with signals of the aromatic prosoof the backbone'ti-
NMR (CDChk-dy): 8(ppm)= 6.8-6.1 (m, 4H, C¥)] forming the integral [I(CH*+CH*Y)]
which is needed for the determination of the degfesonversion. Assuming the integral
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for a 100 % conversion [I(CH+CH*Y.,d have to yield a value 8H, the degree of
conversion (DC) can be calculated with Equatiot)(4.

— 1 (CH™),50
| (CH™ +CH*") -4H

100 4.2)

In the case ofil the conversion was determined as

4H

C=— " [100=95% (4.2)
8.21- 4H

The degree of conversion determined with this ngktie not overly exact. Small
deviations in the limits of the integrals result smnificant changes in the calculated
degree if conversion.

4.5.2 Synthesis and characterization of methoxy azobenzercopolymers with two
different spacer lengths

As will be discussed in chapter 4.6, the azobenzengining homopolymdil shows a
smectic mesophase with a high degree of order. fitgs order is on the one hand
envisioned to be beneficial to the stability ofdwraphically inscribed gratings but on the
other hand might be detrimental to the writing tinf® disturb the packing of the
mesogens and thus to lower the order of the reguitiesophase, azobenzene-containing
polymers with a random distribution of two diffetespacer lengths were prepared
(Figure 4.16). It has been shown that in functiopallymers where the chromophores
contains spacers of varying lengths, the clearemgperatures were lowered with respect
to the values of the respective polymers with @lsispacer length. Thus, the degree of
order of the smectic phase should be lowéfed.

The syntheses were performed in a similar mannedeseribed for the functional
polymer lll (see Figure 4.16)Apart from the polymeric edudt (rupis= 245), the
homopolymer le (ruriss= 188) was functionalized as well. Both polymerserev
deprotected under acidic conditions. For the polyrapalogous attachment of the
chromophores a 1:1 feed ratio of the two diffeisgydacers was used. For all spacer length
the same reactivity is to be expected and an atteanh equal to the feed ratio can be
assumed. The composition cannot be determined shecespacers differ only in the
number of methylene units. Applyirigl-NMR analysis, the respective signals of those
cannot be clearly distinguished. Three combinatiohschromophore mixtures were
utilized to obtain functional polymersV-VI featuring a random distribution of
chromophores with varying spacer lengths (x/y) gltime backbone, nameAzol and
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Az02 (4 and 6 methylene unit$)zol andAzo3 (4 and 8 methylene units), aAdo2 and
Az03 (6 and 8 methylene units).

MeO—@—r\\l\ ran
N—@—O—(CHZ)X,y—Br
THF -
66T =
K,CO3, K, 18-C-6, DMF, 110C

>r°
<CH2)X (CHZ>y
vV V VI
x| 4 4 6
yl 6 8

Figure 4.16:  Synthesis of methoxy azobenzene-aonta polymers with random distribution of two
different spacert/-VI .

The characteristic data of the functionalized paysill - VI are summarized in Table
4.3. The degree of conversion (DC) is 85 % withekeeption ofVI. For this polymer a
DC of only 75% was determined. The theoretical maler weights (M(th)) were
calculated using the repeating units determinedhfemprecursor polymets the degree of
conversion and the molecular weight of an averametionalized repeating unit. It is
evident that the polystyrene calibration resultsam apparent molecular weights that
overestimates the molecular weight by a factor118-The polymers with the random
distribution of two different spacers exhibit aioetible higher molecular weight than the
polymerlll featuring a single spacer length. The highestad®n to the theoretical value
is exhibited by the functionalized homopolymér with the lowest degree of conversion
and the highest fraction of remaining hydroxyl ftios, respectively. For the polymers
based on the same homopolyre(rusiss= 245)lll, IV andVI the molecular weight, as
determined by SEC, ranges from M 120 kg/mol folll to M, = 161 kg/mol foVI. The
molecular weight of the functionalized polymer gee- to fourfold compared to its
precursor polymefc (M,= 43 kg/mol). The lower molecular weight ¥fis due to the
homopolymerle (rupiss= 188, M,= 33 kg/mol) used for this polymer. All functional
polymers (Il —VI) show a narrow molecular weight distribution (RD1.06) indicating
that side reactions did not occur. It has to beadhatlV contains significant amount of
contamination with low molecular weight chromophdge8 % UV-signal intensity in
SEC) that could not be removed regardless of thifigation procedure.
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Table 4.3 Characteristic data of methoxy azobenzene-congicapolymers with two different spacer
lengthslV-VI compared tdll

homo- x? y? DC” M,? M, PDIY  Mqth)?  rupgs’
polymer % kg/mol kg/mol
1l 8 - 95 120 126 1.05 95.6 245
v 4 6 85 123 131 1.06 91.2 245
% 4 8 86 87 92 1.06 72.8 188
VI 6 8 75 161 169 1.05 89.0 245

a) number of methylene units in spacer; b) degfeversion, determined B{A-NMR; c) determined by
SEC (eluent: THF + 0,25 wt% electrolyte), moleculaeight with respect to narrowly distributed
polystyrene standards, UV-detection; d) polydisiperimdex; e) theoretical molecular weight calcelht
from repeating units and degree of conversion;v@rage number of repeating units determined for
respective homopolymer

4.5.3 Synthesis of functionalized block copolymers with MMA matrix

Similar to the aforementioned homopolymers, the bamaene-containing block
copolymers were designed to be used in holograpkperiments unveiling structure
property relationships, e.g. the temporal evolubbrefractive index modulation with the
spacer length. Likewise, only chromophores withcepm with an even number of
methylene units were used in this series but irsimgafrom x= 6 to x= 10Azo02 to
Azod). PHS was used as a functionalizable block instégubly(1,2-butadien&y*’" or
poly(2-hydroxy-ethyl-methacrylatéj*®* to achieve a higher glass transition temperature
and a smectic mesophase of the azobenzene-cogthioick.

Figure 4.17 shows the reaction sequence yieldieguhctionalized diblock copolymers
with PMMA matrix. The diblock copolymetc (PtBS4s-b-PMMAgzs, M, = 128 kg/mol;
M, = 137 kg/mol; PDI = 1.07, described in chapter.2).3vas deprotected under similar
conditions as described in chapter 4.3.1. The tiaguldiblock copolymer5c was
functionalized in a polymer analogous etherificasiowith the methoxy azobenzene
chromophore serieAzo2-4 resulting in the diblock copolymeBa-6¢ Compared to the
synthetic procedure for the polymer analogous hattent of the mesogens for the
homopolymerll (described in detail in chapter 4.5.1) for blodpalymer systems the
reaction time had to be increased. Due to thecditiies in monitoring the reaction
progress discussed chapter 4.5.1 the optimal o#adimes had to be determined
experimentally. Typically 24 h to 48 h to were usmttause for longer reaction times no
increase in the degree of conversion could be ohited although the molecular weight
distribution tended to broaden with increasing tieactime.

As discussed for the azobenzene-containing homoply mixtures of two different
spacer lengths were used to disturb the packinth@fmesogens resulting in a lower
ordered mesophase. The same combinations as inech&p.2 were chosen for the
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functionalized block copolymers with PMMA matrixeyiing the diblock copolymer&a-
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Figure 4.17:  Synthesis of the methoxy azobenzemaming diblock copolymer seriésand?.

An exemplary SEC curve is given in Figure 4.18 tbe functionalized diblock
copolymer6a with the respective diblock copolyméc and the precursor homopolymer
Ic. It is evident that the functionalized block copulr6a exhibits a narrower molecular
weight distribution thamdc. As mentioned in chapter 4.3.2 the block copolymer
contains a fraction of homopolymébr or block copolymer with a shorter PMMA block
that might be due to termination during the additiof the MMA. This undesired
contamination could be removed or at least drditicaduced after the deprotection of
the hydroxy group. Due to its higher polarity th@rtopolymerll (PHS) is much better
soluble in MeOH compared to the block copolynter with the non-polar PMMA
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segment. Thus the purification was achieved byatgukprecipitation of the deprotected
block copolymeiein MeOH.

] H block H
6 | 0C
| a 4c c 245 245 j’ﬁsm
] oo
i >r0
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QO 6a
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Figure 4.18: SEC elugrams of the methoxy azobeszentaining diblock copolyméia and the
precursorgic andic.

Characteristical data of all block copolymers ines6 and7 are given in Table 4.4. All
functionlized block copolymer exhibit a narrow mokar weight distribution
(PDI<1.07). This indicates that the polymer analogotidgchment of the side-groups
proceeded without a significant amount of side tieas causing inter chain crosslinking.
In the serieba-6¢ the molecular weight increases with increasingcepdength from
My = 249 kg/mol for6a to M, = 293 kg/mol for6¢c. The degree of conversion in this
series is similar for all three members (BDC86 %). Series7a-7c, with a mixture of
different spacer lengths, shows a slightly decmtasgegree of conversion
(82 %< DC < 84 %) and the molecular weight is in the rang#gf= 291 kg/mol for7a

to M, = 300 kg/mol for7b. The slightly higher molecular weight @b might be due to
detectable amount of inter chain coupling reactitmst are evident in the broader
molecular weight distribution. Overall, for the i&sr7a-7chigher molecular weights are
determined than expected from the result6aBc The determination by SEC results in
higher molecular weights compared to the theoretieaecular weights (M(th)) by the
factor 1.3-1.5 for serie® whereas it is slightly higher for seriésith a factor of 1.6-1.7.
This observation might be due to the increasedddydramic radius that might arise from
the mixing of different spacers. The same trend alas observed for the respective
homopolymers (see chapter 4.5.1). This observateomot be explained. Compared to
the diblock copolymedc (M, = 128 kg/mol) the increase in apparent moleculeigit
ranges from 1.9 fold fo6a to 2.5 fold for 7b. The weight fractions of all diblock
copolymers in serie@ and7 are in the range of 50 — 54 wt%. Similar weightfrons are
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expected because for all of these polymers the saewmirsor block copolymetc was
used and differences are only due to the spacgthesf the attached chromophores and
the degree of the polymer analogous attachment.

Table 4.4: Characteristic data of meth@zpbenzene-containing block copolymer seiaad7 with
PMMA matrix based odc (PtBS45sPMMAg7g)

block ¥y DC? MO MY PDI? Muth)? Wax!  fUax®  FUswwa?

copolymer

series 6 o o

and 7 %) kg/mol kg/mol %
6a 6 - 90 249 261 1.05 186 53 245 878
6b 8 - 86 266 282 1.06 187 54 245 878
6C 10 - 86 293 306 1.04 193 54 245 878
7a 4 6 82 291 304 1.04 177 50 245 878
7b 4 8 84 300 322 1.07 181 51 245 878
7c 6 8 84 297 309 1.04 184 52 245 878

a) x,y: number of methylene units in spacer; b)rdegof conversion, determined B#-NMR; c)
determined by SEC (eluent: THF + 0,25 wt% electe)lymolecular weight with respect to narrowly
distributed polystyrene standards, UV-detectionpdlydispersity index; e) theoretical molecular glei
calculated from repeating units and degree of caiwe; f) weight fraction of the azobenzene-contagn
block, determined bjH-NMR; g) average number of repeating units deteewtifor diblock copolymesc

4.5.4 Synthesis of functionalized block copolymers with 8 matrix

In addition to the methoxy azobenzene-functiondlibdock copolymers with PMMA
matrix containing different spacer length),(analogous polymers based on the diblock
copolymerl0a (PtBS;s5PS51; M = 99 kg/mol; M, = 102 kg/mol; PDI = 1.04, described
in chapter 4.3.3), a block copolymer with a PS iratwere synthesized yieldintRa and
12b (see Figure 4.19). In this case only spacer lepnfithight and ten methylene units
were usedAzo 3, Azod). The polymer analogous functionalization wasiedrout in the
same manner as described and discussed in chaptér The protection group of the
diblock copolymerl10a was cleaved under acidic conditions yielding thelrbxy
functionalized block copolymerla. The attachment of the methoxy azobenzene
chromophoresAzo3 and Azo4 was carried out via a polymer analogous ethetiboa
reaction.
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block block
THF
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Figure 4.19: Synthesis of methoxy azobenzene-gungadiblock copolymefi2aand12b.

The determined molecular weights arg #1234 kg/mol forl2aand M, = 243 kg/mol for
12b and both block copolymers exhibit a narrow molacuilveight distribution
(PDI = 1.04). The difference in molecular weighdige to the different spacers used and
in the expected range. This is contrast to the edegof conversion determined ty-
NMR. Although the degree of conversion fi#tb is lower (63 %) than fot2a (87 %) the
molecular weights exhibit the expected differente.comparison to the theoretical
molecular weights (Mth)) the values determined by SEC are overestitnbjea factor
1.8 for12a and 2.2 forl2b. The resulting weight fraction of the azobenzeostaining
block is again around 50 wt% for both polymers ahdrefore similar to the results
obtained for the diblock copolymer seri@sThe higher calculated weight fraction of the
azobenzene-containing block fdr2a arises from the lower degree of conversion
determined fod 2b.

Table 4.5: Characteristic data of methoxy azobesoemtaining AB diblock copolymers with PS matrix
based orl0a (PtBSggPSs1)

block x  DC¥  M,?  M,?  PDI?  M(th)?  War”  fuae®  rup?
copolymer
series 12 % kg/mol kg/mol %
12a 8 87 234 244 1.04 146 54 188 651
12b 10 63 243 253 1.04 134 51 188 651

a) number of methylen units in spacer; b) degreeoof/ersion, determined Bi-NMR; c) determined by
SEC (eluent: THF + 0,25 wt% electrolyte), moleculaeight with respect to narrowly distributed
polystyrene standards, UV-detection; d) polydisiperimdex; e) theoretical molecular weight calcelht
from repeating units and degree of conversion; €ight fraction of the azobenzene-containing block,
determined byH-NMR; g) average number of repeating units deteeatifor diblock copolymet0Oa
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455 Synthesis and characterization of cyano azobenzewgentaining block
copolymers

Cyano azobenzene-containing block copolymers with PMMA matrix

Cyano azobenzene-functionalized block copolymEBswere prepared based on the
functionalizable diblock copolymers4a (PtBSg-b-PMMA24; M, = 28.3 kg/mal,
Mp=29.3 kg/mol; PDI=1.04) and4b (PtBS:-b-PMMAsss M, =72.9 kg/mol,
M, =76.0 kg/mol; PDI=1.04). As described in chap#®3.2 theses two block
copolymers feature nearly the same block ratiodiffierent number of repeating units.
Prior to the attachment of the chromophores thekbloopolymers4a and 4b were
converted into the hydroxy functionalized block alymers5a and5b by acidic cleavage
of thetert-butoxy group. The chromophofzo5 was chosen because cyano azobenzene
derivatives showed promising results in previouedu@phic experiments regarding their
maximum refractive index modulation, writing timesd stability of the inscribed
gratings®® The chromophore attachment was carried out in lnmr analogous
estherification yielding the functionalized blockpolymers13a and 13b (see Figure
4.20). These reactions using activated acid chdomdrmally proceed in very high
yields*9?1 " The reaction was carried out in anhydrous THF evhi$ing pyridine as
scavenger for the resulting HCI.

cl_0
H
block . block H
. Tﬁm . THF, DMF, pyridine, 0°C__ - lee Ai'ﬁm
~o" o ~No N0
o
5 <j o d
5a - 5b Azob /lj/ 13a-13b

Ns
N

J

CN

o

_N
N7
CN

Figure 4.20: Reaction scheme for the synthesisyaho azobenzene-containing diblock copolymea
and13b.

The characteristic data @B are given in Table 4.6. The resulting moleculaights are
My = 31 kg/mol forl3aand M, = 79 kg/mol forl3b while both block copolymers exhibit
a narrow molecular weight distribution (PBIL.1). These molecular weights determined
by SEC are in good agreement with the theoretiaflles. It has to be noted that the
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molecular weight distribution is broader comparedesults obtained for the other block

copolymers where the chromophores were attach#tetpolymer backbone via an ether
bond (see chapter 4.5.3). If an esterification tieacis used for the attachment of the
chromophores, typically a coupling of polymer clsaip a certain degree is observed.
Therefore the respective molecular weight distidng are not as narrow as determined
for the polymers functionalized by a polymer analag etherification (compare Table

4.4). Because of these results the polymer anatogdhberification reaction was the

preferred attachment reaction in this thesis.

Table 4.6: Characteristic data of cyano azobenzengaining AB diblock copolymers3 with ester
linkage and PMMA matrix

block DC? M, b) M.y b) PDI © M n(th)e) WAzof) rquog) I‘Upsg)
copolymer
series 13 % kg/mol kg/mol %
13a 89 30.6 33.6 1.10 32.1 23 19 241
13b 84 78.7 84.1 1.07 84.46 22 61 455

a) determined by SEC, molecular weight with respictpolystyrene standards, UV-detection; b)
polydispersity index; c) degree of conversion olypter analogous reaction, determined'byNMR; d)
weight fraction of azobenzene-containing block;askrage number of repeating units determined for
precursor polymebaand5b

Cyano azobenzene-containing triblock copolymer with a PEHMA middle block and a
PMMA matrix

The cyano azobenzene-functionalized triblock comelyl5 is based 0®. The protection
group of the precursor was removed via hydrolysierpto the attachment of the
chromophores. Due to the very low weight fractidrihe RBS segment a higher excess
of hydrochloric acid had to be used than usual isddyan acid concentration in the
reaction mixture that resulted in cleavage of ttaqtion group.

The activated acidhzo5 was used in a polymer analogous esterificationdiyig the
azobenzene-functionalized polyntds (see Figure 4.21). The synthesis was carried out as
described fod 2.
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Figure 4.21:  Synthesis of cyano azobenzene-cantatriblock copolymer5.

The molecular weight o5 was analyzed by SEC and determined tp=\61.2 kg/mol
with a molecular weight distribution of PDI = 1.08hus no increase in the molecular
weight is apparent compared to the precursor btmgolymer9 (M, = 54.3 kg/mol).
The negative deviation df5 compared t® is within the uncertainty of measurement of
the SEC setup.

The degree of conversion was determined to DC %48y *H-NMR. It has to be noted
that the determination of the degree of conver$morthis polymer is nearly impossible
(i.e. the error is high) due to the low molar frant of the polyhydroxy segment
respectively the of the azobenzene segment. Beasuge low functional content the
integral in the 1H-NMR spectra carry a low sigmainbise ratio. The weight fraction of
the azobenzene-containing block was calculated .tow6%6. This determination is
strongly dependent on the degree of conversiontlamickfore carries the same inherent
error.
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4.6  Solid state properties of azobenzene-containing pohers

The azobenzene-containing homopolymers, copolynagid block copolymers with
laterally attached azobenzene-containing side-growere analyzed regarding their
thermal behavior. Thermogravimetric analysis (TG#s performed to evaluate the
thermal stability of the upper compounds, whichmainly necessary to determine the
temperature range in which phase transitions bieréifitial scanning calorimetry (DSC)
can be investigated. DSC was conducted at a sgqmaite of 10 K/min under N
atmosphere up to 190 °C.

The glass transition temperaturesg)(given were determined at the temperature of half
heights of the respective transition. The liquidystalline to isotropic transition
temperature (clearing temperaturg) Tepresent the peak maximum of the transition.

In addition to DSC experiments, liquid crystallimesophases were also investigated by
polarized optical light microscopy (POM) and X-rdiffraction (XRD). In the latter a
temperature controlled Guinier diffractometer systaith Cu-Ko (L = 1.541 A) was
used. Powder diffractogramms were recorded usipilagy tubes with a diameter of
1.5mm or 2.0 mm. The samples were first heate®Q0c above J for 1 h and
afterwards annealed for 1 h atJ' T < T prior to the measurements.

4.6.1 Methoxy azobenzene-containing homopolymer Il

OMe

The thermal behavior of homopolymigl, as analyzed by DSC, exhibits two detectable
transitions (Figure 4.22). Upon heating the polymedergoes from a glassy statg €T
92 °C) into a liquid crystalline phase with a clagrtransition at Tci = 156 °C. The
enthalpy of the LC to isotropic transition A4 = 15.5 J/g. Upon cooling the isotropic-
liquid crystalline transition shows a small sup@latg of 7 °C and the glass transition is
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shifted by 5 °C. This shift in the transition temgit@res is very low for side-group liquid
crystalline polymers, often much higher temperatiifierences are observ€g®

152<C
91
‘_—-T——
S —
86T ﬁ\
T N

heatflow (endo up)

145<C

S50um

0 20 40 60 80 100 120 140 160 180
T/T

Figure 4.22: DSC traces of second heating andrgpat 10 K/min under Nwith insets of POM images
between crossed polarizers of methoxy azobenzemgioing homopolymell on cooling
from the isotropic phaseight: batonnetsteft: Schlieren texture.

Further confirmation of the liquid crystal phasesvestablished through polarized optical
light microscopy (POM). On cooling from the isotrogphase, that appeared black,
birefringent textures became apparent. Forat first batonnets formed that developed
into Schlieren textures on further cooling (Figdt22). The latter texture did not change
upon further cooling and was still apparent afteoling below the glass transition
temperature. Thus a glass with a liquid crystalbnger was obtained.

In general, the Schlieren texture cannot be clestthibuted to a specific liquid crystalline
phase, i.e. nematic as well as smectic mesophaag®xhibit this structure. In contrast
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the development of batonnets at the beginning wifute formation is a proof for a
smectic mesophase. A nematic mesophase is expgeatedibits initially a dropletS™”

Powder X-ray diffraction (XRD) pattern ¢fi was recorded in the liquid crystalline state
at a temperature of 120 °C using a Guinier setugato further information on the liquid
crystalline phase. In this case, the powder was lieated above the clearing temperature
(170 °C) for 1h to densify the material in the géantube. Prior to the XRD
measurement the samples was annealed for another dimve the glass transition
temperature at 120 °C at which the measurementuaraducted.

In the wide angle range the diffractogram show&r@ad halo around= 10° that is
attributed to the amorphous polystyrene backbortesmall angles two reflection are
detected. A sharp reflection @t= 1.48° followed by a stronger reflection tat 2.95°.
These signals can be attributed to the first-orddrseecond-order reflection of a smectic
layer distance because they match equation (4a8)ighthe necessary condition for the
existence of a smectic mesophase.

9100 . 9200 ~1:2 (43)

The layer spacing (d) that corresponds to thedectains can be calculated using the
Bragg equation (4.4) and is determined to 29.9 A.

A= Zdhkl sin @ (44)

9,95

intensity/a.u.

1| 1,48

er

OMe

Figure 4.23:  XRD diffractogram of methoxy azobereeontaining homopolymdil at 120 °C Ift);
model and chemical structureltif (right).
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For side-group liquid crystalline polymers sevepaksibilities for the formation of a
smectic A mesophase exi&?°Y! Figure 4.24right shows four possible structures. The
polymer backbone can be confined between the stnéxgers (a and c), or can be
randomly distributed and is only partially affectieg the smectic order (b and d). In the
first case the polymer backbone has to be takenaotount for the calculation of length
of the mesogenic side group, in the latter caséb#tobone is excluded. The mesogenic
side-groups can be partially (c and d) or fullyagad b) interdigitated depending on the
polar end groups of the mesogen.

>IT5T Sad
100000909090
e~ W
009000009000 d

mtmm;‘

e

(c)
Figure 4.24:  Smectic A phases exhibited by sidexgmpolymer?®!

Polymers with methoxy substituted mesogenic umeitsl tto show a grater overlap in the
interdigitated smectic phases than cyanobiphenytaioing polymers that are known to
form partially interdigitated smectic phas&d! For Il the estimated length of the
mesogenic side-group with polymer backbonke=28.8 A or without polymer backbone
l, = 23.2 A. Considering the layer distance deterchiog XRD (d = 29.9 A) and a fully
interdigitated SmA phase with the polymer backbooefined between the smectic layers
(Figure 4.24, a) seem reasonable as well as pariméerdigitated SmA phase with an
isotropic polymer backbone structure (Figure 4d4,

This characterization is in agreement with reskdimorted by Imriest al. on a analogous
azobenzene-functionalized homopolyfér.They described the phase behavior as g
76 SmA 145 i. The increased transition temperat(@és SmA 152 i) found in this work
for homopolymerll might be due to the higher molecular weight o$ thomopolymer.
While the polymer reported in literature exhibianolecular weight of IYI= 37 kg/mol

the molecular weight dfl is more than three-fold (M= 120 kg/mol).
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4.6.2 Methoxy azobenzene-containing polymers with two diérent spacer lengths

C H2)>< (C H 2)y Iv

o
X

The azobenzene-functionalized polymdY¥sVI contain two different spacer lengths
each. The mixture of spacer lengths was used tardipacking of the mesogens and to
reduce the order of the mesophase. Thermal chamatien by DSC revealed a glass
transition as well as a liquid crystalline to isgtic transition for each copolymer in this
series. Second heating DSC traces are shown ine=g@5 in comparison to the above
described homopolymell . The detected clearing temperatures were 156I%, (
152 °C ¥) and 142 °CV/I). These temperature decrease with increasing geenamber
of methylene units in the mixed spacers thus(x = 4; y = 6) has the highes{ Whereas
VI (x = 6; y = 8) exhibits the lowest,TThe glass transition temperature shows the same
decreasing trend ranging from 105 °C Iifgrto 92 °C forVI. The heat capacity change in
these (second order) phase transitions is very [blae inset in Figure 4.25 is an
exemplary magnification of the glass transitiondf. The parallel lines are used to
determine the height of the glass transition. Gtemssition temperatures given resemble
have heights of this step. The decrease of the ¢lassition temperature with increasing
average spacer length for the homopolymers isbated to an internal plasticization
effect of the side chain on the polymer backbonsiag-group liquid crystalline polymers
which is commonly fount”"*® The LC-isotropic transition enthalpy of variesrfro
5.8 J/g forVI to 15.5 J/g fodll . No trend is apparent in these values but allheté
transition enthalpies are in the range of smecticsotropic transitions. However, for a
nematic-isotropic transition lower values wouldexpected.

o MN<
o ol<
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Figure 4.25:
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DSC traces of second heating of mgtl@aobenzene-containing polyméils andIV-VI at
10 K/min under N with inset magnified glass transition step\éf The parallel lines should
indicate how the glass transition temperature Htheéghts of the transition is determined.

The optical characterization &¥-VI (see Figure 4.26) revealed the same characteristic
Schlieren texture as observed fdr albeit it is much finer structured and as notyfull

developed.

In contrast td in the serie$V-VI no batonnets were observed upon cooling

from the isotropic to liquid crystalline phase. 8an as described for the functional

polymer il

, the Schlieren textures were apparent even at neomperature, below the

glass transition temperature of the polymer. Noctusion concerning the mesophase
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could be drawn from the POM images alone, althatghreasonable to assume the same
smectic mesophase for all functionalized homopohgtieVI .

Figure 4.26:  Light microscopic images taken betweeossed polarizers of the methoxy azobenzene-
containing polymersV (top left), V (top right) andVI (bottom middie) at 120 °C.

To gain further information about the mesophasi®/é¥l XRD pattern were recorded in
the liquid crystalline phase at 120 °C utilizingrgdes similarly prepared as described
above for functional polymell . In Figure 4.27 the diffraction patterns Bf-VI in
comparison tdll are shown. Significant reflections and the respeatalculated layer
distances are given in the inset.

The typical reflection in the small angle regiamdicating the first order (100) and second
order (200) of the layer distance as describedlforconfirm the existence of a smectic
mesophase for the azobenzene-containing polyivekd . The smectic layer distance
increases with increasing average number of matbylmits in the mixed spacers from
24.6 AforlV (x=4;y=6)to 27.6 A folI (x = 6; y = 8) in this series. As expecteét
with the longest spacer combination exhibits tlghest layer distance.
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X y|(100) (200) d/A

i 8 -11,48 295 29.9
IV 4 6179 359 246
V 4 8|172 346 256
8160 321 27.6

intesity/a.u.

Figure 4.27:  Stacked XRD diffractograms of methazpbenzene-containing polymi#r andIV-VI at
120 °C.

The results obtained f&f andVI are in agreement with results reported by Iretia. on

a analogous azobenzene-functionalized copolfiflerThey reported series of
azobenzene-functionalized copolymers with mixtusé®ight-membered spacers while
varying the other from y = 3 to y = 12. For the dowmation x =4 and y = 8, comparable
to V, and x =6 and y =8, comparable \tb, they described the phase behavior as g
76 SmA 137 i and g 78 SmA 144 i. As discussedHherfunctionalized homopolymi

the polymers described in literature exhibit pdgtidower transition temperatures
compared to the copolymers in this wMk(g 99 SmA 152 i) an¥l (g 92 SmA 142 ).
Again this observation is attributed to the muclghler molecular weight of the
copolymers presented heré: (M, = 87 kg/mol;VI: M, = 161 kg/mol) compared to the
polymers described by Imriest al.(x=4, y=8: M,=37kg/mol; x=6, y=8:
My = 42 kg/mol).
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4.6.3 Methoxy azobenzene-containing block copolymers witRMMA matrix

The methoxy azobenzene-containing diblock copolywfeseries6 consists of three
polymers with the spacer length x =6&), x = 8 Gb) and x = 10 §0).

block H
a b
oo

?

((I:Hz)x

9] 6l a b c
© x| 6 8 10
_N

N/
OMe

The thermal behavior of all diblock copolymers veeamined by DSC under the same
conditions as for the homopolymers. Second hedliB8§ traces are shown in Figure
4.28. All diblock copolymers of serie6 exhibit a clearing temperature of the
functionalized azo block ¢KAzo0)) in the range of 142 °C6¢) to 152 °C 6a). The
Tu(Azo) of the homopolymelll (T(Azo) =152 °C) is 10 °C higher than for the
respective diblock copolymdib with the same spacer length (x = 8), featuringdhme
number of repeating units (ru = 245). The low fhight be due to the lower degree of
conversion oféb (DC = 86 %) compared thl (DC =95 %) or the confinement effect
imposed by the microphase separation in the diblombolymer. Positive as well as
negative deviations in the liquid crystalline t@ti®pic transitions temperatures have
been observed in azobenzene-containing homopolyrards their respective block
copolymerd®1151%3 another explanation might be the significant ompriof the glass
transition of the functionalized block with the ggatransition of the PMMA segment that
might cause the shift to higher temperatures.

In the series of the diblock copolymess the temperature of the liquid crystalline to
isotropic transition decreases with increasing sp&ngth as observed for the polymers
IV-VI . The clearing transition enthalpy increases dyghith the spacer length thus, a
rising order of the respective mesophase mighnteated. Ultimately, the value of the
transition enthalpy is an indication for a smegpth@se as described for the homopolymers
l1I-VI . Mostly two glass transitions were detected foe tunctionalized diblock
copolymers6, although the determination is not always possi{ak in6b) due to the
similar glass transition temperature range of #gments that results in a significant
overlap. The glass transition of the azobenzenetiomalized block (§{Azo)) could be
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detected in all block copolymers. The decreasehefglass transition temperature with
increasing spacer length for the block copolymeratiributed to the plasticizing effect of
the side chain on the polymer backbone of sidenchquid crystalline polymers, as it
was observed for the homopolymétsVIl /77988 The glass transition of the PMMA
block (To(PMMA)) is detected at & 127 — 128 °C and is in good agreement with the T
observed for anionically polymerized PMMA This valis higher due its syndiotactic
content compared to PMMA obtained from free radprdi/merization.
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Figure 4.28: Second heating DSC traces at a lgeedie of 10 K/min under Nof methoxy azobenzene-
containing diblock copolymer seriés

All block copolymers6a-c exhibited birefringence below the clearing poinhen
examined under the polarized optical microscopycdntrast to the homopolymels
andIV-VI , the block copolymer6a-c failed to produce an identifiable liquid crysta#i
texture upon cooling or annealing below the clegatemperature. This is attributed to the
confinement effectin the phase separated blocklgoprs and the higher viscosity of the
block copolymers compared to the homopolymer oatyirg from the MMA block.
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XRD diffractograms of the functionalized block cdpuers6a-6¢crecorded at 120 °C are
shown in Figure 4.29. Values of the (100) and (2@f@lections as well as the respective
layer distances are shown in Figure 4.29. In th#evangle range the block copolymers
show the previously described halo arourid=10°, that is caused by the
polyhydroxystyrene backbone. In addition, a sedoald was found & = 7° that can be
attributed to the amorphous PMMA bloé¥! 6a and 6b exhibit two signals at small
angles corresponding to the first (100) and secoma®r (200) of the smectic lattice
distance although the intensity decreased comp#&ethe homopolymerll as a
consequence of the overall lower concentratiorhenkilock copolymer. FaBc the first
order signal is not clearly detected because drsady superimposed by the tail of the
primary beam thus the layer distance was calculatdg from the (200) signal. The
corresponding layer distance increases as exp&gthdncreasing spacer length of the
block copolymers as shown in Figure 4.29 from 26.®r 6a (x = 6) to 34.0 A for6c

(x = 10). The layer distance féb (x = 8) is 30.6 A and thus slightly higher tham foe
respective homopolymél (29.9 A) but within the measurement accuracy.

7 block H
a b
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@ (100)  (200) 0
> (cI:Hz)x
2 o
o X (100) (200) d /A
= 6l a b c
6a 6 1.68 3.35 26.3 16 & 10
N
6b 8 1.44 2.89 30.6 N*
6¢c 10 - 2.60 34.0
T T T T T T T T OMe

Figure 4.29:  XRD diffractograms of the methoxy la@ozene-containing diblock copolyméta - 6cat
120 °C.

The weight fraction of the azobenzene-containiragklin all block copolymers is in the
range ofwa, = 50 to 54 wt%. Due to the fact that the whole seias based on the

functionalizable block copolymefc the different weight fraction are only based oa th
degree of conversion and the spacer length ofttheteed chromophores.

93



Azobenzene-containing block copolymers

The bulk morphology of the functionalized block obpners was investigated by
transmission electron microscopy (TEM). SamplesT®&M measurements were obtained
by dissolving the block copolymers in THF at a camcation of 7 wt%, filtering the
solution through a PTFE filter (0.5 um) into a glags and slow evaporation of the
solvent over one week. The polymer films were driader vacuum (approx. Tonbar)
for one day at room temperature. Subsequently ithves fwere annealed in the liquid
crystalline phase at 140 °C and 130 °C for 12 hhdaefore slowly cooling to room
temperature within 6 h. Thin cuts of the sampler{b{) were prepared with a microtome
and placed on carbon grids. The cutting of the $asnwas conducted in the facilities of
Bayreuther Zentrum fir Kolloide und GrenzflacheiZK&) by Carmen Kunert. The thin
cut samples were stained with ruthenium tetroxRed,) vapor for 15 min to increase
the contrast between the two different blocks. Baebenzene-containing block was
stained preferentially, resulting a dark image, lavithe unstained PMMA segment
remains bright?’

TEM measurements were performed by André Grosdepdrtment of Macromolecular
Chemistry II), images foBa-c are shown in Figure 4.30. These micrographs shogse
sections of lamellar structures that are a cut gqadgular to the lamellae. The slight
blurring in the micrograph results from the partdagradation of the PMMA segment due
to radiation damage from the electron beam dutiegrheasurements>®® Due to this
effect also the lamellar dimensions obtained fréw micrographs might not reflect the
actual values. Nevertheless, the average thickokske lamellae was determined by
averaging multiple points of dark and bright laraelleach. The determined average
thicknesses of the lamellae were 31-34 nm for t&R lamellae and 21-23 nm for the
azo block lamellae in the three diblock copolym@gaste Thus all diblock copolymers of
series6 exhibit the same morphology with nearly identitesdture size. The azobenzene-
containing lamellae show a lower diameter compdaeedhe PMMA lamellae with a
difference of ~8 nm. The weight fractions do noti@&@dche volume fractions that control
the origin of the microphase separated feature. Sibe density of the azobenzene-
containing segment is expected to be higher thathit® PMMA segment, therefore one
might assume a resulting lower volume fraction led izobenzene-containing segment
compared to the PMMA segment.
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Figure 4.30:  TEM micrographs of methoxy azobenzesmaining diblock copolymerBa (top left), 6b
(top right) and6c (bottom) annealed at40 °C for 12 h and 130 °C for 12 $tained with
RuQ;; the black part corresponds to the azobenzeneicomg block.

Block copolymer serie¥ is based on a PMMA segment and a polyhydroxsytrene
segment which is functionalized with methoxy azdmere chromophores with two

different spacer lengths each.
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In Figure 4.31 the second heating DSC thermogramslaown. To visualize the glass
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expected transitions. Generally, in this series ghass transitions, one for each block,
and a liquid crystalline to isotropic transitiore@axpected.

The block copolymers with mixed spacera{/g do not show the clear trend as it was
observed for the respective homopolymers. In thrges both transition temperatures of
the functionalized block E[Azo) and Ti(Azo)) do not continuously decrease with the
increasing averaged number of methylene units efdifferent spacersa exhibits the
highest transition temperatures(Azo) = 107 °C, T, = 150 °C) ) as it was also observed
for the transitions of the respective homopolyriér However,7b features the lowest
transitions (f(Azo) = 100 °C, T, = 135 °C. This unexpected behavior might be dua to
possible deviation from the desired 1:1 ratio @f thvo different spacers.

All members of the serieZa-7c should exhibit the glass transition of the PMMA
segments ((PMMA)) as described foba and 6¢c. However only for7a this transition
was detectable atglPMMA) = 130 °C. In case ofb and7c this transition is already
superimposed by the comparable lower transitionpegatures of liquid crystalline to
isotropic transition.

All block copolymers7 exhibited birefringence below the isotropic toulid crystalline
transition when examined under the polarized optio&roscopy. In contrast to the
homopolymerdll to VI, the block copolymerg an identifiable liquid crystalline texture
upon cooling or annealing below the clearing terapge cannot be found for the block
copolymers?. As discussed for the block copolymers of se@igBis is attributed to the
confinement and the higher viscosity of the bloadpaymers compared to the
homopolymer originating from the MMA block. ExemplaPOM image taken between
crossed polarizers shown in the inset of the Figusd for7c illustrating the isotropic
phase above the clearing temperature and the ibgefrce below the isotropic to liquid
crystalline transition.
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Figure 4.31: Second heating DSC traces at a lieedbe of 10 K/min under Nof methoxy azobenzene-
containing diblock copolymer seri@swith POM images taken between crossed polarizers
for 7cat 135 °C [gft) and at 150 °Cr{ght).

The XRD diffractograms of the block copolymé&is-7c,the significant reflection as well
as the resulting layer distances are given in [Eigu32. As observed for the block
copolymer serie$ two distinct reflections at small angles as wealltao halos at wide
angles are observed. The halos can be attributée tBMMA segmentd(= 6.5°) and the
polystyrene based backbong@=10°). The block copolymerga-7c exhibits the same
trend as observed for the respective homopolyméhrdl , i.e. the smectic layer distance
increase with increasing length of the spaceng values range from 24.6 A féa (x = 4
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and y = 6) to 28.7 A forc (x = 6 and y = 8). The absolute values determioedHfe layer
spacing of the smectic polymers slightly differ fire respective members of the
homopolymer serieb/-VI and the block copolymer seriéga-7c WhereadV exhibits
the same layer distance as the respective bloc&lyoer 7a, the layer distances fof
andVI are by ~1 A shorter compared to the respectivekidopolymersb and7c.

) (100)  (200)

intensity/a.u.

X y (100) (200) d/A

7a4 6 179 3.60 24.6

7b 4 8 - 3.34 26.5

\7068 154 3.08 28.7

2 4 6 8 10 12 14
er

Figure 4.32:  XRD diffractograms of the methoxy la&ozene-containing diblock copolymeéfa-7c at
120 °C.

The weight fraction of the azobenzene-containiraglln all block copolymerga-cis in
the range ofwa, = 50 — 52 wt%. The small differences arise from tlegrde of
conversion and the composition of different spdeegth of the side-groups in the three
block copolymers. Regarding the results obtainedbfock copolymer serie§, which
features similar weight fractions, a lamellar mphase separation is expected for sefies
as well. Exemplary, a micrograph of transmissiorecebn microscopy (TEM)
investigations foi7cis given in Figure 4.33. The sample for this weeppred in the same
way as described for the block copolymers of seBied\s expected a lamellar bulk
morphology was found. The average thickness ofitlrk lamellae, corresponding to the
azobenzene-containing segment, was 22 nm wheredhitkness of the bright lamellae,
corresponding to the PMMA segments, was 34 nm. &hedues coincide with the
thicknesses obtained in diblock copolymer sefieAs observed in seriggthe lamellae
of the azobenzene-containing segment show a lowaneder although the weight

98



Azobenzen-containing block copolymers

fractions are nearly identic This observation is might kegtributed to the higher densi
of the azobenzenesntainingsegment and thus featuring a reduceldime fractior

Figure 4.33: Exemplary TEM micrographs the methoxy azobenzementainingdiblock copolymer7c
annealed at40 °C and 13 °C for 12 h eachstained with Ru@ the black part correspon
to the azobenze-containing block.

4.6.4 Methoxy azobenzene block copolymers with PS matr
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The diblock copolymed2a, L are diblock copolymers with PS matrix and a funsaic
PS segment contairgrazobenzene chromophores with the spacer lenftk = 8 (12a)
and x = 10 12b), respectively. Second heating traces ofDSC analysis of the methox
azobenzeneeontaining diblock copolymeil2 are shown in Figure 34. In contrast to the
diblock copolymer serie§ and7, only one broadjlass transition is detecteTaking into
account the results obtained for diblock copolymer$a-6¢ it is reasonable tassume
that the only one glass transition is detected lethe ;s of theazobenzer-containing
segment (§{Azo)) and the PS matri(T4(PS))are superimposeéor theazobenzene-
containing block in6b and 6¢ the Ty(Azo) of the functionalized bloc were 93 °C §c)
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and 101 °C gb) respectively and commonly polystyrene homopolysrexhibit a glass
transition (PS) around 100 °C. Since the functional segmenliltbck copolymer$b

to 6¢c with PMMA matrix are similar, the detected clegritemperatures fatl2aand12b
can be compared. The valuelda (T, = 143 °C) is in good agreement with the clearing
temperature obtained fdb (T¢ = 145 °C), wheread2b (T, =135 °C) is shifted by
~7 °C to lower temperatures. This deviation as wasllithe broad liquid crystalline to
isotropic transition peak can be explained by tleelenate degree of conversion that is
63 % for diblock copolymet2b and thus, significantly lower than féc with a degree of
conversion of 86 %.
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Figure 4.34: Second heating traces from DSC akatitg rate of 10 K/min under ,Nof methoxy
azobenzene-containing diblock copolymer setigs

The XRD diffractograms of both methoxy azobenzemataining diblock polymers with
PS matrix12 are given in Figure 4.35 together with the valokthe detected reflection
as well as the respective layer distances. Botlockbcopolymers show the broad halo
around6 = 10° that is caused by the amorphous polystyssagments as well as the
polystyrene based backbone of the functional segri@g the block copolymer with an
eight-membered spacer, exhibits two distinct réibes in the small angle region that
correspond layer distance of 29.6 A. This distaiscén agreement with the distance
determined for the respective homopolyrtier(29.9 A) with the same spacer length
contrast,12b shows only one reflection in the small angle ragitf the signal is
interpreted as a first order signal the resped@ice distance could be calculated to
19.6 A. This uncharacteristically low value mightiginate from the low degree of

conversion (DC = 63 %) that might not result inlffutxtended mesogenic side-groups.
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The formation of smectic mesophase with a tilt angfl the mesogens may also explain

this observation.
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Figure 4.35: XRD diffractograms of the methoxy aaebene-containing diblock polymers with PS

matrix 12aand12b at room temperature.
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Comparison of all methoxy azobenzene-containing polymers

For easier reference and as summary the thermalnasbphase properties of all
methoxy azobenzene-containing homopolymers, copaignand block copolymers are
given in Table 4.7.

Table 4.7: Thermal data of all methoxy azobenzem#aining homopolymers, copolymers and block

copolymers
samples R  y? T4(Azo0)” T4(PMMA) © To (AH)? d(SmA)?
°C °C °C (J/g) A
homopolymers and copolymers
1] 8 - 92 - 152 (15.5) 29.9
v 4 6 105 - 156 (10.0) 24.6
Y 4 8 99 - 152 (14.5) 25.6
VI 6 8 92 - 142 (5.8) 27.6
block copolymers
6a 6 - 101 128 152 (5.9) 26.3
6b 8 - 100 n.f. 145 (6.3) 30.6
6¢C 10 - 93 127 142 (6.6) 34.0
7a 4 6 107 130 150 (5.2) 24.6
7b 4 8 100 n.f. 135 (4.3) 26.5
7c 6 8 105 n.f. 141 (5.5) 28.7
XA To(Azo)” T(PSY To (AH)? d(SmA)?
°C °C °C (J/g) A
12a 8 - 106 106 143 (7.4) 29.8
12b 10 - 104 104 135 (4.9) 19.6

a) number of methylen units in spacer; b) glasssiten temperature of the functionalized blockgtdss
transition temperatureof the PMMA or PS block,:mbt found; d) T;: clearing temperaturé\H: transition
enthalpy, determined from second heating thermogragn DSC with a scan rate of 10 K/min under
nitrogen; e) distance of the smectic layer spaditgrmined by XRD
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4.6.5 Cyano azobenzene-containing block copolymers

block H
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P/ 13a - 13b
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The diblock copolymerd3a and13b contain a cyano azobenzene chromophore that is
attached to the polymer backbone via an ester dgek&8oth polymer have the same
chemical structure and block composition (see d@rapt5.5) but differ in molecular
weight.13bis used for the following discussion.

DSC traces of second heating and cooling are showfigure 4.36. The insets show
POM images taken between crossed polarizers ampetature of 155 °C (right) and
122 °C (left), respectively. On heating as weltasling only one broad transition can be
observed. The heating thermogram might be intezdras a glass transition temperature
of an aged sample as indicated by the “excess paak35 °C, which would result in
Tg~ 130 °C. However, the POM images have to be takBnaccount. At temperatures
below 130 °C a birefringent phase is evident teasignificantly reduced in brightness
upon heating above 135 °C, even though the imagesiat become dark at elevated
temperatures. This effect might be attributed shear induced birefringence that did not
relax fully due to the high viscosity of the samplde observation, that the possible
clearing transition is hardly detectable as welthesglass transition of the functionalized
block (T4(Azo)) cannot be determined might be attributedote weight fraction of the
functionalized block which is only 22 wt% faBb.

Considering this observation, it is reasonablenterpret the transition observed in the
DSC traces as a superimposition of the glass transdf the matrix, expected around
127 °C, and a liquid crystalline to isotropic trdiem of the azobenzene-containing
segment with a maximum aboug ¥ 135 °C.
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Figure 4.36: Second heating and cooling DSC trates heating rate of 10 K/min undep Bf cyano
azobenzene-containing diblock copolyni@b. Insets are POM images between crossed
polarizers ofL3b at 155 °C (ight) and at 120 °Cléft).

The XRD measurement at 120 °C, i.e. in the tempezatange of the liquid crystalline
phase, is given in Figure 4.37. The sample waseheat 140 °C for 1h and annealed at
120 °C for 1 h prior to the measurement at the stemgperature. No distinct signal is
visible in the small angle region thus renderingn@ectic mesophase improbable. Two
superimposed broad halos can be detected a®enBl5° andd = 9°. These signals are
caused by the PMMA matrix6(= 6.5°) and the polystyrene based backbone of the
functionalized segmen®E 9°). The higher intensity of the former halo gmared to the
diffractograms obtained for diblock copolymer sereand 7 is caused by the higher
weight fraction of the PMMA segment in the casd 8ib.

Based on the above described resul®)) is assigned to a nematic phase because no
indication for a smectic mesophase was evident.
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Figure 4.37: XRD diffractogram of the cyano azamre-containing diblock polymers with PMMA
matrix 13bat 120 °C.

The morphology of the diblock copolymel8 was investigated via TEM analysis, both
contain a 22-23 wt% of an azobenzene-containingkbld@he thin cut samples were
prepared and stained with Ry@ increase the contrast between the two segnants
reported for the TEM images of the diblock copolyseriess and7. The only difference
was the annealing temperature which was set tdCZ0r 24 h. The resulting images are
shown in Figure 4.38. For the block copolymer wiitle higher molecular weigtit3b
(M, =84.1 kg/mol, ruw,, =61, ripuma = 455) a cylindrical morphology can be clearly
identified. Areas of cylinders cut perpendicularthe long axis that form a hexagonal
packing are visible. Cylinders cut along the loxgsare also found. In contrast for the
diblock copolymer with the lower molecular weigh®a (M,, = 33.6 kg/mol, ru, = 19,
rupmva = 241) the morphology cannot be clearly identifidtevertheless, the formed
structures seem to exhibit smaller dimensions coetp13b. Unfortunately, no images
with a higher magnification could be obtained floistsample due to significant blurring
caused by radiation damage. However it is reasenabhssume the same morphology is
present that was found faBhb.
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Figure 4.38: TEM images df3a (top) and13b (bottom left and rightannealed at 1:°C for 24 h,
stained with Ru@ dark areas correspond to tazobenzeneentainingsegment, bright
areas to the PMMA

The triblock copolymefl5 contains eazobenzene-containirsgggment, a PEHMA midd
block and a PMMA matrixirom the preursorl14 the repeating unitwere determined t
lUptes = 16, rpepma = 65 and emma = 469.
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Analysis of the thermal properties via D{(see Figure 4.39)evealed only the glas
transition of the PMMA matrixat a temperature of 12€ on heating. This is ni
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unexpected considering the block copolymer composi{A:B:C = 1:4.1:29.5). Th
fractions of the functionalized segment as well asRE&IMA middle block are much 1

minor to be detectable in the thermogra
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Figure 4.39: Second heating and cooling DSC tracea heating rate of 1K/min under M of cyano
azobenzeneontainingtriblock copolymerl5.

The cyano azobenzementainingtriblock copolymer with a PEHMA middle block anc
PMMA matrix 15was analyzed via TEM. An example of the resultimgges is given
Figure 4.40 The present bulk morphology is not easily idesdif On the basis of tf
obtained images a cylindrical morphology of tlazobenzeneeortaining block is
assumed. The PMMA and the PEHMA segment cannotistenguished therefore r
conclusion can be drawn if the PEHMA form a shediund the cylinders or if any kir
of other possible morphology is prese

Figure 4.40: TEM images o015 annealed at 120 °C for 24 h, stained with Rudark areas correspond
the azobenzereontaining segment.
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4.7  Holographic experiments

Holographic measurements were performed by Dr. HuBedorff at the Bayreuth

Institute of Macromolecular Research (BIMF) in thamework of the Collaborative

Research Center 481 (Sonderforschungsbereich (8BB) by the German Research
Council (Deutsche Forschungsgemeinschaft, DFG).

Two s-polarized plane waves at 488 nm with an sitgrof each 1 W/cfare brought to
interference in the plane of the sample. Due tcsthgoolarization a light-intensity grating
is generated in the material. Reading was perforateg85 nm, which is well outside of
the absorption of the azobenzene chromophore. Eh@rholographic experiment, the
diffraction efficiency is obtained. The refractivedex modulation,  was calculated
according to Kogelniks theory. For details see expental part, chapter 6.1.1.

In Figure 4.41 a typical temporal evolution of tledractive index modulation is shown.
An important parameter determining the speed ofwhéng process is the slope near
t = 0s. This maximal slope is proportional to tleastivity of the azobenzene-containing
material (see 6.1.1). Other important parametasjpis the maximum refractive index
modulation (Amax) that is reached at the timgyt, commonly the writindaser is switched
off at this point;b) is the 90% value ofipax and corresponds to the timg.4 c) is the
value of n after initial relaxation (), this value is used to determine the evolution of
n; after writing laser switch off. For further detagee chapter 6.1.1.
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Figure 4.41: Typical temporal evolution of theraetive index modulation at room temperature with
indication of obtained values.
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4.7.1 Holographic experiments on thin samples of methoxgzobenzene-containing
polymers

In this chapter the following questions will be aslsked using azobenzene-containing
polymers:

1. influence of sample preparation (annealing vs. gheg) on holographic
behavior,

2. temperature dependency of the holographic writig@ss and stability of the
holographic gratings,

3. influence of spacer length on holographic behavior.

4.7.1.1 Influence of sample preparation of methoxy azobenpe-containing
homopolymer
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In the first set of holographic experiments thduehce of the smectic mesophase order
on the holographic behavior was investigated. Qtmsig the inherent order of the
smectic mesophase it can be assumed that theatitenof the chromophores requires a
higher amount of energy than in a non isotropic ganfsee chapter 4.1). To study this
influence samples were prepared in two differenysmdenoted as (i) and (ii). For this
thin film of the azobenzene-containing homopolyrierwere prepared by spin coating a
7 wt% solution in THF at 2000 rpm onto a cleanedsgl slide. The resulting films
typically featured a thickness of 0.6-1.6 um. Feerg hologram, the film thickness was
measured with a profilometer (Veeco Dektak 15880) To remove residual solvent the
thin films were annealed at 80 °C for 1h. The pdoces for the subsequent sample
preparation are shown schematically in Figure 4.42.
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(A) Smectic samples featuring multidomains were pegpary heating the films into the
isotropic phase (T>E.is) for 15 min and subsequent annealing of the sanple
Ty < T <Tciso- In the case of azobenzene-containing homopolyitheannealing was
carried out at 150 °C for 1h and at 120 °C for 2h.

After cooling to room temperature this procedurelded glassy samples with smectic
order, from now on denoted as “annealed’. Formatodnthe smectic phase was
confirmed via POM. Images between crossed polaizaowed the expected Schlieren
texture as described in chapter 4.6.1.

(B) Amorphous samples were prepared by heating upetesotropic phase (Tx&.iso) for

15 min. The formation of the smectic mesophase pvasluded by rapidly cooling the

samples below the glass transition temperaturéeh@fpolymer. This was achieved by
placing the slides on a copper cylinder (r= 5 cm,25 cm) standing in liquid nitrogen.

Thus amorphous samples were obtained that appdar&doetween crossed polarizers.
These samples are denoted “quenched”.
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isotropic melt

(B) rapid cooling below T,

(A)annealing T=T,,,-5°C

!

isotropic glass

Figure 4.42: Schematic representation of the pegjpm of smectic samples of Il as well as
amorphously quenched samples. Below: POM imagesveleet crossed polarizers of

samples of the methoxy azobenzene-containing holymgo 1. left: annealed at 130 °C
for 1 h (d = 0.69 um)ight: amorphous quenched sample (heated to 170 °Cyaqudled

below Ty on copper bock in liquid Nd = 0.69 pm).
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The temporal evolution of the refractive index miation was recorded for annealed and
guenched samples df at room temperature. The respective curves amngiv Figure
4.43. The writing beam was switched of when theimarn refractive index modulation
(Nmax) Was reached. The refractive index modulationathlcurves is zero at t=0. The
fact that the curve for the annealed samples sairts = 2.2x10° is caused by the
experimental setup whereby the recording starts=d1.5 s, yielding an initialsnwhich is
higher than zero.

If the order of the mesophase hinders the reotientaf the azobenzene chromophores
in the sample, the sensitivity of the smectic sas@hould be lower compared to the
amorphous sample.

The sensitivity is proportional to the slope of tieenporal evolution of the refractive
index modulation near t=0. From the inset in Figdrd3 the area of interest can be
compared. The initial slope of both curves is neatkentical thus the sensitivity in an
early stage of both samples does not differ toeatgextend. This result indicates that the
mesophase of the smectic sample does not havdlaanice on the holographic behavior
of the azobenzene-containing polymer.

However, the absolute values of the maximum refradndex modulation as well the
respective time to reach these values are indepdnded on the inherent order of the
azobenzene chromophores. The annealed sample texaibigher maximum refractive
index modulation (fimax)= 8x10°%) compared to the quenched samplgnh) = 6x10°).

On the other hand the writing time until this maxmmis reached is more than double the
time for the annealed samplen{t=202s) compared to the quenched sample
(tnax=71's). A much greater difference in is expedtefdrealigned liquid crystalline
sample are be used. In a monodomain the directoibiéx a macroscopic orientation
thus, the reorientation in the irritated area wonddult in a very high diffraction index
difference between the irradiated and non-irradiaeas. Although in the initial sample
multidomains were present that do not normally slaovoverall director orientation, the
domain size might be high enough to explain thesased refractive index modulation in
the sample.
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Figure 4.43:  Temporal evolution of the refractivdex modulation at room temperature for annealed
(130 °C for 2 h) samples (left) and a amorphousigregched samples (heated to 170 °C,
rapidly cooled below Jon copper bock in liquid §)l of the methoxy azobenzene-containing
homopolymeilll . Time of writing laser switch off is indicated byrows.

4.7.1.2 Influence of writing temperature for methoxy azoberzene-containing
homopolymer

Stumpe et al.?® investigated thetemperature dependence of the laser induced
birefringence in smectic polyacrylate based copeiynwith mixtures of cyano
azobenzene chromophores and cyanobiphenyl or Nefharybenzylidene)-4-
butylaniline mesogens. In contrast to a holograghijeeriment in this kind of experiment
only one laser beam is used to photoorient the nsbphores in a sample thus, no
overexposure is possible and the expected refeadtdex difference between irradiated
and non-irradiated area is higher. An increasehotgorientation at writing temperatures
above the glass transition temperature was fountledisas an increase in photo-induced
birefringence. The photo induced birefringence éased aboveywith a maximum at a
temperature ~20 °C below the clearing temperatndedecreased again until the clearing
temperature was reached. Notably, for all polynibes orientation was not stable and
decayed after the irradiation was stopped. Abowe glass transition temperature full
thermal relaxation occurred within 50 sec.

Wendorffet al. ?°® presented a nematic (g 28 SmA 96-98 N 130-134li)gurylate with

an ethoxy azobenzene chromophores as well as speateve cholesteric (g 27 SmA 83-
85 N* 127-128 I) copolymer with a mixture of theohenzene chromophore and a
cholesteryl-based mesogen. They studied the influei the light intensity as well as the

writing temperature in a holographic experimentignificant increase in the diffraction
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efficiency with increasing temperature from 80 ) TC was found. Nevertheless in both
polymers the inscribed gratings vanished in a mattseconds due to thermal relaxation
in the system although liquid crystalline phasesewswesent. The rate of relaxation also
increased with increasing temperature.

lkeda et al.”° investigated the holographic behavior of nematity(meth)acrylate
based copolymers with mixtures of nitro azobenzeheomophores with tolane or
cyanobiphenyl mesogens. Higher diffraction efficigrand very low writing times were
observed at writing temperatures above the glasssition temperatures. The thermal
relaxation occurred on the same time scale thustalgle gratings were obtained in the
liquid crystalline temperature range.

Smectic photoaddressable block copolymer systessdoan a methyrylate segment with
a cyano azobenzene chromophore and a PMMA matrie weestigated by Alcalét
al..’®8 As observed by the other groups for homopolymedsampolymers they found an
increase of photo-induced birefringence with insne@ temperature up to 70 °C, i.e.
~16 °C above Jof the azobenzene-containing segment. At 90 °@Giredringence could
be induced although the clearing temperatures determined around 150 °C.

The low refractive index modulation obtained atmotemperature indicates that the
photo induced orientation of the chromophores isufiicient. The mobility of
azobenzene units should increase with temperahdeadaster photo-orientation should
be achieved (faster birefringence growth rate)gtdr temperatures.

To investigate the influence of the writing tempera on the holographic properties the
temporal evolution of the refractive index modwati was recorded at different
temperatures from 20 to 120 °C in steps of 20 guife 4.44). The maximum refractive
index modulation increases with increasing tempeeatip to 100 °C from ipax= 0.01
(20 °C) to Amax= 0.03 (100 °C). From 100 °C to 120 °¢ng decreases significantly and
resulting in a lower fax than recorded at 20 °C. A radical change in thiedraphic
behavior is evident in the temperature range ar®Mh8C. Below 80 °C the refractive
index modulations drops slightly immediately aft@rtching off the writing beam due to
relaxation processes. At a temperature of 80 °Chégiter, refractive index modulations
exhibits postdevelopment (i.e. the refractive indeadulation increases although the
writing laser is switched off). In the temperatueege up to 80 °C the writing process
was stopped at 500 s without reaching the maxinadiev For 100 °C a significant
reduction of the writing time can be observed, ebgrn naxis already reached after 40 s.
At 120 °C tax lowered to 10 s but also theaxis lower by the factor of six compared to
writing at room temperature.
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These results indicate that a substantial oriemtadf the chromophores is achieved by
writing at a temperature around 80 °C. The resulpostdevelopment indicates an
increased order into mono-domain like structuredy(diquid crystalline azobenzene-
containing polymers exhibit postdevelopment, seaptdr 4.1). The local heating
resulting from the laser beams is estimated tonbihé range of 10 to 15 &7 If this
effect is taken into account the resulting tempegati.e. 90-95 °C) is in good agreement
with the determined glass transition temperaturdl ofTy = 92 °C).

0,04
| 100 T
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Figure 4.44: Temporal evolution of refractive imdeodulation at different temperatures for thirmil
(d=0.69 um) annealed at 120°C for 2h of the hawet azobenzene-containing
homopolymetll . Arrows indicate writing laser switch off.

In previous studies the chromophores of amorphasbenzene-containing polymers
could be oriented in the solid state and the stalof the inscribed gratings decreases
when the glass transition temperature is reafffedn contrast, liquid crystalline
azobenzene-containing polymers show an increaskeothromophore orientation with
increasing temperatures even above the glass tteangemperature as described for
literature discussed above. This trend is alsorebgein this thesis for investigations on
homopolymeill . In contrast to most of the studies the hologragnatings inscribed in
thin smectic films of homopolymelll exhibited a high stability and even a
postdevelopment in the liquid crystalline temperatange.

Results obtained for the homopolymiér indicated that in this smecitc azobenzene-
containing polymer system significant chromopharerientation only occurs when the
writing temperature is in the range of the glaasgition temperature of the polymer. In a
temperature range above the glass transition tenper and below the clearing
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temperature rapid formation of holographic gratinggn be achieved that exhibit
postdevelopment at the given temperature.

4.7.1.3 Influence of spacer lengths of methoxy azobenzenertaining block

copolymers
block H ran block H
a b 0.5 05[] b
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The influence of the spacer connecting the azolmenzdromophore to the polymer
backbone was studied by holographic experimentg Tilms were prepared via spin

coating followed by annealing the samples for 2th18 °C below the clearing

temperature of the respective polymer. In orderolbdain more reliable results, the
samples were measured several times (dependinigeovatiance three to eleven times)
and the average of the experiments was calculatTable 4.8).

The high order in the smectic mesophase is atgthtd be responsible for the longer
writing times to reach the maximum of the tempaablution of the refractive index
modulation and the stability of the inscribed grgs. Therefore, the holographic
properties of annealed smectic thin films and films quenched to an amorphous state
were compared. The same procedures were used rthadesacribed before. Initially
amorphouse polymer films were prepared by heativeg Samples above the clearing
temperature (J(Azo)) and subsequent rapid cooling (quenching)owelthe glass
transition temperature {{Azo)) on a copper block standing in liquid nitrogeBy
holographic illumination with two polarized lighebms, it might be possible to induce a
liquid crystalline mesophase in the initially amieops sample$’® similar to results
reported for the low-molecular-weight compoufidd. For the annealed diblock
copolymers the maxima of the*-transitions were located in the range of 346 0346
nm as listed in Table 4.8, whereas the quencheglsarshow a small red shift. This can
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be explained by the reduced formation of the mdécaggregates in the liquid-
crystalline phase. Compared to the results obtaioethin films of lll described above
this also confirms an amorphous phase in the qeehsamplé:”

All samples of the investigated block copolymerkibited good stability of the inscribed
holographic gratings, i.e. the refractive index mlation did not decrease significantly
after the initial relaxation. The respective hokggric results as well as the thickness of
each film are given in Table 4.8.

Table 4.8: Results of the holographic experim@mnt thin films of methoxy azobenzene-containing
diblock copolymer serie® and7 at room temperature

max.an* max. nt*

block transition  transition to0%s Nigow)  MiooosiNimax  NisoooosiNaren) d
copolymer

nm nm s 10° % % pm
6a (a) 344 405 13684988 6.7+1.5 100 103 1.09
6b (a) 345 407 18561625 7.4+1.3 97 96 1.23
6¢ (a) 346 408 8929+3680 7.1+1.4 100 98 0.98
7a (a) 341 409 112411 6.6+0.7 100 97 0.91
7b () 345 403 136431 6.8+0.3 100 104 0.90
7c (a) 346 404 10274694  10.3%1.7 100 103 0.68
6a (q) 346 408 1345.6 3.4+0.5 93 nm 1.09
6b (q) 347 409 37+18.7 2.8+0.2 98 nm 1.25
6¢ (q) 347 407 688167 6.3+1.6 100 102 0.93
7c (q) 348 415 180+117 7.3x4.7 104 113 0.67

(a): sample annealed 2h 10°C below; {g) amorphous quenched sample, heated abgvand rapidly
qguenched below samples (left)

For easier comparison in the Figure 4.45 the vgitime to reach 90% of the maximum
refractive index modulationdgsy,) for all diblock copolymers are plotted. The wrgitime

tooss IN this series of diblock copolymers increasesnfi@a to 6¢. With increasing spacer
length, the tendency of the azobenzene chromophoresove independently from the
back bone rises and the anisotropy of the sidepginareases. This might cause an
increase in the degree of order of the smecticgpbasomes more stable as can be seen
chapter 4.5.3. This leads to longer writing timesl an increase of the refractive index
modulations of the annealed diblock copolymershasva in Figure 4.45.

The maximum refractive index modulation is not gigantly influenced by the length of
the spacers and, thus, the degree of order ofrtleetec phase. All annealed samples of
the block copolymers exhibit a;Rax in the range of 6.6x10to 10.3x10° with no
apparent dependency on the spacer length.
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Figure 4.45:  Time to reach 90 % of the maximumaetfve index modulatior€ft) and respective 90 %
of the maximum refractive index modulatioright) for methoxy azobenzene-containing
diblock polymers6a—7c for holographic experiment at room temperatur§: &ample
annealed (1h at 150 C, 2h at 120 °C).

Amorphous quenched samples were only investigatethé block copolymerga-6cand

7c. In Figure 4.46 the writing times and refractivedéx modulation for these
measurements are given. Comparing the resulteisdhes the writing time until 90 %
of the refractive index modulation is reacheg.t exhibits the same trends as observed
for the smectic samples although the absolute sahre significantly reduced. The
reduction in writing times is higher for the pologra with shorter spacers. Thus, the
reduction by the factor 12 is observed @mrwhereas the writing time is reduced by the
factor 100 for the azobenzene-containing block copolyméh whe four-membered
spacer6a. The block copolymer containing a mixture of twpaser lengths/c also
exhibits a reduced writing time although it is oldyver by the factor 6 compared to the
smectic sample.

The 90 % values of the maximum refractive index otation are lower in the amorphous
guenched samples compared to the smectic sampleslsas observed for the
homopolymerlll . No dependency on the spacer lengths can be @sseNevertheless
the difference to the smectic samples is lowetttierten membered spaddr and block
copolymer7c with the mixture of six and eight membered spacers

All samples of initially amorphous quenched azolegrezcontaining block copolymers
exhibit good long-term stability. Fafc a slight postdevelopment effect can be observed.
This might indicate the formation of a liquid crgine phase induced in the initially
amorphous samples. As shown in Figure 4.47, POMyéndetween crossed polarizers
of the irradiated sample show birefringence onlythe irradiated region, a possible
indicating for the formation of a liquid crystalénmesophase due to the photo-
orientation.
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Figure 4.46. Time to reach 90 % of the maximumaatfve index modulation€ft) and respective 90 %
of the maximum refractive index modulatiamght) for methoxy azobenzene-containing
diblock polymerssa—6cand7c for holographic experiment at room temperaturg. (g
quenched sample, (heated to 170 °C, rapidly cdoddalv T, on copper bock in liquid .

v\irradiated

area

Figure 4.47: POM images between crossed polariatran amorphous quenched sample (heated to
170 °C, rapidly cooled belowgTon copper bock in liquid )}l of the methoxy azobenzene-
containing block copolymerc after irradiation at room temperature. The irréetlaarea
appears bright.

In conclusion, a liquid-crystalline phase can bauiced by the holographic light grating
and stable holographic gratings can be inscribedhé initially amorphous sample, the
reorientation occurs faster leading to writing tsn@ne order of magnitude shorter as
compared to the annealed sample, whereas the treérdndex modulation does not
change so strongly. Therefore, the sensitivitygbtlincreases in the quenched samples.
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4.7.1.4 Influence of the writing temperature on thin films of methoxy azobenzene-
containing block copolymer 7c

ran block H
a b
~o" o

CHz)e (CHz)s
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0 Q

The influence of the writing temperature dependamgthe sample preparation on the
holographic behavior was investigated on azobenzentaining block copolymerc.
The diblock copolymerc featuring a mixture of a six-membered and an enghinbered
spacers. This block copolymer exhibits a smectisapbase between 105 °C and 141 °C.

As described above smectic annealed samples antplaous quenched samples were
prepared. The temporal evolution of the refractisdex modulation for a smectic
annealed thin film of7c at different temperatures (20 °C to 100 °C) isvaman Figure
4.48. On the left side the temporal evolution upt®®0 s is shown to accommodate the
exceptionally long writing time until the maximumfractive index modulation is reached
at room temperature. Both values are very high @egpto the measurements at elevated
temperatures but well within range of the varianigcussed above. At temperatures
above 23 °C the writing time as well as the maxim@inactive index modulation are
significantly reduced thus on the right side tHewvant magnification is shown. For easier
comparison the relevant values are extracted awitedlin separate graphs (Figure 4.50,
Figure 4.51, and Figure 4.52). From Figure 4.48ait be seen, that the sensitivity at an
early stage increases with increasing writing tenafoee and, thus, the system becomes
faster.
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Figure 4.48: Temporal evolution of the refractimdex modulation of an annealed (150°C for 1h and a
130°C for 2h) thin film (d = 0.67 um) aTc at different writing temperatures. Arrows indicate
writing laser switch off.

To compare the influence of sample preparationtéhgoral evolution of the refractive
index modulation for a for initially amorphously epched thin film (quenched) @t at
different temperatures (40 °C to 100 °C) is showrFigure 4.49. The times were the
writing laser was switched off are indicated byoars. For this sample the differences
between measurements at room temperature and \attezletemperatures are not as
drastic as described for the annealed sample.drfdliowing the extracted significant
values are compared to the results obtained foatimealed sample (Figure 4.56y4),
Figure 4.51 (o), Figure 4.52(Rao000sfMren)). FOr the amorphous quenched sample an
increase in sensitivity is observed as describethismecitc annealed sample.
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Figure 4.49: Temporal evolution of the refractiledex modulation of a quenched thin film
(d =0.96 pum; heated to 170 °C, rapidly cooled Wwelg on copper bock in liquid )l of 7c
at different writing temperatures. Arrows indicatgting laser switch off.

As presented before, writing times at which 90 %tleg maximum refractive index
modulation were reachedydd;) were compared and discussed. Figure 4.50 revieals
pronounced temperature-dependence of the writmg tip on a logarithmic scale. With
increasing temperature from (40 °C to 100 °C), the, decreased by two orders of
magnitude for the annealed as well as the quenshatple. At 100 °C the quenched
sample reaches @4, of 1 s whereas the writing time of annealed sarapieunts for 6 s.
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Figure 4.50: Temperature dependence of time tohré@ % of Amax Of inscribed holographic gratings
for amorphous quenched (heated to 170 °C, rapidbled below T on copper bock in
liquid N,) and annealed (1h at 150 C, 2h at 130 °C) samyfl&ise methoxy azobenzene-
containing diblock copolymefc.
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In contrast to the writing time the results for tteenperature dependence of the 90 %
value of the refractive index modulation ) do not show a clear trend. For 40 °C and
100 °C the qngo%)0f the quenchesample is higher than for the anneaathple. It can be
noted that for the smectic annealed thgon) decreases with increasing temperature. For
the quenched sample a local minimum at 60 °C isamgm although theses minor
differences in poow) Might be attributed to the variance in the expental results. For
this sample the 90 % value of the refractive indedulation is reduced by a factor 0.6
when the writing temperature is increased from 46 CO0°C.
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B quenched

N1(90%)
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Figure 4.51: Temperature dependence of the refemcindex modulation (o) Of inscribed
holographic gratings for amorphous quenched (hetateld70 °C, rapidly cooled below, T
on copper bock in liquid §j and annealed (1h at 150 C, 2h at 120 °C) sanoplés.

The temperature dependence of the temporal evolofithe refractive-index modulation
after writing laser is switched off {@ooosfNire) iS presented in Figure 4.52. For the
annealed sample the inscribed gratings are stableo@n temperature. A slight
postdevelopment is observed with increasing tentperareaching a maximum value of
122 % at a temperature of 100 °C. The amorphousnapsel samples shows
approximately the same trend, an increase of poskolement with increasing
temperature, although at 60 °C a negative deviasi@pparent that might be attributed to
variance in the measurement. In this sample thédpeslopment reaches 136 % at a
temperature of 100 °C. From Figure 4.48 and Figu48 it can be seen that the refractive
index modulation increases directly after the atitelaxation for temperatures 80 °C and
100 °C. The rate of the postdevelopment is high&0@ °C for both samples.
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Figure 4.52: Temperature dependence of refradtitex modulation of inscribed holographic gratings
4000 s after writing laser switch off for amorphaysenched (heated to 170 °C, rapidly
cooled below T on copper bock in liquid )l and annealed (1h at 150 C, 2h at 120 °C)
samples ofc.

The above described results for the azobenzenaioorg diblock copolymer indicate
that the orientation process of the chromophordaded by the holographic experiment
is facilitated by elevated temperatures. Thus théng times are drastically reduced as
well as the postdevelopment is amplified with igieg temperatures. The increased
thermal relaxation at elevated temperatures and ¢hdecrease of the refractive index
modulation after writing laser switch off that weesported by other groufy&20+-20¢]
could not be observed in this work.

Different results were obtained for the azobenzmrd@aining homopolymerlll
compared to the block copolyméc. While both showed improvement in writing times
and postdevelopment at elevated temperatures wgthifisant performance increases
around the glass transition temperatures, the wbdetrend for the refractive index
modulation are. For the homopolynidr an increase of the refractive index modulation
is observed that is in agreement with the resuliténature for the block copolyméic a
decreasing trend was observed.

The results of holographic experiments on thin dilfar methoxy azobenzene-containing
polymer can be summarized as follows.

1. Influence of the sample preparation (smectic vs. amor phous quenched):
In quenched samples the writing times as well asréifractive index modulation is
reduced while the postdevelopment is slightly esbdnThe sensitivity in the early
stage of the smectic and the amorphous quencheglesandoes not differ
significantly.
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2.

Influence of the writing temperature on thin films:

The sensitivity sensitivity in the early stage pmses at elevated temperatures.
Writing times decrease and postdevelopment is diexgbli with increasing
temperatures. Refractive index modulation increasesh temperature for
homopolymer Il and decreases for block copolym&c. Significant faster
orientation is achieved at writing temperatureshi range of the glass transition of
the photoaddressable segment.

Influence of spacer length:

Writing times increase with increasing spacer lendue to higher order of the
smectic mesophase. Mixing of two different spaesgth results in lower order of
the mesophase, and also lower writing times. Ntemice on the refractive index
modulation is apparent.
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4.7.2 Holographic experiments on thick samples of blockapolymer blends

In this chapter the following questions will be aslkked using azobenzene-containing
polymers:

1. preparation of thick samples based on blends dierzzene-containing block
copolymer and PMMA by different approaches,

2. investigation of stability of inscribed holograplyratings in these samples,
3. suitability of these samples for holographic angualtiplexing.

Volume holographic data storage with exceptiongjhhdata density requires thick
samples (>100 pm). Thick films allows one perforngla multiplexing of Bragg-type
gratings with a high angular selectivity. Due toe thigh optical density of the
azobenezene at the writing wavelength a dilutingcept is necessary, where the
beneficial cooperative effect of the chormophosemaintained. This can be achieved by
blending azobenzene-functionalized diblock copolsgneith the homopolymers of the
respective optical inert and transparent block lasws in Figure 4.53. Dilution of
photoaddressable block copolymer with the matrimmbpolymer results in a change of
morphology from lamellae via cylinders to spheréfpon further increasing the
homopolymer content the diameter of the sphere irs@nstant and only the distance
between the spheres increa&$® By blending an azobenzene-containing block
copolymer with PS homopolymer Hackel al. prepared transparent samples with a
thickness of 1.1 mm, in which angular multiplexioig80 holograms at the same spatial
position was demonstrat€d® The use of PMMA as optical inert matrix in thesenbl
has not been successfully demonstrated yet.

Azobenzene
chromophor

1>

increasing matrix fraction by addition of matrix homopolymer

Figure 4.53: Schematic representation of a confmephe dilution of an azobenzene-containing diklo
copolymer with optical inert homopolymer maintaigirihe cooperative effect in the
microphase separated confinements.
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Sample preparation methods

Several processes were investigated to produde shimples. As discussed in chapter 1.3
the optical density of the thick samples can beustdfd by diluting the azobenzene
content in a blend of the photaddressable bloclolyoper with the homopolymer of the
matrix (PS or PMMA). These azobenzene-containiregdié have to be processed into a
medium for holographic data storage. The desirezkiiess of theses samples is within
the millimeter range. Typically samples producedthis work were aimed to have a
thickness of about 1.1 mm to 5 mm. Several polym&cessing techniques will be
discussed that can be applied to produce the desmenples For all approaches the
azobenzene-containing block copolymers have toaoorg matrix that compatible with
the homopolymer used in the blend process. Chaistate data of the utilized
homopolymers are summarized in Table 4.9.

Table 4.9: Characteristic data of commercial honypers used in the blend experiments

M2 melt volume flow rate Ty

kg/mol cni/10 min °C
PMMA (Réhm) 8N 114 3.0 117
PMMA (Réhm) 7H 80 1.4 112
PS (BASF AG) 165 H 165 3.4 90

a) molecular weight of peak maximum, determinedSBC (eluent: THF) with respect to polystyrene
standards; b) 230 °C, 3.8 kg; c) 200 °C, 5 kg

Three approaches were used: the hot pressing él)cast process (B) and injection
molding (C). The injection molding and parts of tedl cast experiments were conducted
by C. Loffler.

(A) Hot-pressing is a preparation process for polymer films at a-&train-rate using high
by simultaneous application of high pressure antptratures.

(B) Céll casting is a method normally used for creating PMMA shegétssolution of
PMMA/MMA is prepared by dissolving PMMA resin ingliid MMA monomer. A
thermal radical initiator is added and this mixtig¢he poured between two flat sheets of
toughened glass sealed with a rubber gasket anéchéar polymerization. PMMA is
better suited for the cell cast process becausd’®rthe resulting specimens usually
contain bubbles and inhomogeneities that are deniah to the optical quality of the
sample.

(C) Injection molding of a thermoplastic polymer performed by feeding plolymer into
a heated barrel, melting, mixing, and pressing antmlder mold cavity where it cools and
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hardens to the configuration of the mold cavity.i®8&ore widely used this process than
PMMA due to lower viscosity of the respective maditjection molding of blend of
azobenzene-containing block copolymer and PS hageessfully been demonstrated.
(18] However, injection moldable PMMA grades are conuisdly available (e.g. 7H
R6hm; 80N Asahi Kasei) and were used in this work.

Blending experiments:

For hot pressing only experiments a blend containing functionallealblock copolymer
and PMMA was prepared. The blend was prepared dgigatating a solution comprising
98.5 wt% of PMMA (7H) and 1.5 wt% diblock copolyméc (PtBS,45-b-PMMAg7s,
M, =128 kg/mol, PDI =1.07) in THF into MeOH. Thelymer was thoroughly dried
under vacuum (~10 mbar) at 70 °C for 24 h. Thidkngi were prepared in a hot press
(Carver 25-12-2HC). The powder was melted in thesprat 170 °C for 3 min before
pressure (0.2 bar) was applied for 5 min. The pe$ém was transferred into a press at
ambient conditions and allowed to cool under sligieissure to avoid deformation of the
sample. The sample thickness was adjusted by statcke pressed films and repeating
the pressing process.

These processing conditions were not suited toym®dhick films with a high optical
quality. An example is shown in Figure 4.54.

Figure 4.54: Image of a thick film (1.5 mm) of aebtl of PMMA (7H) with 1.5 wt% of diblock
copolymer4c prepared in hot press.

For thecell casting process several parameters had to be taken ictmacand were
optimized to obtain samples with high optical quyalThe optical quality of the samples
was reduced by the formation of bubbles. Thesebeacaused by the Nemitted by the
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initiator 2,2-azobis(isobutyronitrile) (AIBN) or cabe formed at to high temperature by
the evaporation of MMA. In turn the half life tinoé the initiator is also depended on the
temperature. Thus, the amount of the initiator al as the polymerization temperature
influenced the amount of bubbles formed in the dantpesides this bubble formation the
samples often exhibited turbidity or scattering.eTdrigin of this issue could not be
determined but might be due to residual tracesobfesits or phase separation between
the block copolymer and the PMMA, although TEM ieswere inconclusive. A careful
optimization of the parameters yielded the follogvtgpical procedure:

MMA was destabilized by filtering through a shodlumn of basic alumina oxide A
mixture comprising 33 wt% of PMMA (7H) and 66 wt%MWA was stirred over 3d until

the polymer was fully dissolved. 2 wt% of cyano leezene-containing diblock
copolymer 13b were added with respect to the mixture and incafear by vigorous

stirring. 0.25 mol% AIBN with respect to the amowitMMA was added, the mixture
was homogenized and then polymerized in a silicorbath at 50 °C for 16 h. The
polymerization was completed at 80 °C for 24 h.ndsthis optimized procedure the
resulting thick sample did not exhibit bubbleswbitdity (see Figure 4.55).

block H
61 455
~o0"No

UNIVERS ©
BAYREUT
0._0

UNIVER! 13b
BAYREU

0O M, = 78.7 kg/mol
UNIVER PDI = 1.07
BAYREU

N

-
BAYREUTH BAYREU

N%
VERSIT? UNIVER ©

CN
Figure 4.55:  Typical images of a thick sample preg by cell cast with 2 wt%3b in PMMA.

Cyano azobenzene-containing diblock copolym8b as well methoxy azobenzene-
containing diblock copolyme8b based block copolymers were tested in combination
with PMMA (7H) for the cell cast process. The malee weights of the PMMA
segments and the PMMA homopolymer seemed to bee cbmough to prevent a
macrophase separation.

Large samples could easily be prepared with thik aaest process. Although it was

demonstrated that cell casting is in general suibeprepare thick samples, the cell cast

process did not yield fully reproducible sampled aamples were therefore not pursued
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for the holographic experiments that require a rogiical quality of the data storage
material.

For the njection molding process, blends based on PMMA as well as PS maitweee
used. PMMA grades 7H and 8N were tested for thetakility for the injection molding
process. 7H provided better processability despltever melt volume-flow rate than 8N
and was used for further experiments. Blends comigi8N were also prepared but this
PMMA grade requires higher temperatures duringpttoeessing thus imposing a higher
thermal stress on the azobenzene-containing polyMethoxy azobenzene-containing
diblock copolymer6b was selected for the blending process becauskeocppropriate
MW of the PMMA segment. Only a methoxy azobenzemaining polymer was used
because of the inferior thermal stability of thewey azobenzene derivatives (see chapter
4.5.5).

Different approaches were tested for the preparadio6b/PMMA mixtures that were
used for the injection molding. Powder-powder migsiwere prepared in a powder
mixer or by grinding the polymers with by mortardapestle. These mixtures were
subsequently homogenized in polymer melt mixer (DiSigh Shear Twin Screw Mixer)
at 240 °C. Alternatively6b and PMMA were dissolved in THF and precipitated in
MeOH vyielding6b/PMMA that were dried and directly used for theettjon molding.
The preparation of the mixtures significantly irfhced the optical quality of the
resulting injection molded specimen.

Thick samples were prepared by injecting the polyntend into a surface-polished mold
with a diameter of 25 mm and a thickness of 1.1 using a DACA Microlnjector. The
optimized process conditions were:

4 min melting at 240 °C, Step 1: 8 bar, 5 s; Step&bar, 2 s; Step 3: 16 bar, 8 s; dwell
pressure: 12 bar, mold temperature: 70 °C

PS 165 H was used in combination with methoxy azpéee-containing diblock
copolymerl12a using the same equipment and parameters as dataliove but at a
temperature of 210 °C instead of 240 °C.

Process temperatures were lowered from the valves g the data sheets to reduce the
thermal stress on the functionalized polymers whikgntaining the required melt flow
properties thus the optimized temperatures are°€lwer than specified. The high
processing temperatures caused polymer degradaticeome samples characterized by
black Schlieren.

Typical examples of the thick polymer samples based®MMA and PS are given in
Figure 4.56.
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Figure 4.56: Images of the injection molded sasipgRMMA (7H) with 0.75 wt%top left) and 1.5 wt%
(bottom left) of methoxy azobenzene-containing diblock copolyBteas well as PS (165
H) with 0.75 wt% methoxy azobenzene-containing atikl copolymerl12a (top right)
prepared by powder-powder mixtures.

One disadvantage of the injection molding proceshe shear stress and flow orientation
that induces birefringence in the polymer sampPf&5.This shear birefringence is
detrimental to the holographic experiments but lsarreduced by annealing the samples
inside the a polished mold for 20 h at 135-140 Y&@lar vacuum. This procedure is
sufficient to reduce shear birefringence to a laegeent as shown in Figure 4.57. Two
samples of injection molded PMMA 7H are compared.t@e left is the sample without
annealing as it was prepared by injection moldifdnis sample exhibits high
birefringence. On the right is an annealed samipd¢ shows a significantly reduced
birefringence. This annealing process and theaelaharacterization were conducted by
Dr. K. Kreger.

Figure 4.57: Images between crossed polarizergexftion molded samples of PMMA 7H befoteft)
and after (ight) the annealing process (20 h at 135-140 °C unaenwm).
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The quality of the samples prepared by injectiodding was analyzed using a micro-
hazeplus (BYK Gardner) to determine the transmission, haze clarity. While haze is
defined as the percentage of light that is defttatere than 2.5° from the incoming light
direction (wide angle scattering) clarity is definas the percentage of light that is
deflected less than 2.5° (small angle scatterMd)ile the transparency was reduced for
all samples with azobenzene-containing block capely the preparation conditions
influenced the haze and clarity values. Additiopatioth parameters were influenced by
minor coarseness of the mold resulting in a redusmgtical quality of the samples.
Analysis of all samples prepared under differenhditions revealed that powder—
powder-mixtures prepared in the Microlnjector exteith the best optical properties. All
results are given in details in the experimental, whapter 6.6.

Due to these results and the macroscopic appeath@@nnealed samples with 1.5 wt%
6b and sample with 0.75 wt%b were used for further experiments.

Control of optical density

For the holographic experiments the optical denfdp) of the material at the wave
length of the writing beam has to be sufficient lawallow the beams to penetrate the
whole sample. Specimens with a thickness of 1.1 oumtaining concentrations of
0.75wt% and 1.5 wt% of methoxy azobenzene-comtgirdiblock copolymer6b and
99.25 wt% homopolymer PMMA and 98.5 wt% homopoly®&MA respectively, were
prepared. The relevant region of the UV-Vis sperdtrshown in Figure 4.58. At the wave
length of the writing laser beam (488 nm) the sangantaining 1.5 wt%b exhibits an
OD of 0.85 whereas the sample with a concentraifdh75 wt% has an OD of 0.37. The
latter value is sufficiently high enough for thelldaing holographic experiments
therefore samples with 0.75 wt%b were used for the preliminary holographic
experiments on thick samples. The optimal opticahsity should be about 0.7 for
holographic data storage materials. Holographicearpents are usually performed at a
writing wavelength of 488 nm.
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Figure 4.58: Optical density at the writing wawndth of the holographic experiments of injection
molded polymer blend samples (d = 1.1 mm) withed#ht concentrations of methoxy
azobenzene-containing diblock copolymé&b (measurements were performed by K.
Kreger). The region of OD that can be used for t@phic experiments as well as the
writing wave length are indicated.

Temporal evolution of diffractive index modulation

At first single holographic gratings were inscribedroom temperature to investigate the
temporal evolution of the diffractive index modudett in thick samples prepared of
PMMA based blends with 0.75 wt% of the methoxy aaene-containing diblock
copolymer 6b. The temporal evolution of the refractive index dulation at room
temperature is given in Figure 4.59. On the lefedhe timescale untiliphax) iS reached
is magnified, this writing time is comparable tolues obtained for thin films o6b.
Directly after writing laser switch offinrelaxes slightly to ye over a period of 100 s.
This decrease of;rwas also observed in holographic experiments onfilms at room
temperature and might be due to the thermal rataxaif an unwantedis-population
grating. In Figure 4.59 (right) the postdevelopméntevident over 17 hours. This
evolution of the refractive index modulation is y@romising.

In previously published results on thick samples-nobomophoric mesogens in the
azobenzene-containing block had to be used to aserdghe stability in the sphere
morphology. Nevertheless, the refractive index niattibn decreased slightly with
time*®2%!n contrast, in the system described in this & inscribed gratings were
stable and exhibited an increase in refractive xnawdulation. This observation also
indicates that a liquid crystalline mesophase es@nt in the nano-confined azobenzene-
containing minority phase otherwise no postdevelapm effect would occur.
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Confirmation of the existence and nature of a tiqarystalline phase in the nano-
confined domains is not easy to achieve due tee¢hg high dilution.
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Figure 4.59: Temporal evolution of the refractimdex modulation at room temperature of an injectio
molded PMMA blend sample (d = 1.1 mm) with 0.75 wi8éthxy azobenzene-containing
diblock copolymer6b (annealed at 150 °C for 24 h prior to the expenithéor the first
2000 s [eft) and the long term evolution of the refractive @rdmodulation over 18 h

(right).

This demonstrates principle performance of azohemzentaining block copolymer
blends in thick samples. The influence of the wgtitemperature on the holographic
properties obtained for the thick samples was neéstigated to date. This would be
interesting whether the results received from thie tilms were applicable for the thick
samples as well.

Angular multiplexing

In holographic data storage the storage densitybeasignificantly increased by using
several multiplexing techniques that allow the aggr of multiple holograms in the same
volume element®” One approach that can be used for intensity hofosgyia the angular
multiplexing. With this technique several hologramr® written in the same volume
element under different angles of the incident ledmthe experimental setup used, this
is achieved by rotating the sample (see Figure)4.60
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sample

Figure 4.60: Schematical representation of anguldtiplexing in a holographic experiment by rotati
the sample.

If multiple holograms are written at different aeglin the same volume element of
azobenze-containing polymer blends, the maximumiesable refractive index
modulation Amax) iS shared between the single gratings; thuspfneach individual
grating is much lower tham ghax measured in a single grating experiment. As altresu
increased number of inscribed holograms lead to@eased the signal-to-noise ratio.

Angular multiplexing of holographic intensity gnagjs in 1.1 mm thick injection-molded
samples was investigated at room temperature oeadeth samples of PMMA blend
containing 0.75 wt% of the methoxy azobenzene-aoinig block copolymer6b. Five
gratings were subsequently writing at the same naeltelement of one sample. The
refractive index modulation was subsequently reedrmlver the angular range of +3 ° to -
3 ° after the completion of the writing processldireg a representation of all inscribed
gratings shown in Figure 4.61. The five gratingseniascribed 1 °,0°,-1°,-2°,and 2 °.
The signal intensity (i.e. the refractive index mladion) of an intensity grating is
reduced by the writing of the next grating in tlzeng volume element. By each photo-
orientation process under a distinct angle, frastioof the previously oriented
chromophores are reoriented, thus reducing thensitie of the previous holographic
grating. Therefore, the refractive index modulatidrihe last grating is always distinctly
higher than that of the previously inscribed if gihtings were recorded with the same
intensity of the incident beams. This causes aydatdhe direction 1-5 as shown in
Figure 4.61. By this experiment it has been priallyp demonstrated that angular
multiplexing is possible in injection molded sangt# blends of azobenzene-containing
block copolymer with PMMA.
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Figure 4.61: Five angular multiplexed holographitensity gratings in an injection molded PMMA
blend sample (d = 1.1 mm) with 0.75wt% methxy aadene-containing diblock
copolymer6b.

Achievements

In this chapter azobenzene-containing homopolynoengolymers and block copolymers
with PMMA or PS matrix were synthesized and chamazéd. Polyhydroxystyrene was
introduced as the functionalizable segment thatltes in liquid crystalline polymers
with a high glass transition temperature after pwy analogous attachment of the
mesogenic side-groups. Most of the block copolymeese designed to investigate
structure-property relations regarding their thdrarad mesophase behavior as well as to
their application as materials for holographic dettaage. The structure-property relation
of the resulting mesophase was investigated intimmalized block copolymers as well in
the respective homopolymer that were used as referematerials. Holographic
experiments were conducted on selected exampli qgifrepared azobenzene-containing
polymers and several influences on the holografi@bavior were investigated. At
writing temperatures of 100 °C in amorphous queddamples the writing times could
be significantly reduced while the refractive indeodulation decreased only slightly.
Thick samples (1.1 mm) were prepared by injectionldng with blends of this
photoaddressable block copolymer and PMMA or P8lirRinary results confirmed the
stability of holographic inscribed gratings and @aag multiplexing of holographic
volume gratings was demonstrated.
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5 Cyanobiphenyl-functionalized ABA block copolymers a gelators for liquid
crystals

5.1 Introduction

A gel is a soft, solid or solid-like material thaintains at least two different components:
A solvent as the majority component and a geldtat torms the gelating network as a
minority component.

ABA triblock copolymers have been extensively staidas gelators for isotropic liquids
based on the principle of selected solubffity-**' A frequently used polymer system is
polystyreneblock-polyisopreneslockpolystyrene  (SIS). Hydrocarbons such as
tetradecane and-heptane can be used as selective solvent for tih@spprene B-
blOCk.[210_215]

In this chapter functionalized ABA triblock copolgms are presented that can be used as
gelators for low molecular weight liquid crystakss previously described in chapter 1.4,
Kornfield et al. introduced ABA triblock copolymers comprising ofunctional B-block
and two polystyrene A-blocks suitable to gel the lmolecular weight liquid crystal
5CBM81%IThe gelation is based on the selective solubilftthe A-blocks and B-block

in a nematic solvent leading to the formation phgsical network as illustrated in Figure
5.1. Both, A and B segments are soluble in theapat liquid. However, in the liquid
crystalline phase only the functionalized B-blo&mains soluble. Due to microphase
separation, the polystyrene A-blocks self assemiol® nodes that create the
thermoreversible physical network.

Typically, the solubility of amorphous polymersy fexample, the A-blocks in the ABA
triblock copolymers, in common solvents is a monatdunction of the temperature;
thus, the quality of the solvent changes gradud#tiycontrastliquid crystalline solvents
cause an abrupt change in solvent quality due trthrst-order transition from the
isotropic into the liquid crystalline phasé&Vhile the polymer can be soluble in the
isotropic phase the long range order in liquid aNime phase significantly decreases the
solvent quality?**?'® |n general, dissolution of the end blocks in auiitjcrystal is
unfavorable because it decreases the entropy afiiselved polymer. In contrast, side-
group liquid crystal polymers have been reportedbéo soluble in liquid crystalline

solvents due to their mesogenic side-groups whiely render them compatibfe®218-
220]

Important features of gels based on block copolgndescribed in the following are: The
gelator forms a thermoreversible network inside the sdiv@ie A-blocks form the
physical crosslinking points or solidodes The length of the functionalized B-block

determines thaetwork spanthe distance between the nodes. gakation temperatures
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the temperature at which a space filling thermorgfeée network is formed and gelation
of the solvent is achieved. Tletical concentrationis minimal gelator concentration at
which gelation occurs.

t |

heating cooling
LC-> iso iso>LC

-

<= : LC-compatible mesogenic side-group
~~— : polystyrene ' : node
_" polymer backbone
: low molecular weight LC

Figure 5.1: Schematic illustration of model ofh@rmoreversible LC physical gel using ABA triblock
copolymer gelators in a nematic solvent.
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5.2 Scope of this chapter

In this chapter novel cyanobiphenyl-functionalizbtbck copolymers are designed,
synthesized and characterized that can be usesglasrg for low molecular weight liquid
crystals. The objectives of this chapter are:

a) synthesis and characterization of cyanobiphenyttionalized homopolymers
and their structure-property relations with respgedhe solubility in 5CB

b) anionic polymerization of ABA triblock copolymer®mprising functionalizable
B-blocks with very high degree of polymerization

c) synthesis and characterization of novel cyanobiphkiemctionalized ABA
triblock copolymers

d) preparation of liquid crystalline gels based on 5@hg these block copolymer
gelators

e) Investigation of the influence of the polymer baokbs of the gelators on the
gelation of 5CB by rheological methods

f) investigation of gelation by electro-optical metkoth cooperation with Dr.
Maxim Khazimullin and Prof. Ingo Rehberg (Experirt@nPhysics V) within
FOR608

In the following, the concept of this study and thesign of the polymers are discussed.
The ABA triblock copolymers presented in this clesptonsist of two polystyrene A-
blocks and a B-block based on poly(4-hydroxystyyerdenctionalized with 4-
cyanobiphenyl moieties (Figure 5.2). The block dgp®rs were prepared using two
different approaches via anionic polymerization aubsequent polymer analogous
reactions. For this, the functionalizable B-bloskdeprotected and functionalized with
cyanobiphenyl moieties. Using this approach seaegelators were prepared with
variations in the B-block length, the A-block lehgtand the polymer architecture. A
comprehensive study was conducted to investigate dtiucture-property relation
regarding the gelation of the low molecular weilignid crystal 5CB.
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Figure 5.2: Schematic representation of the tedy&BA triblock copolymers with the variations in
block length and spacer length as indicated byareaivs.

In Figure 5.3 schematically structures of thrededeént ABA block copolymers with
varying lengths of the single segments and theesponding schematic illustration of
physical LC gels are shown. Considering ABA blodpalymers composed of a LC
compatible side-group functionalized B-block andlyptyrene A-blocks at concentrations
where gels are formed, different lengths of theckdéoand block copolymer compositions
will affect the network structure such as netwoplarg network density and size of the
physical nodes. The network span and, hence, ttweorledensity are determined by the
length of the functionalized B-block. As a resttig critical gelator concentration, that is
the minimal concentration at which a sample fillingtwork is formed, depends on the
length of the B-block. Theoretically, a higher dagrof polymerization of the B-block
should result in lower critical gelator concentati In Figure 5.3 (left) an ABA triblock
copolymer gelator is shown with A-blocks and a loBgsegment. The resulting
thermoreversible gel network is assumed to conkaige physical nodes and a low
network density due to the high network span offtmetionalized B-block. This should
yield a stable gel due to the large nodes but &webdue to low number of nodes. In a
simplistic model the radius of the polystyrene gphethat form the nodes due to the
phase separation equals the maximal length ofxttended PS chain. If the lengths of the
polystyrene A-blocks are decreased (Figure 5.3dla)dthe size of the physical nodes is
expected to decrease while the network densitywehanged. This should result in a less
stable gel due to the smaller nodes. If the lengjtithe functionalized B-block is
decreased (Figure 5.3, right), the network sparedticed and the network density is
expected to increase. The resulting gel shouldaoden than the two previous due to the
increased number of nodes and the stability oinétevork should be the same as in the
previous example.
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Figure 5.3: Schematic illustration of the assundtlence of variations in the block lengths of the
ABA triblock copolymer gelator on the resulting gedtwork.

5.3 Synthesis and characterization of cyanobiphenyl-cdaining homopolymers

If the functionalized ABA triblock copolymers weused as gelators for the liquid crystal
4-cyano-4’-(pentyl)biphenyl (5CB), the functiona B-block requires good solubility in
the nematic phase of this solvent. Side-group diguystal polymers have been reported
to be compatible with LC solvents in both the nemand the isotropic phases if the
laterally attached mesogenic side-groups are siralty very similar. As reference
materials and to investigate the structure-propeftionship with respect to meosphases
and the solubility in 5CB the structurally analogowcyanobiphenyl-containing
homopolymers were prepared and studied.

Regarding cyanobiphenyl-containing liquid crystadli side-group polymers that were
based on a polyhydroxystyrene backbone were repbstémrieet al.??! They prepared
polymers with spacers featuring three to twelve hylene units (x). PHS
(M, = 30 kg/mal, rgys= 250) was functionalized with bromo-functionalizmesogens in

a polymer analogous attachment reaction using aepioe described by Crivellet
al.*?? |n this report PHS and the mesogens were reactadniater/toluene (1:4) mixture
under reflux using NaOH and tetnabutylammonium bromide as a phase transfer
catalyst. From a spacer length of x = 3 upwarddualttionalized polymers were liquid
crystalline and a SmA phase was reported.

In contrast, here the functionalizable polymer Imacie with a high degree of
polymerization was prepared by anionic polymer@atiThe functional segments in this
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chapter exhibit a much higher degree of polymeiopmatabout ten-fold, compared to the
polymers reported by Imrie and to polymers thatehlbeen described in chapter 4. After
the polymerization the block copolymers were degmt@d. The mesogenic
cyanobiphenyl side-groups were prepared with difierspacer lengths bearingea
bromo function. In the last step the functional ypoérs were prepared in a polymer
analogous attachment reaction of the mesogene tpdlymer backbone.

Synthesis of the cyanobiphenyl moieties

The cyanobiphenyl (CB) unit was chosen as mesogadesgroup due to its structural
similarity to 5CB. Even membered flexible spaceyataining from four to ten methylen
units (x) were used for the connection of the mesagunit to the polymer backbone.
The spacers were attached to the CB unit via aar éttkage for enhanced flexibility and
chemical stability. As shown in Figure 5@B1-4 were prepared in a one step reaction
from the hydroxyl functionalized CB moiety and thgo-dibromoalkanes. The same
reaction conditions were used for the Willimasameetsynthesis as in chapter 4.5 for the
azobenzene chromophores. The usage of potassilonede in the absence of water
precludes the attack on the cyano function thahirtdg promoted by a stronger base (see
chapter 4.5 for details). The purity of the CB ntieie CB1-4 was determined byH-
NMR and SEC using an oligomeric column set. Theeabs of excessively used
alkyldibromide had to be ensured to avoid coupliegwctions during the polymer
analogous attachment of the CB units to the polymaekbone.

NCOH Br— (CHy),-Br KoCO3, acetone, 56T NCO_(CHz)x‘Bf

cBl1 2 3 4
x|4 68 10

Figure 5.4: Synthesis of the cyanobiphenyl meosgenitsCB1-4 via Willimason ether reaction.

Synthesis of cyanobiphenyl-containing homopolymers

Cyanobiphenyl-containing homopolymers were preparday functionalizing
polyhydroxystyrene (PHS) with the above mentioned mesogenic moie@&sl-4 as
illustrated in Figure 5.5. The polymer backbone wespared by anionic polymerization
of the protected monometert-butoxystyrene resulting in poly(tert-butoxystyrgne
(Mn =470 kg/mol, PDI =1.06 (eluent: THF, UV-detediorusigs= 2670). Details and
discussion concerning the anionic polymerization teé homopolymers and block
copolymers in this chapter will be given in 5.4 eTirotection groups were cleaved under
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acidic conditions yieldingll by reacting the homopolymer | with an excess of
hydrochloric acid in THF under reflux as describeddetail in chapter 4.3.1. The
attachment of the mesogenic side-groups was caotieth the last step.

At first, the polymer analogous functionalizaticeported by Imrieet al®®* was tested.
During this thesis this procedure failed to yidie desired polymers. On the one hand if
the rather strong base NaOH was used side reaaifai® cyano group seemed to take
place as evident from thin layer chromatography@yand*H-NMR. On the other hand
the described solvent mixture turned out to be switable to properly dissolve the
precursor polymer as well as the product. This miighdue to the fact that the polymers
used in this thesis exhibited a much higher mobacweight compared to those described
Imrie et al.

Therefore, similar reaction conditions as repoiitedhe previous chapter for polymer
analogous attachment of the azobenzene moieties wged. To this end the attachment
of the cyanobiphenyl moieties was carried out imyainous DMF, using potassium
carbonate as base, potassium iodide as catalyst8&nombwn-6 as phase transfer catalyst.
The reaction was conducted at 110 °C over at Babtto 48 h.

H

L Na*
*— H H H
N H H 2670
2670 Hel 2670 CB1-4
_ —_— —_—>

2. MeOH THF, 66 K,CO; DMF, KI,
THE, -70C 18-C-6,110T o
OtBu (o] OH |
1 (CHa)x
(6]
[ I
| X x X X

x|46810

CN

Figure 5.5: Anionic polymerization of deprotection and synthesis of the cyanobiphenyl-
functionalized homopolymeiX-XII.

The degree of conversion of the polymer analogdiactament of the side-groups was
monitored with IR spectroscopy and determined WHBNMR as already described for
the azobenzene containing polymers in chapter 4% Bigure 5.6 théH-NMR spectrum

of XI in CDCk with indication of the relevant integrals is showthough signals of the
different proton pairs of the cyanobiphenyl group aommonly broad and no splitting
can be resolved, fofl the splitting can be seen. Often DM{+hd to be added to break
aggregation and increase the solubility. For therd@nation of the degree of conversion
of the attachment reaction specific integrals wased. The integrated area for the
NMR peaks corresponding to the €4 of cyanobiphenyl group at 7.6 - 7.4 ppm were

143



Cyanobiphenyl-functionalized ABA block copolymessgelators for liquid crystals

compared to the signal of the &Hof the polystyrene backbone at 6.7 — 6.1 ppm.rOfte
the signal of CH overlaps with this signal and has to be taken #@mount. Using these
integrated areas the degree of conversion can loalai®d forXl to DC =99 %. The
homopolymeidX (DC = 97 %) exhibit nearly the same degree of eosion whereaXl|
andX show a slightly decreased value of DC = 87-89 %.
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/ .
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Figure 5.6: 'H-NMR spectrum in CDGI of cyanobiphenyl-functionalized homopolyméi. The
integrals used for determination of the degreeoofversion are marked.

The molecular weight of all functionalized polymeas determined with the SEC setup
using THF with 0.25 wt% electrolyte as eluent. Measent of the SEC with pure THF
as eluent resulted in extreme broadening of thatreg curves as well as unrealistic high
molecular weights. This behavior was attributeddgregation of the side-groups of the
functionalized polymers. This aggregation can beided by using the electrolyte
tetrabutyl ammonium bromide. The molecular weiglris reported here with respect to
polystyrene standards. The theoretical moleculaghte (M,(th)) were calculated using
the repeating units determined for the precursdyrmper, the degree of conversion and
the molecular weight of an average functionalizepeating unit. Characteristic data of
the resulting cyanobiphenyl-containing homopolymie¢tsxil are given in Table 5.1.
From comparison of Mth) and M, determined by SEC it is evident that the polystgre
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calibration results in apparent molecular weightd bvervalue the molecular weight by a
factor of 1.6. Nevertheless, the determined mobeculeights can be used for relative
analysis of molecular weight trends and moleculargit distributions. In the following
only the molecular weights determined by SEC walldiscussed.

The molecular weight ranges from,M 1600 kg/mol forX (x = 6) to M, = 1865 kg/mol
for XII (x = 10). These molecular weights are very higd are at least ten times the
values determined for the azobenzene-containingopoigmer and copolymers in
chapter 4.5.

One might expect an increase in molecular weiglh wicreasing length of the attached
spacers)X (x =4) toXll (x =10). This trend is observed here with theegtion of X

(x = 6). This might be due to its lower degree afiversion (DC = 89 %) comparedI
and XI. The PtBS homopolymedr (rusiss = 2670) that is the precursor d¥d, was used
for the synthesis of the cyanobiphenyl-containiognbpolymerdX-Xll . Themolecular
weight of the protected precursbrwas determined using the SEC using THF with
0.25 wt% electrolyte as eluent for better comparigm M, = 532 kg/mol with a PDI of
1.07. The apparent molecular weight of cyanobipheagtaining homopolymer$X-

XIl , as determined with respect to polystyrene stalsjancreased by the factor 3 to 3.5
compared to the functionalizable homopolymerThe increase expected from the
theoretical molecular weights is in the range tdcior 2.0 to 2.6.

Table 5.1: Characteristic data of all CB contairfiagnpolymerdX - XII and the precursadr

homo- x? M, M, PDI® DC? Ma(th)® ru”
polmyers kg/mol % kg/mol
IX 4 1637 1898 1.16 97 1013 2670
X 6 1600 2128 1.34 89 1027 2670
XI 8 1732 2176 1.26 99 1174 2670
XII 10 1865 2099 1.12 87 1148 2670
| - 532 570 1.07 - 470 2670

a) spacer length in methylene units; b) determime&EC (eluent: THF + 0.25 wt% electrolyte); moliecu
weight with respect to polystyrene standards, Utédkion; c) polydispersity index, MM,; d) degree of
conversion of polymer analogous reaction, deterchibg 'H-NMR; e) theoretical molecular weight
calculated from repeating units and degree of caiwe; f) average number of repeating units deteechi
for respective functionalizable homopolymer the homopolymer batcH was used

The SEC traces of the cyanobiphenyl-containing el X-XII are shown in Figure
5.7 in comparison to the functionalizable homopaynh that they are based on.
Compared to the functionalizable homopolyrex broadening of the molecular weight

distribution can be observed for all functionaliz@dmopolymers. Commonly, the
145



Cyanobiphenyl-functionalized ABA block copolymessgelators for liquid crystals

fraction of side reactions increased if the pudfythe educts was not sufficiently high.
Prolonging of the reaction time also caused a l@omd of the molecular weight
distribution; thus, an optimum had to be found th@sured a high degree of conversion
without significant increase of intermolecular réaes. Reaction control of the polymer
analogous attachment proved difficult because thkecnlar weight determined by SEC
did not necessarily correspond linear to the degf@®nversion. The only viable solution
was a micro work up of every sample drawn durirgrmaction and determination of the
degree of conversion BiA-NMR.

In Figure 5.7 exemplary SEC traces for the cyartwdmyl-containing triblock
copolymers with the shortest spacéxs (x = 4) and the longest spacél (x =10) as
well as the functionalizable homopolymeare shown. The molecular weight distribution
of X is the broadest in this series of functionalizesnbpolymers with a PDI = 1.34.
HomopolymerXll (PDI=1.12),IX (PDI=1.16) andXl (PDI =1.26) show narrower
molecular weight distributions. Taking into accouhe exceptional high molecular
weight of these polymer the determined moleculanglte are quite reasonable.
Additional shoulders in the SEC traces indicated titcurrence of coupling reaction
during the mesogen attachment to a minor degree.

Xl IX |

normalized intensity/a.u.

11 12 13 14 15 16 17 18
elution volume/mL
Figure 5.7: SEC traces of cyanobiphenyl-contaifiagnopolymersgX with shortest spacer (x = 4l

shortest spacer (x = 10), and the functionalizéolmopolymer (eluent: THF + 0.25 wt%
tetrabutylammonium bromide, UV detection).
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5.3.1 Solid state characterization of cyanobiphenyl homopymers

Possible liquid crystalline phases of the cyanobipitfunctionalized polymers are
relevant for their miscibility in the nematic sohté?'®*'® Thus their thermal properties
were analyzed by DSC undep With a heating rate of 10 K/min. The thermal sigbin
the investigated temperature range was confirmadhd@rmo gravimetric analysis (TGA)
prior to thermal investigation by DSC.

The second heating thermograms are given in Figu@eln addition, POM images taken
between crossed polarizers %Xl above and below the liquid crystalline to isotmpi
transition are shown as well as magnificationshm tange of the glass transitions Xdr
and Xll . The glass transitions that were detected in $kises were quite broad and
contained a low heat capacity. The reported tentypess mark the middle of the
transition.

HomopolymerXl (x = 8) exhibits the highest clearing temperatard 12 °C and a glass
transition around 62 °C. For the cyanobiphenyl-fiormalized homopolymexll with the
longest spacer (x = 10) a glass transition is detkeat 68 °C as well as a sharp clearing
transition at 105 °C. These two cyanobiphenyl-cioittg homopolymers can be clearly
described as liquid crystalline. In contrast, tHeMcurves for the polymeds (x = 6) and

IX (x = a) are less obvious. F&ra glass transition can be detected around 63 &Cigh
partially superimposed with a liquid crystallineismtropic transition with a maximum at
90 °C. Compared to the homopolymelis and XIl this transition is very broad. For the
cyanobiphenyl-containing homopolymiet (X = 4) only one broad transition is detected
around 80 °C. This might be attributed to a glaasdition; although, a clearing transition
with low heat capacity might be a superimposed. §beeral trend foX-XlIl of the
clearing transitions corresponds to reports indiiere on analogous polymers, although
here the temperatures are decreased comparedseortporte! %2

The formation of a mesophase seems to increasésimdgteasing spacer length. The
liquid crystalline to isotropic transition gets sgher with increasing spacer length and the
enthalpy of this transition increases slightly. Foe glass transition one would expect
decreasing temperatures with increasing lengthe@tpacer as discussed for azobenzene-
containing homopolymers and block copolymers inptéia4.5, nevertheless in the series
IX-XII they were all found in the same temperature raipes might be due to the
different degrees of conversion in the setds<ll , because the transition temperatures
are influenced by the degree of attachment of tasagen&%%¢!

Further investigation of the liquid crystal cleayirbehavior of the cyanobiphenyl-
functionalized homopolymers was established by medrpolarized optical microscopy
(POM). Microscopic images oK -XIl between crossed polarizers are inset in the second
heating thermograms in Figure 5.8. For the homapehg Xl (x = 10) andXl (x =8)
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these images appear black above the clearing tatopes and exhibited birefringence
below the isotropic to liquid crystalline transiithat was persistent at room temperature.
Textures obtained faXIl in the liquid crystalline temperature range migbtidentified

as Schlieren texture. Polymeé¢ also exhibited birefringence on heating below the
assumed clearing temperature, although the imaigesad turn completely black above
this transition. This observation might be attrdsitto remaining shear induced
birefringence. For polymekX with the four-membered spacer birefringence cdugd
induce at temperatures of 80 °C. On heating thes&ihgence developed into a texture
that might be seen as Schlieren textures as showigure 5.8 until a temperature of
95 °C. Upon further heating the textures collapaed the intensity of the birefringence
decreased but did not result in a completely blankge. On cooling increase in
birefringence was observed over a broad temperatmge starting at about 95 °C
without resulting reaching the level that was obsdron heating. Commonly -XII
failed to produce identifiable liquid crystallinextures upon cooling into or annealing in
the liquid crystalline temperature range. This obsgon as well as the persistent
birefringence above the clearing temperatures tbwted to the high viscosity of these
polymers due to their high molecular weight.
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Figure 5.8: DSC traces of second heating of cyganyl-containing homopolyme¥Ill-XI  at
10 K/min under N with insets are microscopic images between crogs®drizers for

polymersX-XIl . Temperatures were images were taken are markbdings.

X-ray diffraction (XRD) pattern of homopolymenX-XIl were performed using a
Guinier setup to gain further information on thguid crystalline phases. F¥XII the
diffractograms (Figure 5.9) were recorded belowrdepective clearing temperatures and
for IX the diffractogram at 70 °C. Generally, the reswitsthe XRD analysis of the
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polymer IX-XIl did not change significantly when measuiat room temperatureor
close tothe clearing temperatui in the liquid crystalline phaseéll cyanobiphenyl-
containing hompolymers show a broad halo arou6 =10 that is attributed to tr
amorphous polymer backborThe polymer with the longest spacéi (x = 10) shows a
reflex in small angle region of the diffractogratré = 2.05.XI also exhibitsthis distinct
reflex atd6 = 2.26albeit with a much lower intens. For the polymerX andIX no such
distinctive reflexes in the small angle region evalen.
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Figure 5.9: XRDdiffractogram of cyanobiphenyl-functionalized homopolyméXs(70 °C),X (70 °C),
XI (80 °C) andXll (90 °C) and models foxXI andXll .

It is not obvious if the detected reflection copesd to the (100) or (200) of a smec
layer spacing. Estimatn of the lengths of the mesogenic -groups with polyme
backbone I yields XI | =27.2A and XIl | =29.9A. The lengths without the polym
backbone () are estimated tXI |, = 21.8A andXll |, = 24.3 A (sedrigure5.9, right). If
the small angle reflections fXI and XIl areinterpreted as first order reftion of a
smetic layer spacindghé corresponding layer distances can be calculaied) the Brag:
equation (equation 4.4) to=d19.5 A KI) and d =21.5 A XIl ). Thesedistances are
lower than the length of theesogenic sidggroup without polymer backbo (l). Thus,
no SmA phase can be present because this wouldedha ration of the determinand
the calculated distance (glibr d/l) to be equal or above ds shown inFigure 5.10.
Therefore,a tilted smectic mesopha(SmC) might be assumeBor a tilted hase the
expected layer distance would also be below thgtleaf the mesogenic si-group. This
assumption is in contrast tioe literature on similar si-group liquid crystalline polymei
that report partially interdigitated smectic A pes?°>??Y The reflections also might
interpreted as second order reflections (200) asguthe (100) reflections are alrea
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superimposed by the primary beam. BAi at 6~ 1 a very weak reflex might be
identified. The corresponding layer distancesXrel = 39.1 A andXIl d =43.0 A. The
ratios of these values to calculated length of niesogenic side-groups are between
above 1 and, thus, a partially interdigitated sme&tphases would be possible.

Based on this dat&l andXIl can be assigned to a smectic mesophase withatefur
identification whereas the mesophaseXatannot be assigned but is expected to coincide
with XI andXIl . In contrast, fotX only the POM analysis indicated a liquid crystali
phase of unknown nature.

SmA SmA SmC
partially interdigitated fully interdigitated fully interdigitated

Figure 5.10:  Examples of smectic phases exhillijeside-group polymers.

These results differ from the material propertigsorted previously by Imriet al 2024

This group found all SmA phases for all cyanobipt@ontaining homopolymers with
the spacer lengths x =4, 6, 8 and 10. The mesephas identified by the formation of
focal conic textures and from the enthalpies ofdlearing transitions. The reported phase
behaviors were g 77 SmA 107 i (x =4), g 60 SmA 1@0=6), g 39 SMA 123i(x=8) g
18 SmA 118 i (x = 10). XRD results were only repdrfor the polymer with the four-
membered spacer but the diffractograms did notbéxiignificant reflection indication a
smectic phase. This observation was attributedhto high viscosity of the system.
However, these results are difficult to comparethie cyanobiphenyl-functionalized
polymers in this work. Unfortunately Imrigt al. reported only the molecular weight of
the functionalizable homopolymer PHS {(RHS) = 30000 g/mol, pys= 250) without
its molecular weight distribution and no details the functionalized polymers were
reported. The CB functionalized homoplyméXsXIl presented in this thesis, have a
much higher (about ten-fold) degree of polymeraati(rug =2670). The higher

resulting viscosity of the polymer melt might berdeental to the mesophase formation.
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Deviations in the thermal behavior can also anemfthe different degrees of conversion
in the different polymer systems as well as théed#int molecular weights. Imriet al.
reported a quantitative mesogen attachment (datednby elementary analysis) while
the polymers in this thesis exhibit a non-quantieatiegree of conversion that certainly
influences the thermal properties.

5.4 Polymerization of functionalizable triblock copolymers

For chemical LC gels it has been shown that théenpas well as the electro-optical
properties depend on the crosslinking den$i§??? In ABA triblock copolymers the
network density and network span is dependent enptitymer backbone. The critical
gelator concentration, i.e. the minimum polymera=riration necessary to form a gel, is
in turn dependent on network span. The length ef ftinctionalized B-block largely
determines the network span and a lager span shesldt in a lower critical gelator
concentration.

Depending on the gelator concentration the blockobners can adopt different
conformations in the solvent as shown in Figurel5.Eor low concentrations the
probability that a ABA triblock copolymer gelatorilivform loops is high. In this
configuration both A-block self-assemble in the sapolystyrene sphere. If more than
one polymer chain loops back to one sphere theigqumation can be called flower-like.
With increasing concentration the probability thatgelator chain forms a bridge
configuration increases. In this case the functined backbone is connected to two
different polystyrene spheres. With increasing emiations this configuration leads to
the formation of a gel netwoff*!

Kornfield et al. assumed that the tendency to form loops is depgratethe rigidity of
the geator backbor&®!'°! Flexible polymer backbones tend to form more lowjith
both A-blocks self-assembled in the same node. ;Tthese loops do not contribute to the
network formation. More rigid backbones are expgdte form less loops and, hence,
decrease the critical gelator concentration. Tleegfthe polymer backbone of the B-
block is an important factor for affecting the rtagpcal and electro-optical properties of
a LC gel.
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low gelator concentration higher gelator concentration
soft polymer backbone more rigid polymer backbone

—: LC-compatible mesogenic side-group ___—: polymer backbone
: low molecular weight LC " : hode

Figure 5.11:  Configuration of the functionalize®A triblock copolymer gelator in 5CB depending on
the gelator concentration or rigidity of the polymbeackbone.Left ring or flower
configuration at low gelator concentrations or wéthft polymer backbone of the B-block;
right: partially bridge conformation at higher gelat@ncentrations or with gelators with a
more rigid backbone.

In this work, poly(4-hydroxystyrene) was selectedtlae functionalizable backbone for
the middle block. As already described in chaptdrdrt-butoxystyrene (tBS) was used
as the protected monomer for the anionic polymadmaAn advantage is the phenolic
functionality that allows subsequent polymer analeg etherification that is used to
attach the mesogenic moieties. Furthermore, itnewh that poly(4-hydroxystyrene)
result in relatively high glass transition temparat(Ty) even if mesogenic side-groups
are attacheff’*?

To investigate the influence of the polymer bacldoamposition and length of the ABA
block copolymers on the gel properties several tianalizable ABA block copolymers
were synthesized. One aim was the preparatiorvefyalong B- block with a high degree
of polymerization (DBgs> 2000), that increase the network span and, fibrerelowers
the critical concentration of the gelator in 5CBor Rhe synthesis of the polymer
backbone two different routes have been employatate presented in Figure 5.12.

For route A a bifunctional initiator, sodium naphthalene, wased for the anionic
polymerization oftBS forming the B-block. Sodium naphthalene was ohé¢he first
initiators utilized in anionic polymerization andts as an electron transfer agéht?’
The radical anion that is formed in the reactiors@fium with naphthalene transfers an
electron onto théert-butoxystyrenetBS) monomer. Two of these styrenic anion radicals
form a dianionic dimer yielding the effective bifttronal initiator. Prior to the addition of
styrene, an aliquot of thet®S () block was isolated and terminated. These PtBS
homopolymers were required for characterization \wack also used for the synthesis of
the functionalized homopolymen-XIl . Subsequently, styrene was added for the
polymerization of the symmetric A-blocks.
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For theroute B a monofunctional initiator for the sequential puoBrization of (1)
styrene, (2) tert-butoxystyrene and (3) styrene waployed (see Figure 5.12). For the
preparation of ABA triblock copolymers containingBablock with a high degree of
polymerization the sequential polymerization a cargial monofunctional initiator (e.qg.
s-BuLi, 1.3 M in pentane) was used. Here, pracigslies have to be considered due to
the restrictions imposed by the reactor size andgpatent (see chapter 3). The degree of
polymerization can be calculated using equatioh)(fr a given amount of monomer. If
the first A-block, polystyrene, should feature avém degree of polymerization (e.g.
DPps~ 500) and the following B-block, polgrt-butoxystyrene), should be much longer
(e.g. DRps> 2000) the required volume of initiator or thdurae of the first monomer
(styrene) must be very low because the overall anofi monomer is limited by the
reactor size.

DP = m(monomer) 5.1)

n(initiator) X M(monomer)

Initiator volumes of less than 0.1 mL are diffictdthandle and the error while measuring
and transferring is significant. For instance tlead volume of the utilized syringe is in
the range of 0.4 mL. This issue can be overcoméillting the initiator with a dry, inert
solvent that effectively increase the volume toijected and, thus, reduces the risk of
faulty initiator amounts. Another approach to cient this issue is to start the
polymerization with considerable amount of styrand initiator yielding the desired first
block with the required low molecular weight buthégher concentration in the reactor.
Subsequent disposing a larger fraction of the ¢jypolystyrene solution and adding fresh
dry solvent allows one to add an appropriate amout®S. That is required for the large
middle block, without facing the issues associatétd a non-manageable viscosity in the
reactor.
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Figure 5.12:  Synthetic pathways to the functiczedie ABA and ABA’ triblock copolymerd7a-17e
using two different routes. Route A uses a bifior@i initiator resulting ABA’ triblock
copolymers and route B uses a monofunctional toitia@ THF: tetrahydrofuran, s-BulLi:
sec-butyl lithium).

The use of the route B also allowed the preparatfoABA triblock copolymers, which
in part features a star-shaped architecture (BSHPS) 24 (y = 1-3). This was achieved
by using a coupling agent after the sequential pelyzation of the triblock copolymer
17d that will be discussed in chapter 5.6.
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Both approaches have their distinct advantagescase ofroute A the use of a
bifunctional initiator ensures that the lengthdoth A-blocks are identical and, therefore,
one might assume that phase separation occurseaasilg. In addition, this initiator also
allows the relatively easy preparation of high noalar weight B-blocks that cannot be
obtained in the same fashion as with a monofunationtiator due to the practical issue
discussed above. Disadvantageously is the factthleainitiator solution necessitates the
absence of excessively used sodium. If this solutiontained two different initiating
species the resulting molecular weight distributimould be broadened.

In case ofroute B where a monofunctional initiator is used, the ezt amount of
styrene for the third block has to be carefullycaldted since the previously disposed
amount has to be taken into account. Advantageptisly approach typically yielded
narrower molecular weight distributions comparedtie bifunctional initiator. The
resulting triblock copolymers are inherently ABAiblock copolymers because it is
unlikely that the length of the end blocks will identical.

Characteristic data of all ABA and ABA'’ triblock polymersl7 prepared by both routes
as well as their respective precursor blocks axeergiin Figure 5.12. The triblock
copolymers are listed according to the used roatesordered with increasing B-block
lengths. Block copolymers prepared by route A Hra-c whereasl7d and17e were
synthesized using route B.

As described in chapter 4.3.1, the molecular wsiglitall PS and tBS precursors were
determined on a SEC setup with THF as eluent vagipect to a polystyrene calibration.
The molecular weights determined by SEC were indgagreement with the theoretical
molecular weight calculated from the ratio of iaitr andtert-butoxystyrene. Thus, the
molecular weights as determined with respect ttilgstyrene calibration were used for
all further calculations. The average number ofeegimg units (ress) was calculated
from the number average molecular weightXdletermined by SEC and were rounded to
10 units.

The ABA triblock copolymerd7a contains the shortest B-block in the ABA seriethwi
rupisa ~ 930. The A-blocks is about half the lengthpgs 490). The overall molecular
weight of M, = 306 kg/mol with a PDI of 1.10. ABA’ triblock copymer 17d features an
overall molecular weight of = 124 kg/mol with a B-block length (g@a = 680)
comparable td 7a. In this case the A-blocks are not equal in ler{gibs = 190, 120).

The B-block of ABA triblock copolymel7b (rupisa = 1860) is about two times the

length of the preceding polymei¥a The A-block lengths (ug= 430) are about the

same length while the molecular weight,(403 kg/mol).17c features a long B-block

(rupisa = 2670) and A-blocks (pg= 360) comparable in length tbrb. The molecular

weight of this ABA triblock copolymer is determingéd M, = 528 kg mol. The member
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of seriesl7 with the highest molecular weight (M 1000 kg/mol) and the longest B-
block (ruwa=3740) is the ABA’ triblock copolymel7e The molecular weight
distributions in seried7 are in the range of 1.037d) to 1.10 (78). Generally the
molecular weight distribution was broader for tHeck copolymers that were prepared

using route A.

Table 5.2: Characteristic data of PSBX)-PS triblock copolymer seridg

M, M,D PDI9 ABLA,
block copolymer series 17 routd
kg/mol ru,? rug? ru,?
17a A 278 306 1.10 490 930 490
precursor |j 163 171 1.05 - 930 -
17b A 403 436 1.08 430 1860 430
precursor 1k 327 345 1.07 - 1860 -
17c A 528 558 1.06 360 2670 360
precursor |1 470 499 1.06 - 2670 -
route® M, M,,” PDI? ABpA’ &
ru,? rug? rupy?
17d B 124 125 1.03 190 680 120
A-block precursor 16a 112 115 1.03 190 680 -
AB-block precursor Villa 20.1 20.8 1.04 190 - -
17e B 1000 1120 1.06 530 3740 550
A-block precursor 16b 912 953 1.05 530 3740 -
AB-block precursor VIllb 55.4 57.0 1.03 530 - -

a) route used for anionic polymerization: A: biftinoal initiator, B: monofunctional initiator; b)
determined by SEC (eluent: THF + electrolyte); malar weight with respect to polystyrene standards,
UV-detection; c) polydispersity index, ¥M,,; d) average number of repeating unit, roundedQtaidits,
calculated from M for first block in polymerization sequence, caited from block ratio determined by

'H-NMR for other block(s)
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5.5 Polymer analogous reaction to cyanobiphenyl-containg triblock copolymers

The cyanobiphenyl-functionalized block copolymé&-22 are based on the precursor
block copolymersli7a-17¢ thus the letter indicates the polymer backbonereds the
number denotes the spacer lend®a-19¢e(x = 4),20 (x = 6),21 (x = 8) and22 (x = 10).

The functionalization of the ABA and ABA’ triblockcopolymers 17 with the
cyanobiphenyl mesogenic unitB1-4 was carried out similar to the procedure described
for the functionalized homopolymebX-XIl . Each block copolymer of the seriegwas
deprotected under acidic conditions yielding trepeetive hydroxyl functionalized block
copolymerl8. Attachment of th€B1-4 units to B-blocks of the triblock copolymers was
achieved by polymer analogous reaction using aidkfion etherification. The reaction
conditions were the same as for the CB homopolymxepdl (see chapter 5.3), although
the reaction time had to be increased for the btmpolymers. The solvent as well as all
other components had to be thoroughly dried befordhotherwise the fraction of
crosslinking during the polymer analogous reactanuld drastically increase and result
in a broad molecular weight distribution. This fachas to be especially important since
in this block copolymer seriek9-22 the molecular weight of the functionalizable block
copolymers was very high. Therefore, the probabilif crosslinking reactions is
statistically increased.

block block block block
HCI THF, 66

17a- 17e 18a - 18e

. block block
el omcna
cBl1 2 3 4

x|468 10

(CHz)x
O

O 19a-e
X |4

O Series based on 17c with different spacer lengths

K,CO3, DMF, K, 18-C-6, 110"C Series based on 17a-e with spacer lengths x =4

CN | 19c 20 21 22
x| 4 6 8 10

Figure 5.13:  Synthesis of cyanobiphefuictionalized ABA triblock copolymers9-22
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The degree of conversion (DC) of the polymer anmalsgattachment of the side-groups
was monitored with IR spectroscopy and determinetHbBNMR as already described for
the cyanobiphenyl-functionalized homopolymers immtler 5.3. The integrated area of
the 'H NMR peaks at 7.6 - 7.4 ppm corresponds to sixom® of cyanobiphenyl group
and were compared to the integrated area at 7.4 ppdn. Commonly in this area the
remaining two protons of the cyanobiphenyl groupval as the aromatic protons of the
PtBS and PS backbone show significant overlap and tere integrated as one signal.
By knowing the integral values from the precurstwck copolymersl?, the degree of
conversion could be calculated. In gelator seti@dhe degree of conversion is in the
range of 78-88 % with the exceptionk#ewhere the DC was found to be 59 %.

The number average molecular weights, Bf the different blocks of the gelators were
determined by SEC with respect to polystyrene stadsd Therefore the given molecular
weights can only be treated as relative values éoctmpared within the series, as
discussed in chapter 5.3. The total molecular weigtreases in seriekd (x = 4) from
M, = 601 kg/mol for gelatot9aup to M, = 2460 kg/mol for block copolymdme It has

to be noted that these values are already aboumdtfecular weight of the cut off volume
of the SEC setup and, thus, have to be seen astaire values that do not represent
absolute molecular weights. Therefore, comparisbrthe number average molecular
weights determined by SEC with the theoreticalljcalated ones also show that the
molecular weights by SEC are overestimated bydb#f 1.6 to 2.2.

Compared to the functionalizable triblock copolym#&ra-c all gelators19-22 exhibit
broader molecular weight as observed by SEC. Thkermened values were in the range
of PDI=1.05 for19d to PDI=1.30 forl9c The broadening in molecular weight
distribution may be due to small intermolecular gilng reactions during the attachment
of side groups. With increasing length of the fimalized block the probability of inter-
chain side reactions increases statistically. Thins, dependence on the middle block
length can be seen in block copolymer seti@s-e the PDI of the members with a longer
middle block tend to increase more during the p@yranalogous reaction (see Table
5.3). Nevertheless the PDI of the gelators is gon@eow for having such a high molar
mass side-group functionalized segment.

The resulting weight fraction of the CB functiozald middle block ranges from 76 wt%
for 19a thus containing the highest weight fraction otygtyrene end blocks, up to

93 wt% for block copolymerl9d containing the lowest fraction of polystyrene end
blocks.
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Table 5.3: Characteristic data of block copolymaatprs19-22

block spacer M,”? M,” PDI? DC?  wg® Mg(th)? ABbA,
copolymer x? kg/mol % % kg/mol  rua?  rug?  ru,?

194" 4 894 947 1.06 88 76 415 490 930 490
190" 4 1409 1713 1.22 78 87 673 430 1860 430
194" 4 1560 2107 1.30 83 92 947 360 2670 360
19d’ 4 601 630 1.05 87 86 261 190 680 120
19¢ 4 2460 3052 1.24 59 91 1112 530 3740 550
2q" 6 2068 2560 1.24 70 92 883 360 2670 360
21" 8 1954 2348 1.21 80 93 1047 360 2670 360
220 10 1812 2184 1.21 84 94 1142 360 2670 360

a) number of methylene units in spacer; b) detezthiny SEC (eluent: THF + 0.25 wt% electrolyte),
molecular weight with respect to polystyrene stadslaUV-detection; c) polydispersity index; d) degof
conversion of polymer analogous reaction, deterchin®y ‘H-NMR; e) weight fraction of the
cyanobiphenyl-containing segment f) theoretical hamaverage molecular weights, calculated from
repeating units; g) average number of repeatintsucalculated fromH-NMR and SECL7a-G h) route A

(ABA-triblock copolymer); i) route B (ABA'’ triblok copolymer) used for polymerization of the respexct
functionalizable block copolymdr7d, e

5.5.1 Solid state characterization of cyanobiphenyl-fundbnalized triblock
copolymers

At first theinfluence of the spacer length is demonstrdtedhe block copolmyer$9-22
based on the same polymer backbdie (run =360, r =2670, ri =360). In the
following the cyanobiphenyl-functionalized triblodopolymersl9c (x = 4), 20 (x = 6),
21 (x = 8) and22 (x = 10) were compared.

. block block 4
360 2670 360

?
((1: H2)x
(0]

CN

[19¢ 20 21 22
x|4 6 8 10

The thermal properties of the selected functioealiklock copolymers were analyzed by
DSC under N with a heating rate of 10 K/min. The thermal digbin the investigated
temperature range was confirmed via thermo gravimanalysis (TGA) prior to thermal
investigation by DSC. The second heating thermograme given in Figure 5.14. The
inset showing POM images taken between crossedipais above and below the clear
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transition temperature. For all functionalized WBlampolymers based on the functional
triblock copolymerl7cthe glass transition of the polystyrene blocksncarbe observed
due to the very low weight fraction of the PS segtseForl9c (x = 4) and20 (x = 6)
one broad transition is detected that might begassi to the glass transition of the
functionalized block that is superimposed with @acing transition. This behavior was
already observed for the respective homopolym¥rgx = 4) andX (x =6). The half
heights of these transitions are 80 °C 18cc and at 74 °C foR0. A glass transition is
observed for22 at 70 °C while it cannot be clearly determined #&ir The detected
transitions forl9c and22 are in the same temperature range as found foredpective
homopolymers, while20 exhibits a higher ¢ than its respective homopolyméet
(Tg =62 °C) that might be attributed to different oes of conversion. Liquid crystalline
to isotropic transitions are only clearly detected21 (x = 8) and22 (x = 10). While for
21 this transition is broad with a maximum at 94 °%Cis much narrower for the
cyanobiphenyl-functionalized triblock copolymer lithe longest space22 with a
maximum at 97 °C. The enthalpy of the clearing sitBon cannot be easily compared
because the broad peak f2i makes a neat determination difficult. The clearing
temperatures are lower than the temperatures féamthe relevant homopolymepsl
(x=8, Tqg =112 °C) andXll (x =10, Ty =105 °C). This might be caused by the lower
degree of conversion of the cyanobiphenyl-functi@ed triblock copolyme21 and22
compared to the cyanobiphenyl-functionalized honhppersXI andXIll .

When viewed between crossed polarizers polyih8erand 20 exhibited shear induced
birefringence that did relax slowing on heatingroaevide temperature range. On cooling
the birefringence increased but did not returnhi dtate prior to heating. Fai and22
birefringent structures were apparent below théragac to liquid crystalline transition.
On heating these structures darkened significattlne clearing temperatures although
shear induced birefringence was still observed @atge tol9c and20 (compare insets

in Figure 5.14). This is attributed to the highcasity of the block copolymer melts that
is caused by the very high molecular weights amdls,tcausing the issues with the shear
induced birefringence. Neither of the functionaliz&iblock copolymers exhibited a
characteristic liquid crystalline texture. As dissad for the azobenzene containing block
copolymers in chapter 4.6.3 this is attributed he tonfinement in the microphase
separated morphology and the high viscosity opiblgmer systems.
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Figure 5.14: DSC traces of second heating of cygenyl-containing ABA triblock copolymerEog
20, 21 and22 at 10 K/min under N Insets are POM images between crossed polafizers
polymers with markings for the temperature at whiahmage were taken (on cooling).

X-ray diffraction (XRD) pattern of the cyanobiphémpntaining triblock copolymers
19c, 20, 21and 22 were recorded below their respective clearing &nampire using a
Guinier setup (Figure 5.15). In addition, for thelymers 19c (x = 4) and20 (x = 6)

measurements were performed at room temperaturelhas at 80 °C but no significant
differences were observed. Thus, only the measurea 80 °C are shown in Figure
5.15. All cyanobiphenyl-containing triblock copolgns show a broad halo aroutvé 10

that is attributed to the amorphous polymer backbomas observed for all other
polystyrene based polymers in this thesis. Only litoek copolymer with the longest

spacer22 (x =10) exhibits a clear reflection in the smaligle region a# =2.05
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indication a layered structure. For the respediiomopolymerXIll with the same spacer
length an identical reflection was found. For daher cyanobiphenyl-containing triblock
copolymers19c, 20,and 21 no indication of a smectic mesophase was evidernhe
XRD patterns. The sharp reflection in the smalllamggion for22 is superimposed with
a broad signal of lower intensity. This signal ca@ observed for all other block
copolymers. With decreasing spacer length it shdtdigher angles and the intensity
decreases.

intensity/a.u.

Figure 5.15:  XRD diffractogram of cyanobiphenyitaining ABA triblock copolymed9cat 80 °G 20
at 80 °C 21at 80 °C an@2at 90 °C.

Based on the characterization discussed above ytheobiphenyl-containing triblock
copolymers22 with the longest spacer (x = 10) is assigned smactic mesophasél

(x = 8) did not exhibit the significant reflections the XRD analysis but it is reasonable
to assume that it features the same smectic mesepm displayed by its respective
homopolymerXl and the analogous block copolyni2 No indication of a smectic
phase was found for the in the block copolyn®i$x = 6) andl9c (x = 4). These results
are promising for the intended applications of thectionalized block copolymers as
gelators of the liquid crystal 5CB. While smectaymers 1 and22) are not expected
to be soluble in a nematic liquid, crystal the Bl@aopolymers 19c and 20) might be
soluble to some degree and were used for the foltpexperiments.
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The influence of the polymer backbone compositmm the thermal properties is
investigated using the members of seriés the cyanobiphenyl-containing triblock
copolymerswith a four-membered spacer. The detected diffeehetween the polymers
in series 19 were minor and, thus the block copolymers with tbevest (193
Wce = 76 wt%) and highest weight fractiod9c wcg = 92 wt%) of the cyanobiphenyl-
functionalized block were chosen exemplarily.

. block block 3
a b a
o)

(CHy)a 19a  19c

o) a | 490 360

b |930 2670

O a | 490 360
WeB 76 92

O wps| 24 18

CN

The thermal properties were characterized in tmeesaay as described before for the
cyanobiphenyl-containing homopolymeidX-XIl . Figure 5.16 the second heating
thermograms at a scan rate of 10 K/min undeoiNL9a compared td9c are given. The
thermal behavior o19c (wcg = 92 wt%) was already described above and showsaon
broad transition around 80 °C that is presumalyglass transition of the functionalized
block. In contrast for the functionalized ABA trdak copolymersl9a with the highest
weight fraction of polystyrene segmentg-§= 24 wt%, rgs= 490) two transitions can
be detected. ThegTat 109 °C is in the temperature range as deteciegolystyrene
homopolymers of similar molecular weight, henceah be attributed to the polystyrene
segments of the ABA triblock copolymé&Ba The glass transition of the functionalized
segment is observed around 87 °C. This shift tthdrigemperatures compared 16c¢
might be cause by the overlap with the adjacgrifThe polystyrene blocks.

Analysis under POM and by XRD did not show any uefice by the different
compositions of the block copolymer backbone fa thnctionalized block copolymer
with the four-membered spacE®aand19c
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Figure 5.16: DSC traces of second heating of dyg@nyl-containing ABA triblock copolymerk9a
and19cat 10 K/min under h

5.6 Synthesis and characterization of cyanobiphenyl-cdaining star-shaped block
copolymer
The cyanobiphenyl-functionalized triblock copolymaean this thesis were designed as
gelators for the low molecular weight liquid crystaCB. The network nodes or
crosslinking points of the physical gel network dogmed by the phase separated
polystyrene A-blocks. In a linear ABA triblock cdgmer each polymer can be
connected to two different nodes, i.e. if no logehoccurs and both A-blocks are in the
same physical crosslinking point. If the architeetof the block copolymer is changed
from linear to a star architecture the number ofwvoek nodes will be increase. A
schematic representation of such architecture avshin Figure 5.17 compared to a
linear triblock copolymer gelator. In the case adheee arm star block copolymers with
each arm consisting of a linear triblock copolyntee number of outer physical
crosslinking points is increased to three and a m&emical crossslinking point is
introduced connecting the three arms. The inneg obthe star-shaped block copolymer
where polystyrene A-blocks are covalently connectath also serve as a physical
crosslinking point in the network created by thdatme in the low molecular weight
liquid crystal 5CB. This increase of crosslinkingiqts should result in a higher network
density and thus a more rigid network.
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Figure 5.17:  Schematical illustration of a linedblbck copolymer gelator (left) compared to a theem
star-shaped block copolymer gelator with each asntaining an ABA triblock copolymer.
Chemical crosslinking point connecting the armshef star is indicated by a red dBlue:
polystyrene A-blocks;black B-block polymer backbonered: mesogenic side-groups
attached to the B-block polymer backbone.

For the synthesis of the star-shaped block copalymnecursor a combination of linear
sequential anionic polymerization to an ABA’ triblo copolymer and the use of a
coupling agent was employed. Among the several loaypagents for anionic
polymerchains that are described in literature (siee example rdf>42%%),
tetrachlorosilane was used. It is known that poyy(d)lithium does not undergo
complete reaction with stoichometric amounts ofragtlorosilane due to steric
hindrance$£?¥ A distinct amount of the coupling agent was adttethe living polymer
chains and was allowed to react over 20 h at &trs70 ° and later at room temperature.
The high reaction time as well as the temperatuesewequired to achieve a high
coupling rate. Quantiative formation of three artars was precluded to the steric
hindrance and the high molecular weight of the ABAdck copolymers. Linear ABA’
triblock copolymers were used for each arm andrefbee, even non-coupled ABA’
block copolymers (unimers) or dimers are suitededators in the intended application.

The synthesis of the star block copolymer precu28ds shown in Figure 5.18 followed
by its deprotection and functionalization with ttyanobiphenyl moietie€B1 or CB3
yielding the gelator5aand25h. The ABA’ triblock copolymerl7d that was prepared
using route A (see chapter 5.4) was the precursed €or the synthesis of the star block
copolymer23. After complete polymerization df7d the coupling was carried out with a
solution of tetrachlorosilane in dry THF.
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Figure 5.18:  Synthesis of star-shaped block capeh23 and the functionalization with cyanobiphenyl
moietiesCB1 or CB3 yielding gelato25aandb.

As mentioned above, the coupling reactions didpnoteed quantitatively and resulted in
a block copolymer mixture. The fractions of eacimponent were determined by SEC
via the integral area of the UV detector signale Televant SEC traces @# and its
precursors are given in Figure 5.19. The resultimgture contained 25 % of ABA
triblock copolymerl7d (y = 1), 35 % of the respective dimer (y = 2) &@d% of a three-
arm star block copolymer (y = 3) where each armsiste of17d. For simplicity this
mixture will be denoted star block copolym24 from now on. Functionalization with
cyanobiphenyl side groups was carried out in tmeesmanner as described for the linear
ABA triblock copolymer gelatord9-22. The star block copolyme23 was deprotected
under acidic conditions resulting in the hydroxuhétionalized block copolyme24.
Only the cyanobiphenyl moieties with foltB1) and eightmethylene unit¢CB3) were
used for the functionalization via polymer analogietherification reaction.
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Figure 5.19: SEC traces of star-shaped block copetymixture23 and its precursord7d, 16a and
Villa (eluent: THF, UV detection).

Characteristic data of the gelat@Saand25b as well as all of the functionalizable block
copolymer23 and its precursors are given in Table 5.4. Theemdér weights and
molecular weight distributions obtained by SEC fbe mixture of star-shaped block
copolymers and linear block copolym&3 are of limited use. The signal of the unimer,
dimer and three arm star cannot be separately zsthlpecause of their significant
overlap. Thus, no Mor M, values could be obtained for each fraction. Therayed
molecular weight of M= 239 kg/mol with a distribution of 1.24 was obid for the
mixture containing unimer, dimer and three arm.s&ignificant values that could be
obtained were the peak maxima of the molecular kisifpr each fraction: unimet 7d)

Mp = 134 kg/mol; dimer M= 291 kg/mol and M= 400 kg/mol for the three arm star.

For the cyanobiphenyl funtionalized block copolymet5a and 25b degrees of
conversion were determined to 75 % and 69 % wtlscim ithe range described for the
linear triblock copolymers discussed above. Therayed molecular weights were
determined using an SEC setup with THF and anrelgte as eluent to = 850 kg/mol
for 25a and an increased number average molecular pf BDO kg/mol for25b. The
respective molecular weight distributions are P.22 for25aand PDI = 1.22 foR5b.
The resulting weight fractions of the functionatizblocks are virtually the same with
wcg = 85-85 wt% because the block copolyr2&b with the longer spacer exhibits the
lower degree of conversion.
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Table 5.4: Characteristic data of star-shaped btoglolymer gelator&5 and the functionalizable star-
shaped block copolymer mixtue8 as well as the block copolym#&rd

block copolymer ~ spacer M? M,” PDI® DC? we? ABLA »
x? kg/mol % % ru Af) ru Bf) rup f)
25a 4 850 1035 1.22 75 85 190 680 120
25b 8 900 1155 1.28 69 86 190 680 120
23 - 239 298 1.24 - - 190 680 120
17d - 124 125 1.03 - - 190 680 120

a) number of methylene units in spacer; b) detezthiny SEC (eluent: THF, f&5a,b THF + 0.25 wt%
electrolyte), molecular weight with respect to mbjyene standards, UV-detection; c) polydispeiisitiex;

M./M, d) degree of conversion of polymer analogous reactetermined byH-NMR; e) weight fraction
of the cyanobiphenyl-containing segment f) averagmber of repeating unitsalculated fromtH-NMR

and SEC ofL7d
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5.7 Physical gelation of 5CB

To evaluate, whether the cyanobiphenyl-containihgck copolymers are suited as
gelators for the low molecular weight nematic Igjerystal 5CB homogeneous mixtures
were prepared first. In the following the samplepgaration is discussed.

Sample preparation

In the pioneering work of Kornfieldet al. a solvent based technique for the
homogenization of the 5CB/block copolymer mixtureer&v employed to prepare
thermoreversible physical gels. 5CB as well asptieeletermined amount of gelator were
dissolved in dichloromethane (DCM) as cosolventatthieve homogenization. The
solvent DCM was subsequently slowly evaporated urettuced pressufe’”!

This preparation method was not used in this tHestause the complete absence of the
DCM after evaporation is difficult to verify andsidual solvent might influence the
sample properties. Thus, a thermal dissolution riegle was used. 5CB and the
respective polymer were placed in a 1 mL vial. Tapped vial was heated well above
the clearing temperature of 5CB. Homogenization a@seved by rotating the samples
in a tumble mixer at 50 °C (for polymer addition 6 wt%) or 70 °C (for higher
polymer concentrations) for 48 h. Mass concentnatio(wt%) are given as

m(5CB)

wit% = m( polyme)

[100. Mixtures of functionalized homopolymers and block

copolymers were prepared over a concentration rah@2 wt% up to 20 wt% in 5CB.
For easier comparison of the different gelator geldproperties mostly samples prepared
with a weight fraction of 5 wt% gelator in the ndmasolvent will be discussed in this
chapter.

Miscibility of 5CB and cyanobiphenyl-functionalizedmopolymers

The solubility of the side-group functionalized hgpolymers in 5CB with respect to the
spacer length was tested using the series of cyaimeryl-containing homopolymetX-
XII'. Mixtures of 5CB with 5 wt% of the respective hgmtymers were prepared. The
concentration of 5 wt% was chosen because thistinasypical concentration used also
for the gelation experiments later on. The abovscdeed procedure for the sample
preparation failed to result in homogeneous miguoé 5CB with 5 wt% of the
functionalized homopolymer with longest spacer (&OF Xll. In these samples
macroscopical demixing was observed, that wasbated to the smectic phase X .
Thus, this polymer was not used for the followiagts.

The mixtures containing 5CB with 5 wt% of the respe homopolymers were analyzed
by DSC. The heating rate was 1 K/min undey Which is the typical heating rate used in
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the temperature dependent rheology experimentsisied later. The second heating and
cooling traces of the different mixtures in compan to pure 5CB are given in Figure
5.20. For the mixture containintgK (x =4) only one liquid crystalline to isotropic
transition, comparable to pure 5CB¢(¥ 35.8 °C, Tso-Lci = 35.5 °C), was detected on
heating (T, =35.7 °C) as well as on coolingi{lici =35.3 °C). In contrast for the
mixtures withX and XI two different transitions were detected, a strgegk at the
clearing temperature of pure 5CR:(T. = 35.8 °C Xl : T, = 35.9 °C) and an additional
signal at higher temperature of much lower intgndtoth transitions are detected on
heating an on cooling. For a homogeneous mixtutg arsingle clearing transition is
expected. The additional signals in DSC curvesefmixtures containing andXl are
attributed to clearing (respective isotropic tould) crystalline) transitions of the side-
group liquid crystalline homopolymers.
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=
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2 38.2C
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Figure 5.20: Stacked DSC second heatitog)(and second coolingbétton) traces at a heating and
cooling rate of 1K/min under Nof pure 5CB and 5CB mixtures with 5wt% & XI.
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These transition are significantly shifted to lowemperatures (5CB¢% T = 39.0 °C;
5CB + Xl: Ty =44.4°C) compared to transitions of the pureuitigcrystalline
homopolymersX: T¢ = 90 °C;Xl: T = 112 °C). This observation proofed the formation
of a second phase, besides the nematic phasesiog®f homopolymer plasticized by
the low molecular weight liquid cryst&” In this second plasticized phase the transition
temperatures of the homopolymers are reduced.

The DSC measurements on mixtures of 5CB with 5 wt%e side-group functionalized
polymers revealed that only the homopolymer with fibur-membered spackt forms a
homogeneous phase with the nematic solvent whéoeasnectic homopolymerx and
XI phase separation occurs.

Although it has to be noted that for the pure cymaploenyl-containing homopolyméx

no liquid crystalline phase was evident in the D8, thus, no additional signal in the
DSC of the mixture with 5CB might be expected. TidHer confirm the homogeneity of
the phase in the mixture of 5CB aiXl the thermal behavior was analyzed by POM.
Images between crossed polarizers on cooling aersim Figure 5.21. The left images
shows the isotopic phase at 35.0 °C very closeh&o isotropic to liquid crystalline
transition. In the right image the resulting teetyust below this transition at 34.4 °C is
shown. Only one phase transition was observed otingpas well as on heating. From
the formation of the liquid crystalline phase downroom temperature no additional
textures or black spots were visible that mightdate a phase separatiéi?

Because of these results triblock copolymers bgaaifiour-membered spacer, as in the
homopolymeiX, were chosen for the gelation experiments.

100um

Figure 5.21: POM images taken between crossed ipetarfor a mixture of 5CB with 5 wt% of the
cyanobiphenyl-functionalized homopolymi¢ at 35.0 °C above the clearing temperature
(left) and at 34.4 °Cright).
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5.7.1 Rheology investigation of the liquid crystalline gks

The definition of the term gel has been subje@xiensive debates in literature and is not
always used in the same sef8&%*" In this thesis a definition and description is dise
that seems to be widely acceptéd: A gel is a soft, solid or solid-like material that
contains at least two different components. From theological point of view, the
storage modulus (G") of a gel should exhibit a ptoted plateau extending over three
decades of frequencie@)(while being higher than the loss modulus (G"aiftequency
depending oscillating experiment.

The gelation point, a characteristic value of arrttereversible physical gel which
denotes the transition of the soft solid into auiifis preferably determined by
rheological experiments. In physical gels, the tijmha point is extracted from a
temperature-dependent oscillating experiment at poant, where the storage modulus
(G") crosses the loss modulus (G”).

A detailed description of the rheology involved gsven in the experimental part in
chapter 6.1.2.

Liquid crystalline gels were prepared using theckloopolymer gelators with a four-
membered spacdma-eand25ain 5CB as described above and were characteriged b
rheological methods. Oscillatory rheological meamgnts were performed, using an
Anton-Paar MCR301 rheometer. The measurement sisieghwas a cone-plate geometry

with a diameter of 50 mm featuring an anglef 1°. The temperature was adjusted by
Peltier devices in the plate. Representationseflilemoter and the geometry are given in
Figure 5.22.

a) oscillating cone

b) gel sample

c) flat stationary plate
(temperature controlled
by Peltier element)

Figure 5.22:  Image of the Anton-Paar MCR301 rheei&! (left) and schematical representation of the
cone-plate rheomter geometright).
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Prior to sample loading the plate as well as thmpda were heated to 50 °C. The
5CB/block polymer mixture was transferred in thguld isotropic state onto the plate
with a syringe and the cone was lowered to the oreagent position. Prior to every
measurement, the sample was kept at the respettaperature for one hour. For
temperature-dependent measurements a heatingfgaate of 1 K/min was applied and
an oscillation frequency of f = 1 Hz (6.28 radMdEre, the measurements on heating are
shown. All measurements were performed within thedr viscoelastic regime, which
was determined by strain-dependent measuremetite ofynamic shear storage modulus
G’ and loss modulus G”. Typically, strain in thenge of 0.1 % or 1 % deformation was
applied depending on the concentration and tenyreraif the solution. It should be
noted that only mixtures were examined that exbéibihacroscopically gel-like behavior,
i.e. vials filled with the 5CB/block polymer mixtes could be turned and placed on
upside down over a long period of time without ot flow. In Figure 5.23 a photo of
a macroscopically gelled sample (left) in conttadtquid reference (right) is shown.

Figure 5.23:  Photograph of a gel sampédty using 5CB + 5 wt%@25a compared to the nematic liquid
crystal 5CB fight) at room temperature.
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5.7.2 Influence of gelator concentration

At first the influence of gelator concentration dme gelation and the rheological
properties of the gelled samples were investigatsithg the functionalized triblock

copolymerl9c
block block
360 2670

(CH2)4 19¢
O

CN

Representative results of frequency-dependent oesal experiments of9cin 5CB at

25 °C in a double logarithmic plot are given indiig 5.24. The storage modul@’) and
loss modulus@”) against angular frequency)(are plotted for the concentrations of 3.0,
5.0 and 10.0 wt%. Over a wide frequency rangedsi¢ higher than G”¢) indicating a
rubbery, i.e. gel-like state. All samples show assing of G'@) with G'(w) at higherw.
This crossing point shifts to higherwith increasing gelator concentration from 20 sad/
for 3 wt% to around 100 rad/s for 10 wt%. Abovestiiequency the mixtures exhibit a
viscous liquid-like behavior. Both moduli show aakedependence on the frequency that
increases with decreasing gelator concentratiorthecsample can be termed as a gel.
G'(w) and G"() as well as the gap between them increase withnitreasing gelator
concentration, indicating a higher elasticity adlas a more rigid network.

5CB + 19c
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00000

107 10" 10° 10" 10°
w/(rad/s)

Figure 5.24: Linear dynamic viscoelastic curvemtC for different mass concentrationsl8tin 5CB.
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To study the effect of the gelator concentrationtlué gelation temperature and to
investigate the rheological behavior of the geluadthis point, temperature-dependent
measurement were carried out at a heating ratekdfin and a frequency of 1 Hz. The
logarithmic plot of the storage modulus’] and loss modulusX”) against temperature
for 3.0, 5.0 and 10.0 wt% concentrations18t in 5CB on heating are given in Figure
5.25. Below a certain temperature all mixtures slgawlike behavior. G’ is higher than
G” for all mixtures and both moduli increase witlicreasing gelator concentration, as
already discussed for the frequency-dependent tigadi®n in Figure 5.24. Above a
certain temperature the mixture exhibit charadiessof a viscous liquid, G” is higher
than G’. The temperature at which G’ crosses G ba termed the gelation temperature.
In these heating curves this temperature indiddteslisassembly of the gelnetwork. For
10 wt% and 5 wt% concentrations this temperatur@2s3 °C while for 3 wt% it is
slightly lowered to 31.8 °C. These determined gefatemperatures show a negative
deviation from the clearing temperature of 5CB whwas determined to 35.8 °C at a
heating rate of 1 K/min. The deviation seems toraase with decreasing gelator
concentration. Up to now, no explanation can bemifor this observation. The complex
viscosity f)*) is proportional to the sum of the storage ansslonodulus as shown in
equation (5.2).

G* G +iG"”
W iw

*

p* = (5.2)

From this relation is apparent to assume that tmptex viscosity of the 5CB/gelator
mixture in the liquid state (i.e. above ~33 °C)regases with increasing weight fraction of
the gelator. For the mixture containing 3 wt% andt% of the gelatod9c the storage
modulus exhibits an unexpected alteration arountiC3som the evolution observed at a
concentration of 10 wt%. For the 5 wt% sample igimibe described as step (34.0 °C to
34.4 °C) during the sharp decrease in G’ whileJavt% it can be described as a local
maximum in G’ in the range of 34.5°C to 35.4 °CheTbehavior is observed at a
temperature where the system can be describediasaaus liquid. This local increase of
G’ might be attributed to the known contribution kduid-liquid interfaces to the
elasticity of two-phase liquid&® Thus, formation of a biphasic region in this
temperature range may be assumed.
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{— 5CB + 19c

T, (5CB)
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Figure 5.25: Temperature dependence of linear dimasiscoelastic behavior of gel samples with
concentrations of9c of 3 wt%, 5 wt% and 10 wt% in 5CB on heating watheating rate of
1 K/min (arrows indicates direction of sweep).

To identify differences in the gelation behavior beating compared to the cooling
process the above shown heating curves (G’: blaEkred) are shown together with the
respective cooling curves (G’: blue, G”: greendate of 1 K/min in Figure 5.26. For an
easier comparison only the samples with 3 wt% abevt% are shown. Both samples
show only a very small hysteresis. The gelation perature is shifted to lower
temperature by 0.7 °C for the samples with 19 vit96 while the shift for the sample
with 3 wt% is about 0.1 °C.

For both concentrations the moduli show nearly shene plateau values. A distinct
difference is the behavior of the storage moduluhe 3 wt% sample around 35 °C. On
cooling the unexpected increase in G’ is much nppomounced compared to the heating
curve and the maximum is shifted by 0.4 °C to 3€4

This comparison shows that on heating as well asomting the gelation temperature is
similar to the transition from the isotropic to thematic phase of the solvent 5CB.
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— 5CB + 19c

G', G"/Pa

T/T

Figure 5.26: Temperature dependence of linear imaviscoelastic behavior of gel samples with
concentrations of9c of 3 wt% and 10 wt% on heating (G’: black, G":d)eand cooling
(G’: blue, G”: green) with a rate of 1 K/min (ams indicates direction of sweep).

These measurements confirm that the elasticityhef gel increases with increasing
gelator concentration. In a gel the storage mod(&iy has to be higher than the loss
modulus (G”). With decreasing concentration the g@tween the G’ and G” in the gel
state decrease and, thus, the gel weakens. Fdatargeoncentration of 3 wt% G’ is only
marginally higher than G”. Hence, it is reasonaleassume that the critical gelator
concentration is slightly below 3 wt%. The gelatitemperature shows a negative
deviation from the isotropic to liquid crystallingansition which increases with
decreasing gelator concentration.

5.7.3 Influence of block copolymer backbone

In contrast to the aforementioned concentrationabiel, the influence of the different
backbones of the block copolymer gelators on gélaber was investigated as well.
Dynamic oscillatory rheology experiments were perfed for all 5CB/gelator mixtures
at a constant gelator concentration of 5 wt%. Adddilly, the thermal behavior of all gel
samples was investigated by DSC with a heatingafifieK/min that is the same as used
in the temperature-dependent rheology measuremémtshe following figures the
rheology measurements are shown together with #oensl heating DSC curves to
provide a better comparison of the behavior arothel transition temperature. The
gelators of seriesl9 were divided in pairs for convenient evaluation specific
influences.
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Length of polystyrene A-blocks

At first the impact of the polystyrene A-block lehg on the gelation properties was
analyzed. A strong dependence on the lengths oAthiecks is to be expected since the
immiscibility between the polystyrene segments @nedunfavorable solvent, e.g. 5CB in
the nematic phase, are a function of the degreelgmerization.

. block block !
a b a
o)

(<:3H2)4 | 192 19d
o a 490 190

b 930 680

O a 49 120

weg/Wt% | 76 86

CN

Therefore, the cyanobiphenyl-functionalized ABAlock copolymerd9aand19d were
compared. Both gelators feature the lowest numbespeating units of repeating units in
the functionalized B-block (#g = 680, 930) in serie49 but the PS A-blocks il9a
(rups= 490) are about two times the length a&%a (rups= 190, 120).

The double logarithmic plot of the storage modul@$ and loss modulusy’) against
angular frequencyuf) for 5CB with 5 wt% ofl9aand 19d at different temperatures, are
given Figure 5.27. The sample containih8a shows gel-like characteristic over the
whole frequency range, &Y is always higher than Gtf). The storage modulus shows
only a weak dependence anat higher frequencies. Both moduli show a depecelem
the temperature, Gif) decreases in the range from 25 °C to 34 °C dns, the elasticity
of the sample decreases. In contrast the samptainomg 19d does not qualify as a gel at
a mass concentration of 5 wt%, becausewlsifh normally higher than G’t)). Both
moduli show a strong dependence on the frequencyedisas the temperature. That
means 5 wt% is below the critical gelator concdiunaof 19d.
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Figure 5.27:  Linear dynamic viscoelastic curves56B gel samples with 5 wt% dBa (left) and19d
(right). Measurements were performed at different tempera.

The temperature dependency on heating of the lidgaamic viscoelastic behavior for
both samples is shown in Figure 5.28. The sampik gelatorl9a shows a plateau in
both moduli from 25 °C up to 34.5 °C while G’ iggher than G” indicating a rubbery,
i.e. gel-like, behavior. The temperature dependeafciPQa can be described as ideal in
terms of gelation model discussed in chapter 5.1s &gnificantly higher than G” in the
gel state and the crossover temperature rangeysheerow with a sharp decline in both
moduli that ends with a very low storage modulushia liquid state. Thus, the resulting
viscosity of the liquid state is low. The gelatigoint coincides with the clearing
temperature determined by DSC. In this DSC scaly ankingle sharp transition is
detected.

In contrast, the sample with gelatt¥d cannot really be termed a gel because it does not
fulfill the required criteria. G’ equals G” in theemperature range of 25 °C to 26 °C and
directly above a viscous liquid state is obsenB&low the crossing point of G’ and G”

at 25.8 °C the sample is a viscous liquid as shahwove. In the second heating DSC
curve the clearing transition is significantly bdeaed and an additional shoulder is
detected at lower temperature. The storage modexkhgits the above described local
increase in this temperature range.
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Figure 5.28  Temperature dependence of linear dynmamcoelastic behavior of 5CB gel samples with
5 wt% of 19a (left) and19d (right) on heating with a heating rate of 1 K/min. Ovitlare
respective the second heating DSC traces at anperdte of 1 K/min (arrows indicates

direction of sweep).

From this comparison of the gelators with a rastesrt B-block (rgs ~ 680, 930) it is
evident that at a gelator concentration of 5 wt% légngths of the PS A-blocks @Bd
(rups= 190, 120) is insufficient to ensure a reasongbilgsical crosslinking. In contrast
the PS A-block in gelatoi9a (rurs= 490) are about two times the length 1&d and

achieves a stable physical crosslinking.

The gelatorl9awith a relatively short functionalized B-block asldort A-blocks reflects
the situation as schematically shown in Figure (Bight). As expected, in this case the
resulting gel shows a high elasticity due to tlghmetwork density.
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Length of functionalized B-block

The influence of the cyanobiphenyl-functionalizeebBck was investigated using to
different sets of gelators for the comparison.Ha first setl9a and19e are used. The
lengths of the PS A-block are quite similar f®a (rurs= 490) andl9e (rups~ 550) but
the B-block ofl9e(rucg = 3740) is four times the length asli®a (rucg = 930).

. block block !
a b a
o}

(C:3H2)4 [19a  19e
0 a 490 530

b 930 3740

O a 490 550

wegWt% | 76 91

CN

The double logarithmic plots of G’ and Gibainstw for 5CB with 5 wt% ofl9aand19d

at different temperatures, are given Figure 5.28 3ample containingj9a was already
described above. Fd9e G'(w) is higher than G"¢) and exhibits a plateau over nearly
the whole frequency range. Up to 32 °C no tempesatiependency is observed. Thus,
the sample withl9e shows a gel-like behavior. The characteristicaajel are more
pronounced for this gelator compared.@a

5CB + 5wt% 19a 5CB + 5wt% 19e 3
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Figure 5.29: Linear dynamic viscoelastic curves3@B gel samples with 5 wt% dPa (left) and 19e
(right). Measurements were performed at different tempera.

The temperature dependence of the linear dynarsgoglastic behavior for both samples

is given in Figure 5.30. The sample with gelai®e exhibits a high storage modulus
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(G’ =43 Pa) in the gels state and a crossing pufild’ and G” at 35.1 °C. In the liquid
state G’ as well as G” show relatively high valyed4 Pa) indicating a significant higher
viscosity compared th9a This might be caused by the very high moleculaigit of the
gelatorl9ecompared td9a Around the crossing point of G’ and G” both méicshow

an abrupt increase in modulus and a local maximuB#a& °C which is directly below
the onset of the clearing transition determinedhim DSC. In the second heating DSC
curve a double peak can be observed for the clpdransition. One peak maximum
(35.6 °C) corresponds to the clearing temperatated for 5CB whereas the second,
stronger peak maxium is observed at higher temyerait 36.7 °C.
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Figure 5.30  Temperature dependence of linear dymamscoelastic behavior of 5CB gel samples with
5 wt% of 19a (left) and19e (right) on heating with a heating rate of 1 K/min. Ovietlare
respective the second heating DSC traces at anertte of 1 K/min (arrows indicates

direction of sweep).

In the second set of samples containing the gala&y and19cwere compared. The PS
A-blocks are of similar lengths19b (rups=430), 19c (rurs~ 360)) while the
functionalized B-block of19c (rucg = 2670) is 1.5 times the length as i®b

(FUCB = 1860).
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. block block 3
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O a 430 360

Wes/Wt% 87 92

CN

In the frequency dependent experiment both sanghles a similar evolution. Gel-like
behavior is observed for a wide frequency rangapagh a crossing of Gif) and G”(w)
takes place a higher frequency for both samplafication a viscous liquid above the
crossing frequency. For both samples the modulivshalependency on the frequency as
well as on the temperature. For the sample Wt at 34 °C G”() is higher than G)
over the whole frequency range indicating a licgtiate.
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Figure 5.31: Linear dynamic viscoelastic curves3@B gel samples with 5 wt% dPb (left) and19¢c

(right). Measurements were performed at different tenipess.

The temperature-dependent measurements are shdviguire 5.32.Both samples exhibit
a gel-like behavior and similar temperature depeoéeat the fixed frequency of 1Hz
(6.28 rad/s). The storage modulus in the gel statethe sample containind.9c
(G’ =29 Pa) is slightly higher than fa9b (G’ = 23 Pa). The crossover of G’ and G” is
at 33.4 °C forl9b while it is shifted to lower temperatures f®c at 32.8 °C. This shift
might also be caused by the lower A-block lengti@¢ (rups = 360) compared t@9b
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(rups=430), as observed above f®a and 19d. In the second heating DSC curves a
single clearing transition is detected for both gks, for 19b the peak maximum is
35.3 °C while it is slightly lower fot9cat 34.7 °C. Both samples exhibit the intermediate
maximum in storage modulus, discussed above, dlbeatvery low degree. In the liquid
state sampl@9b shows a lower viscosity tha®c that might be attributed to the shorter
B-block.
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Figure 5.32: Temperature dependence of linear dimaiscoelastic behavior of 5CB gel samples with
5 wt% of 19b (left) and19c (right) on heating with a heating rate of 1 K/min. Ovietlare
respective the second heating DSC traces at anfjeste of 1 K/min (arrows indicates
direction of sweep).

The gelators investigated in this series resultetheé formation of very weak gels at a
concentration of 5 wt% in 5CB. The difference in &id G” was typically below the
orders of magnitude often referred to as a straig g

A shorter B-block with relatively long A-block4d9a) seems to result in gel with a higher
elasticity and stability due to the high networlnsiéy and large nodes. If the length of
the middle block is significantly increaset9@ the resulting gel exhibits more gel-like
behavior (frequency independence, larger differdreteveen G’ and G”), although this
might also be attributed to the higher viscositytleg system due to the high molecular
weight of the gelator. For gelators with B-blockdgh in between the aforementioned but
shorter A-block lengths10b and 199 a stronger dependency on the frequency is
observed as well as shear thinning a high freqesndihis is attributed to the shorter A-
block that might result in less stable nodes. Thmsler strain A-blocks might dissociate
from the physical crosslinking points. If the A-blolengths are drastically reduced as in
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the case fod9d the resulting nodes are not formed or at leasinatestable enough to
yield a physical thermoreversible network at a welaoncentration of 5 wt% With
decreasing length of the A-blocks also the gelat@mnperature seems to decrease and the
temperature dependency in the frequency depend@etriment increases slightly. The
formation of a biphasic region around the cleatemperature cannot be correlated with
the length of either block in this work.

5.7.4 Influence of the gelator backbone architecture

If the block copolymer architecture is changed fratmear ABA structure to a three arm
star architecture, this change is expected to tressulhigher number of physical
crosslinking points per gelator molecule due to ftinéoduction of a chemical
crosslinking connecting the arms (see chapter S6)s increase in the number of
network point should increase the network denditys creating a more elastic gel
structure. Additionally, by the introduction of tlsemical crosslink the probability for
the formation of back loops might be reduced.

In Figure 5.33 the molecules are schematically showhe linear ABA’ triblock
copolymer gelatol9d is compared to the star-shaped block copolymextge25a Each
arm in the star consists of a ABA’ triblock copolgni9d. 25ais comprised of a mixture
of three arm stars, dimers and unimers.

cad /l
o]

19d (CH,),
o

block block 3
a b a'

R

=

CN CN

Figure 5.33: Schematic representation and chenstraicture of the linear ABA triblock copolymer
gelator19d (left) and the mixture containing the three arm stapstablock copolymek5a
(right). Schematical representation is shown for y = 3.
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Samples containing 5CB with 5 wt% @9d or 25a were analyzed in the same way as
discussed above. In the frequency-dependent measateshown in Figure 5.34, both
samples show a temperature dependency. The freguismendency is much more

pronounced for the sample witl®d, although the sample wiba exhibits a crossing in
G'(w) and G'() at o> 31 rad/s and, thus, shows liquid-like behavior v@ahat

frequency.
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Figure 5.34: Linear dynamic viscoelastic curves 5B gel samples with 5 wt% of linear triblock

copolymer19d (left) and the gelator mixture containing the star-sHapleck copolymer
25a(right). Measurements were performed at different tenipess.

The temperature dependence of the linear dynamaoglastic behavior for both sample
is given in Figure 5.35. The behavior of the sangoletainingl9d was already described
above in detail. Apparently, no gel is formed thatresponds to the gel definition in
chapter 5.1. For the sample containing the stapeshdlock copolymer gelat@5aa gel
like behavior is observed. In the gel state a hsfjrage modulus (G’ =111 Pa) is
determined that sharply decreases around the emsgmwint of G’ and G”. This
temperature at which the gel network disassemisles 31.4 °C and thus significantly
shifted to lower temperature compared to the abgatriansition. The second heating DSC
trace exhibits a broadened clearing transition with peak maxima of equal heights at
35.2 °and 35.6 °C.
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Figure 5.35: Temperature dependence of linear dimaiscoelastic behavior of 5CB gel samples with

5 wt% of linear ABA triblock copolymer gelatar9d (left) and the star-shaped block
copolymer gelato5a (right) on heating with a heating rate of 1 K/min. Ovitlare
respective the second heating DSC traces at angeaie of 1 K/min (arrows indicates

direction of sweep).

The change of the block copolymer architecture florear to a mixture of three arm
star-shaped block copolymers, dimers of ABA trill@opolymers and unimers results in
a significant increase in the quality of networkni@ation. At the same gelator mass
concentration where the linear triblock copolymexiatpr 19d failed to produce a
gellating network the corresponding star-shapea@kblmpolymer gelatoR5a yielded a
sample filling network. The storage modulus for tasulting gel was the highest value at
25 °C determined in the series of gelators thatwevestigated. The high temperature
dependency as well as the shift in gelation tenpezas attributed to the short A-blocks,
although the increase in crosslinking points, r@sgllfrom the partial star architecture,
leads to a network formation. For gelator basedstan-shaped block copolymers with
longer A-blocks a significantly improved performanuight be expected.
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5.8 Electrooptical investigation of LC gels"

In cooperation with Dr. Maxim Khazimullin and Prdhgo Rehberg of Experimental
Physics V electro-optical methods have been emgldgecharacterize the viscoelastic
properties of binary mixtures of the Dblock copolymgelators as well as the
cyanobiphenyl-containing homopolymers in 5CB. Akasurements and data analysis in
this chapter have been performed by Dr. Maxim Kimadin. For the different
experiments a wide range of samples containingdifft concentration of homopolymer
or gelators have been prepared by myself as wdllra&laus Kreger using the sample
preparation method described in chapter 5.7.

In this chapter exemplary investigations are preseno illustrate the usage of the
discussed materials for fundamental studies. Resblitained for the gelatd®©c and the
respective cyanobiphenyl-containing homopolyni¥r were selected that were also
submitted as a publicatidfi”

. block block g H H
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The transition from the diluted regime to the gekes of solutions of triblock copolymer
19c in 5CB by varying the polymer concentration wasestigated. To this end, the
viscoelastic properties of a binary mixture of tgelator 19¢ in 5CB and the
homopolymerlX in 5CB were characterized over a mass concemntrgtip range from
0.2 % up to 2.5 %. . Infiltration of the mixtureghviX in 5Cb andl9cin 5CB into liquid
crystal cells coated with rubbed polyamide produaedl aligned samples that behaved
like usual nematics up to mass concentrations02®& % as shown in Figure 5.36

! Parts of this chapter were already published: ka#mullin, T. Miiller, S. Messlinger, I. Rehberg, W
Schopf, A. Krekhov, R. Pettau, K. Kreger, H.-W. Bitit, ,, Gel formation in a mixture of a block
copolymer and a nematic liquid crystaPhys. Rev. 2011 84, 2171.
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Figure 5.36:  Microscopic images taken between easgolarizers of cells filled with samples of
different concentrations ¢ of the block copolyn2éc a) ¢ = 1.1 %; b) ¢ = 3.0 %; ¢)
¢ = 5.0 %. Note the fferent scales.

For the characterization of the viscoelstic prapserthe dynamic Fréedericksz transition
technique was useétt” This electro-optical technique is based on thécaptletection of
the reorientation of the liquid crystal in an etecfield thus, the dependence of the splay
elastic constant and the rotational viscosity oa polymer concentration could be
obtained. The anisotropy of the dielectric permiilyi as well as the splay elastic
constant, of the mixtures did not exhibit any pnamced dependence on concentration
within the accuracy of the measurements. In coftte dynamic properties, namely the
rotational viscosity {y;), display a more pronounced influence of the paym
concentration.

The self-assembly of the A-blocks of the gelatorsviravestigated by comparing the
behavior of samples containing homopolyrirto samples of the same concentration of
gelator19c The increase of rotational viscosity of the sampllepending of the mass
concentration of homopolyméK and triblock copolymef9cis shown in Figure 5.37.
For small concentratiores< 1 %, the rotational viscosities of both mixturesrease with

¢ and show similar values. With increasing concemnatc > 1 %, the rotational
viscosity of the mixture with20c sharply increases and tends to diverge while the
rotational viscosityor the mixtures withX exhibits an almost linear dependencecon
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Figure 5.37:  Increase of the rotational viscositiythe homopolymers¢"; ) and for the block copolymer
(6y) solutions. The solid line is a linear fit wisly"; = 0.156 c, while the dashed line is a
guide to the eye.

By the comparison of the homopolymer to the ABAlttk copolymer the influence of
the A-blocks can be isolated as shown in Figur&.5TBie increase of the ratiy< /Syt
with concentration yields a measure for tffe&ive size of the attached block copolymer
chains in units of a single chain size. These nreasents of the dynamic behavior reveal
that above a mass concentration of 1 % self-assegnbf the block copolymer chain
segments in clusters occurred resulting in a gafesat higher concentrations. The
effective cluster size was estimated as a funaifdhe gelator concentration.

Until the critical gelator concentratiodyf/sy* should obey a scaling law. The
experimental values were fitted as shown in FiguB8. Using this fitting procedure the

critical gelator concentration could be calculateda mass concentration of 2.7 %. As
discussed in chapter 5.7.2, the critical concentmatdetermined by rheological

measurements resulted in a mass concentratior=@ %.The value obtained from the
rotational viscosity data is very close to the wealaxtrapolated from rheological

measurements. Thus, the dynamic Freedericksz timndiechnique can serve as an
alternative approach for the determination of thacal concentration and has apparent
advantages in comparison with rheological and dyodight scattering measurements.
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Figure 5.38:  Dependence 6#%, /5y")”? on the block copolymer concentration c. The slitid is
obtained by a fitting procedure for the data abowel%.

Achievements

In this chapter functional ABA triblock copolymengere synthesized and characterized
that were designed as block copolymer gelatorsther low molecular weight liquid
crystal 5CB. Two different synthetic routes werepboged for the anionic polymerization
of the ABA and ABA’ block copolymer backbone witharying block lengths and
compositions. Cyanobiphenyl-containing homopolymarsl block copolymers were
prepared in a polymer analogous reaction and siretgtroperty relations regarding the
required solubility of the functionalized B-block ithe liquid crystal 5CB were
established using the respective functionalizeddmotymers. Combination of oscillating
rheology measurements and DSC measurements wdoenped to study gels containing
5 wt% of the gelators. The influence of the geldiackbone on the gel properties was
investigated. In cooperation with the DepartmentEaperimental Physics V the gel
formation was investigated by electro-optical taghes on selected examples.
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6 Summary

This thesis covers the design, synthesis, charaatiem, and application of functional
block copolymers. In polymer science the term fiomal has several meanings. The term
functionalis used if at least one polymer segment bears iclakfnctions or if the block
copolymers fulfill a specific function due to thelistinct physical properties or inducible
changes in properties. Here, block copolymers gagrjunctional groups in one block
copolymer segment that allow chemical reactions @emoted asfunctionalizable
polymers.

The general synthetic approach towards functionatkb copolymers utilized in this
thesis is shown below and is based on three st@@siionic polymerization of the block
copolymers bearing protected functional side-groyjps subsequent conversion into a
functionalizable block copolymer by deprotectiord i) attachment of side-group with
specific function in a polymer analogous reaction.

Sequential anionic polymerization of block copolymer with protected functional side-groups

z
ni®s [© Ini o R( Ini .
—> — R R R R
2. MeOH

Conversion to functionalizable block copolymer by deprotection

. H . H
Ini Ini
_—
R R R R R R R R

Polymer analogous attachment of side-group yielding functional block copolymer

Ini "= > i H
RRRR ———> R R R R

The resulting functional block copolymers were daed for two different purposes,
namely, materials for holographic data storage geldtors for low molecular weight
crystals.

This thesis covers three main subjects: (I) the lboatorial synthesis of block
copolymers by anionic polymerization, (I) azobemz&ontaining block copolymers for
holographic experiments and (Ill) cyanobiphenyldtonalized ABA block copolymers
as gelators for liquid crystals.

The first subjectis the implementation of a specially constructedctor setup for
sequential anionic polymerization that is capalblpesformingparallel block copolymer
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synthesisbased on one identical A-block on a lab scale. thts reason, this setup
facilitates thepreparation of block copolymer series in a combonia fashion It
consists of one main reactor and three secondastaies with individual temperature
control, and the addition of monomers or addititeseach reactor can be handled
separately. To conduct anionic polymerizationslotk copolymers in this reactor setup
without termination of the living polymers duringiqping and distribution processes,
operating procedures were established and optimEadthe combinatorial synthesis of
AB diblock copolymers, shown below, the A-blockgslymerized in the main reactor
and the living polymer solution is subsequenthtribsited to the secondary reactors. The
final B-segment can be polymerized in each of ther freactors resulting in a block
copolymer series based on an identical A-block.
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HI: Polymerization
.4’%
— O ) ay Aagmefeg0oeiote
I: Polymerization II: Distribution _!_’ W
——— Pt VR
®
R B M e
gty
P ipgatug
[
Pertnen Pufrustegrtesess
L T PR
S TR

i
This procedure can also be expanded for the syistb&&BC triblock copolymer series
or even more complex block copolymer architecturesom the wide range of
combinatorial variations two basic variants werkeced to demonstrate the capabilities
of the reactor. An AB diblock copolymer series ar ABC triblock copolymer series
were prepared witldifferent lengths of the final blocks well as a diblock copolymer
serieswith different chemical structures of the last Idoc

Using this reactor setup, complex series of blagkotymers are conveniently obtainable
to facilitate composition-dependent investigaticas well as process optimization in
block copolymer applications such as lithograptanaitemplating, and holographic data
storage.

The second subjeatovers the synthesis, characterization, procesambgapplication of
new liquid crystalline azobenzene-containing blookolymers. Most of thazobenzene-
containing diblock copolymemsere designed in view of their application as matsifor
holographic data storage and, thus, contained awrpdraus, optical inerpoly(methyl
methacrylate) (PMMA) or polystyrene (PS) matriks a functionalizable segment
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polyhydroxystyrenavas introduced enabling polymer analogous reastionfunctional
photoadressable homopolymers, copolymers and btogolymers with a high glass
transition temperatur®ifferent lengths of flexible spaceasd/or mixtures of two spacer
lengths were employed to connect the mesogenicrabphores to the polymer backbone.
The structure-property relatiomf functionalized block copolymers and the resgjti
mesophase was investigated. The respective homuopolgnd copolymers were used as
reference materials.

bIOCkTﬁH block H
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Holographic experimentswere conducted on selected examples of the prépare
azobenzene-containing polymers and several retonthe holographic behavior were
revealed.Smectic annealed samplesamorphous quenched sampl@sre obtained by
different sample preparation methods to investigfageinfluence of the liquid crystalline
order. While the sensitivity to light induced oriation of the polymer systems remained
unaffected in the beginning, the writing times aledel of postdevelopment were
improved for quenched samples but with slight lfsthe achievable maximum refractive
index modulationVariation in spacer lengthsesulted in decreasing smectic order with
decreasing spacer length as well as for mixtureswof different spacer lengths. The
reduced order promoted lower writing times in tlwolgraphic experiments while the
maximum refractive index modulation was not sigiafitly affected. Additionallythe
temperature dependencéd the temporal evolution of the refractive indeodulation in
the smectic polymersvas studied. A significant decrease of writing tmand an
enhancement of the postdevelopment were revealesleaated temperatures. Stable
holographic gratings could be obtained even at°@@ue to the liquid crystalline phase
of the storage materials. Thus, the high writinghgeratures in combination with
amorphous quenched samples facilitated short gritimes and an exceptionally high
stability of the holographically inscribed gratings

1.1 mmthick samplesthat are a prerequisite for volume holographiaddorage with a
high data storage density, were prepared by imgectmolding of blends of
photoaddressable block copolymer and PMMA or P8liRinary results confirmed the
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long-term stability of holographic inscribed grafsn Additionally,angular multiplexing

of holographic volume gratings was demonstrated thick samples. Based on these
results smectic azobenzene-containing block copethsystems can be seen as promising
candidates to further develop faster rewritableog@phic data storage materials with

improved long-term stability of the inscribed infoation.

The third subject covers the synthesis and characterization of mganobiphenyl-
containing ABA triblock copolymeend their application ddock copolymer gelatorfor
the low molecular weight liquid crystal 4-cyano{gentyl)biphenyl (5CB). Liquid
crystalline solvents cause an abrupt change inesblquality due to their first-order
transition from the isotropic into the liquid crgine phase. Based on the selective
solubility of the A and B blocks in the nematic\samit, ABA triblock copolymers can be
used for the thermoreversible gelation of 5CB. fis tnd, ABA and ABA’ triblock
copolymers comprised of polystyrene A-blocks andcyanobiphenyl-functionalized
polyhydroxystyrene B-block with a high degree ofypeerization were prepared by the
combination of anionic polymerization, using twdfelient synthetic routes, and polymer
analogous attachment of the mesogens. Using ttpsoaph, series of gelators were
prepared with variations in the B-block length, theblock lengthsDifferent polymer
architectures e.g. star shapdalock copolymers, were obtained by the use of gltog
agent.

-

block block
a b a
polystyrene block

O

|
(CI;H2)X flexible spacer NCO/\/\/

0]
4-cyano-4'-(pentyl)biphenyl (5CB)

mesogenic cyanobiphenyl unit

CN

Structure-property relations regarding the mesophelsaracterization revealed that
cyanobiphenyl-functionalized polymers with long epa feature highly ordered smectic
phases. On reducing the spacer length this orderswaificantly lowered enhancing the
solubility in the nematic 5CB. A comprehensive stuehs conducted to investigate the
structure-property relation of the triblock copormmgelators regarding the gelation of
5CB. A combination obscillating rheology measuremerdadthermal characterization

by DSC was employed to investigate the behavior of therntloreversible liquid

crystalline gels. Most of the block copolymer getat achieved gelation of the low
molecular weight liquid crystal 5CB at a concentratof 5 wt%. The properties of the
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different gels where compared at this fixed conegimn. Theinfluence of the gelator
backbone on the gel properti@gas investigated by comparing different sets ibdck
copolymers that differed only in the length eittiee A-blocks or the functionalized B-
block. While a short functionalized B-block resdlt@ high network density and, thus, a
high elasticity of the gel the length of the A-ksgroved critical to the gelation process.
The gelator with the shortest A-blocks failed tonfioa gel network at the fixed gelator
concentration, whereas the stability of the physietwork nodes formed by the self
assembled polystyrene segments seemed to incdsader A-blocks.

Additionally, the influence of the block copolymarchitecture, namely linear and star-
shaped block copolymers, was investigated. Comgaiimear ABA’ triblock copolymer
gelator to a three arm star gelator revealed thatstar-shaped gelator resulted in a
significantly higher elasticity of the liquid crydline gel.

In cooperation with the Department of Experimerdlysics V at the University of
Bayreuth, the gel formation was investigated usihg electro-optical Fréedericksz
transition technique on selected samples. Thessureraents investigated the dynamic
properties of dilute solutions of 5CB and a cyapbbnyl-containing gelator as well as
the respective homopolymer with increasing conedioins. The concentration
dependency of the rotational viscosity could beeditby a scaling law. By extrapolation
of the fitting curve the critical gelator could Bssumed that coincided with the value that
was experimentally determined by rheology measumésnen liquid crystalline gel
samples.

197



Zusammenfassung

7 Zusammenfassung

Diese Arbeit umfasst Design, Synthese, Charakéeusg und Anwendung von
funktionellen Blockcopolymeren. Die Bezeichnunfunktionell besitzt in den
Polymerwissenschaften mehrere Bedeutungen. Sie b@rditzt, wenn mindestens ein
Polymersegment chemische Funktionen beinhaltet deaeBlockcopolymere aufgrund
ihrer originaren physikalischen Eigenschaften ddduzierbaren Anderungen in diesen
Eigenschaften spezielle Funktionen erfillen. Blogaymere, die in einem Segment
funktionelle Gruppen tragen, welche eine chemisRbaktion ermdglichen, werden als
funktionalisierbarePolymere bezeichnet.

Der generelle synthetische Ansatz zu funktionelBtackcopolymeren, der in dieser
Arbeit benutzt wurde, und basiert auf drei Schmittg§) die anionische Polymerisation
von Blockcopolymeren mit geschitzten funktionelleBeitengruppen, (i) die

anschlieBende Umwandlung in funktionalisierbarecBtmpolymere durch Entschitzung
und (iii) die Einfihrung von komplexen Seitengrupmeit spezifischen Funktionen durch
polymeranaloge Reaktion.

Sequentielle anionische Polymerisation von Blockcopolymeren mit geschiitzten funktionellen Seitengruppen

z
Inie+<g/ > Ini | °e R(, IniWH
2. MeOH OOORRRR

Umwandlung in funktionalisierbare Blockcopolymere durch Entschiitzung

. H . H
Ini Ini
_——
R R R R R R R R

Polymeranaloge Einfiihrung von funktionellen Seitengruppen
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Ini =—C_ D i
R R R R R R R R

Die so hergestellten funktionellen Blockcopolymereurden speziell fur zwel
unterschiedliche Zielsetzungen mal3geschneidert uméar als Materialien fur
wiederbeschreibbare  holographische Datenspeicherd uals Gelatoren  flr
niedermolekulare Flussigkristalle.

Diese Arbeit behandelt drei Ubergreifende Themeiegeb (I) die kombinatorische
Synthese von Blockcopolymere durch anionische Petigation, (1) azobenzolhaltige
Blockcopolymere fiur holographische Experimente un@l) Cyanobiphenyl-
funktionalisierte ABA Blockcopolymere als Gelatoreritir niedermolekulare
Flassigkristalle.
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Fur daserste Themengebieturde eine speziell angefertigte Reaktoranlagdisied,
welche die parallele anionische Synthese von BlockcopolymearenLabormalistab
erlaubt. Dadurch wird di&ynthese von Blockcopolymerserien auf kombinatoeigart
ermdglicht. Die Anlage besteht aus einem Hauptogaind drei Nebenreaktoren. In
diesen kann sowohl die jeweilige Temperatur indieitikontrolliert als auch die Zugabe
von Additiven oder Monomeren separat gehandhabtdever Um die anionische
Polymerisation von Blockcopolymeren in dieser Reetlage ohne Abbruchsreaktionen
wahrend der Pump- und Verteilungsvorgange zu gdeigten, wurden spezifische
Arbeitsrichtlinien ausgearbeitet und optimiert. i kombinatorische Synthese von AB
Diblockcopolymeren wird der A-Block im Hauptreaktpolymerisiert und die lebende
Polymerlosung, wie unten gezeigt, anteilig in diebBnreaktoren gepumpt. Der
abschlieBende B-Block kann so, basierend auf demtigthen A-Block, in jedem der
vier Reaktoren separat polymerisiert werden.
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Diese Technik kann auch fir die Synthese von ABdldckcopolymeren oder noch
komplexeren Blockcopolymerarchitekturen entspredherweitert werden. Aus dieser
gro3en Bandbreite an mdglichen kombinatorischenaktgghensweisen wurden zwei
einfache Varianten ausgewahlt, um die die Moglidieke dieser Reaktoranlage zu
demonstrieren. Es wurde je eine Serie aus AB Digopolymeren und ABC
Triblockcopolymeren mitvariierender Lange des abschlieRenden Bloc&dslgreich
hergestellt sowie eine Serie v@iblockcopolymeren mit unterschiedlicher chemischer
Struktur der letzen Blockes

Komplexe Blockcopolymerserien, welche sich fiir zossensetzungsabhangige
Untersuchungen und Prozessoptimierungen in kompl&teckcopolymeranwendungen
eignen, sind nun leicht zugénglich. Beispiele dafind die Nanostrukturierung mittels
Blockcopolymertemplaten oder auch die holograpladgatenspeicherung.
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Das zweite Themengebidiehandelte Synthese, Charakterisierung, Verarggitund
Anwendung von neuerazobenzolhaltigen Blockcopolymereie meisten dieser
fotoadressierbaren Diblockcopolymere wurden im Hakbauf ihre Anwendung als
Materialien fiur die holgraphische Datenspeicheruwegignt und enthielten deshalb
Poly(methyl methacrylat) (PMMA) oder Polystyrol JP8s amorphen, optisch inerten
Matrixblock. Polyhydroxystyrolvurde als funktionalisierbares Segment fur dieypar
analoge Synthese von funktionellen Homopolymeren,opaymeren und
Blockcopolymeren mit hohen Glasiibergangstempenmateiagefuhrt. Flexible Spacer
verschiedener Langeund/oder Mischungen zweier unterschiedlicher Syéogen
wurden eingesetzt, um die Farbstoffmesogene mit Belymerrtickgrat zu verbinden.
Die Struktur-Eigenschaftsbeziehurder resultierenden Flussigkristallphase wurde mit
Hilfe der funktionalisierten Blockcopolymere sowder entsprechenden Homopolymere
als Referenzmaterialien untersucht.
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In Zusammenarbeit mit dem Bayreuther Institut fuakwbmolekulforschung (BIMF)
wurden an ausgewahlten Beispielemlographische Experimentait azobenzolhaltigen
Polymeren durchgefiihrt und verschiedene Einflussfak auf das holographische
Verhalten gefundenSmektische getemperte Probend amorphe gequenschte Proben
wurden durch unterschiedliche Probenpréaparatiofetvwen hergestellt, um den Einfluss
der flussigkristallinen Ordnung zu untersuchen. #sgte sich, dass dadurch die
Sensitivitat im Anfangsbereich gegenuber lichtindcer Orientierung nicht beeinflusst
wurde. Im Gegensatz dazu verbesserten sich dieeiBebit und der Grad der
Nachentwicklung durch den Einsatz von amorph gesglgen Proben, wobei die
maximale Brechungsindexmodulation leicht reduzanat. Variationen der Spacerlangen
zeigten eine Reduzierung der smektischen Ordnurigabeehmender Lange oder
Mischung zweier Langen. Diese reduzierte Ordnutgtélizu kirzeren Schreibzeiten in
den holographischen Experimenten, wobei die Bregtimdexmodulation nicht stark
beeinflusst wurde.
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Zusatzlich wurde die Temperaturabhangigkeit des zeitlichen Verlaufs der
Brechungsindexmodulation in desmektischen Polymerenntersucht. Bei hoheren
Temperaturen reduzierte sich die Schreibzeit dgytlivdhrend die Nachentwicklung
verstarkt auftrat. Durch die flussigkristalline Baa&onnten stabile holographische Gitter
sogar bei einer Temperatur von 100 °C erhalten everavo die verstarke thermische
Relaxation in den meisten Systemen zum EinbrecleenSthbilitat fihrt. Der Einsatz
hoher Schreibtemperaturen in Kombination mit amgagphjuenschten Proben flihrte zu
kurzen Schreibzeiten bei gleichzeitig aulRergewdhnlihoher Stabilitat der
holographischen Gitter.

1,1 mmdicke Probersind eine Voraussetzung fur die Anwendung in adodraphischen
Datenspeicherung mit hohen Speicherdichten und evuddirch Spritzgussverfahren aus
Blends aus fotoadressierbaren Blockcopolymeren BMMA oder PS hergestellt.
Vorlaufige Ergebnisse bestatigten die Langzeitbtabi der eingeschriebenen
holographischen Gitter. Zusatzlich wurde die Mddkeit des Winkelmultiplexing von
Volumengitterrdemonstriert.

Basierend auf diesen Ergebnissen diurfen smektiszbleenzolhaltige Blockcopolymere
als vielversprechende Kandidaten betrachtet wengi@nschnellere, wiederbeschreibbare
holographische Datenspeichermaterialien mit  vedsems Langzeitstabilitat
weiterzuentwickeln.

Im dritten Themengebietwurde Synthese und Charakterisierung von neuen
cyanobiphenylhaltigen ABA Triblockcopolymeresowie ihre Anwendung als
Blockcopolymergelatoren fir den niedermolekularen Flussigkristall 4-cyafio-
(pentyl)biphenyl (5CB) behandelt. Beruhend auf sldektiven Léslichkeit der A-Blocke
und des B-Blocks in einem nematischen L&sungsmittéionnen ABA
Triblockcopolymere fiir die thermoreversible Gelmguwon 5CB eingesetzt werden. Zu
diesem Zweck wurden zuerst ABA und ABA’ triblockadpmere, bestehend aus
Polystyrol A-Blocken und einem funktionalisierbar@olyhydroxystyrol B-Block, mit
einem hohen Polymerisationsgrad, Uber anioniscHgnfeoisation hergestellt, wobei
zwei unterschiedliche synthetische Routen genutamtden. AnschlieBend wurden die
Cyanobiphenyleinheiten durch polymer analoge Reakteingefuhrt. Mittels dieses
Ansatzes wurde ein8erie aus linearen Triblockcopolymergelatoren natiierenden
Langen der A und B-Blocke sowie ein BlockcopolymieSternarchitektuhergestellt.
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4-Cyano-4'-(pentyl)biphenyl (5CB)

mesogene Cyanobiphenyleinheit

CN

Untersuchungen der Struktur-Eigenschaftsbeziehungem Hinblick auf die
Mesophasencharakterisierung ergaben, dass cyamolyiplunktionalisierte Polymere
mit langen Spacern eine hoch geordnete smektishhsePaufweisen. Mit abnehmender
Spacerlange wird diese Ordnung deutlich herabgesetriurch sich die Loslichkeit im
nematischen 5CB erhoht. Eine umfassende Studie Eumfluss des Polymerriickgrats
und der Polymerarchitektur der entsprechenden @elatauf die Gelierung von 5CB
wurde durchgefiihrt. Eine Kombination voaezillierenden rheologischen Messungsgr
thermischer DSC Charakterisierungvurde eingesetzt, um das Verhalten der
thermoreversiblen flissigkristallinen Gele zu ustehen. Die meisten eingesetzten
Blockcopolymergelatoren waren in der Lage, den enieslekularen Flissigkristall 5CB
bei einer Massenkonzentration von 5 Gew.% zu galierDie Eigenschaften der
verschiedenen Gele wurden bei dieser festgelegtenzéhtration untersucht. Der
Einfluss des Gelatorrickgrats auf die Geleigenseimafwurde untersucht, indem
verschiedene Paare von Triblockcopolymer vergliolarden, die sich jeweils nur in der
Lange der A-Blocke oder des funktionalisierten Bd¥s unterschieden. Wahrend ein
kurzer funktionalisierter B-Block eine hohe Netzidichte bedingte und dadurch zu
einer hohen Elastizitat des entsprechenden Geldefuarwies sich die Lange der A-
Blocke als kritisch fur den Gelierungsprozess. Befator mit den kirzesten A-Blocken
war nicht in der Lage, bei der festgelegten Konadimn ein gelierendes Netzwerk
auszubilden. Mit steigender Lange der A-Blécke echsich auch die Stabilitdt der
physikalischen Verknupfungspunkte des Netzwerksedubhen, welche sich durch
Selbstorganisation der Polystyrolsegmente bilden.

Zusatzlich wurde der Einfluss der Blockcopolymehaektur untersucht, im Speziellen
an linearen und sternférmigen BlockcopolymerennB¥iergleich eines linearen ABA’
Triblockcopolymergelators mit einem Dreiarmsteriag@l ergab sich eine signifikant
hohere Elastizitat des resultierenden flissigltisen Gels fur den sternférmigen
Gelator.
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Zusammenfassung

In Kooperation mit dem Fachbereich Experimentalghysan der Universitat Bayreuth
wurde die Gelbildung an ausgewéahlten Beispielernemsielektro-optischer Fréedericksz
Ubergangsmessungen untersucht. Diese Messungenlickeng die dynamischen
Eigenschaften von verdinnten Losungen von 5CB uondoBl cyanobiphenyl-
funktionalisierten Gelatoren als auch den entsgmeden Homopolymeren mit steigender
Konzentration. Die Konzentrationsabhangigkeit dertaRonsviskositat konnte mittels
eines Skalierungsgesetzes angenahert werden. Extcapolation dieser Kurve konnte
eine kritische Gelatorkonzentration ermittelt werdelie mit dem durch rheologische
Untersuchungen an flussigkristallinen Gelprobertitresten Wert Ubereinstimmte.
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8 Experimental part

8.1 Methods

Size exclusion chromatography (SEG¢asurements were performed on three different
setups. The first one, utilizes a Waters 515-HPu@p with stabilized THF as eluent at
a flow rate of 0.5 mL/min. 20 ul of a solution wighconcentration of approx. 1 mg/mL
were injected into a column setup, which consi$ta guard column (PSS; 5 x 0.8 cm;
SDV- gel; pore size 100A; particle size 5 pm) and separation columns (PL; 30 x 0.8
cm; mixed C gel; particle size 5 pum). The molecwaight distribution was monitored
with a Waters 486 tunable UV detector at 254 nm an@aters 410 differential RI
detector. Molecular weights were given with respecan added internal standam (
dichlorobenzene) and to narrowly distributed polseste standards.

The second setup, uses a Waters 510-HPLC pumpavgthumn setup which consists of
a guard column (PSS; 5 x 0.8 cm; SDV- gel; pore 4i@20 A; particle size 5 pm) and
three separation columns (PL; 30 x 0.8 cm; pore %00, 16, 10fA; particle size 5 um).
THF with 0,25 wt% tetrabutylammonium bromide (TBA®as used as eluent at a flow
rate of 0.5 mL/min. 100 pl of a solution with a centration of approx. 1 mg/mL were
injected for each measurement. All other parametgusil the Poly-SEC setup.

Oligo-SEC measurements were performed utilizing atafé 515-HPLC pump with
stabilized THF as eluent at a flow rate of 0.5 miim20 pl of a solution with a
concentration of approx. 1 mg/mL were injected iatoolumn setup, which consists of a
guard column (Varian; 5 x 0.8 cm; mesopore geltigarsize 3 um) and two separation
columns (Varian; 30 x 0.8 cm; mesopore gel; patgke 3 um). The compounds were
monitored with a Waters 486 tuneable UV detector2s nm and a Waters 410
differential RI detector. Molecular weights werevgn with respect to an oligo-styrene
calibration.

'H-NMR spectra were recorded on a Bruker AC 250 spectam(250 MHz) and Bruker
AC 300 spectrometer (300 MHz) using CR@k solvent and tetramethylsilane (TMS) as
internal standard.

Thermogravimetric analysis (TGAyas conducted under;ltmosphere at a scan rate of
10 °C/min with a Mettler Toledo TGA/SDTA851

Differential scanning calorimetry (DS@jas carried out on a PerkinElmer DSC Diamond
instrument utilizing 10-20 mg of the polymers in QL pans at a scanning rate of 10
K/min or 1 K/min. Indium standard was used to aalib the instrument.

Polarized optical microscopfPOM) experiments were performed using a Leitz Laborlux
12PolS microscope equipped with a Mettler FP 8Gxtame.
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Fourier transform infrared spectroscop{fFT-IR) was performed in attenuated total
reflectance (ATR) mode on a PerkinElmer Spectruthwidh universal ATR accessory.

8.1.1 X-ray diffraction

A crystalline material can be described as thestedional shift of a unit cell thus,
forming a crystal lattice. The unit cell contaihg ttomplete array of symmetry properties
of the crystal lattice and hence is sufficient Borcomplete description of the crystal
structure. The unit cell is characterized by th#da constants a, b, ¢ (the absolute values
of the vectors of the unit cell) and the angle et them. For the description of the
coordinates in a unit cells fractions of the latmonstants are used (fractional (atomic)
coordinates). A plane within a lattice can be catgdly described by the coordinates of
three lattice points within the plane. The fractibeoordinates (a/h, b/k, c/l) of these
points are expressed using the integers h, k,dhas/n in Figure 8.1. For the denotation
of the lattice planes normally only the integers ased in the form (hkl) and are called
Miller indices. In Figure 8.1 (100), (200) and (}Hde given as illustration.

Ca

al a

@@ﬁ

Figure 8.1: An exemplary plane (122) characteriagdractional coordinates using the integers H, k,
(left)®2 and three different sets of lattice planes witle trespective (hkl) notation
(right) 2%

The distance (@) between two lattice planes (lattice distancegii®en by the absolute

value of the vectoﬁhk,.and can be calculated in an orthorhombic latiadleafigles = 90°,
a# b # c) from the lattice constants and the Miller indid® using equation (8.1).
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1 N (kN [\
o @ +G) + ) 63

h, k, t Miller indices of the lattice plane

dhg: distance between two planes (lattice distance)

X-ray diffraction is based on the elastic scattgmi X-rays from the electron clouds of
the individual atoms in the system and is usedht@stigate the atomic structures in a
material. In most directions, the combining resgtwaves are out of phase, called a
destructive interference, and thus, no resultaetgnleaves the solid sample. If atoms
are arranged in a regular pattern, well-defineda)Xdeams leave the sample in various
directions. In these cases the combining resulilages are in phase thus, having a
constructive interference. A diffracted beam maydbscribed as a being comprised of a
large number of scattered rays. Commonly the Xredigctions from a series of parallel
planes inside the crystal are detected as showrigare 8.2. Positive interference is
observed if the difference in path length betwdenwave reflected by the first plane and
the wave reflected by the second plane is an iategrmber of the wavelengths. Thus,
the observation of diffraction is depending on thtice distanced,y and the angle
between the plane normal and the be@n (

Figure 8.2:  Schematical illustration of the Bratiffraction*"

This relationship is expressed by equation (8.a) i called the Bragg equation.
A= Zdhkl sin @ (82)
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Setup

X-ray diffraction (XRD) was performed on powder g#es using a transmission
diffractometer with focusing beam path after Guin{&uinier diffractometer The
schematical setup is shown in Figure 8.3. The sepgrates with monochromatic Cu-
Kga-radiation. A monochromator (Huber Type 616-2) s®d for focusing the beam on
the samples. The powder samples were filled insgiialses with diameters of 1.5 mm or
2.0 mm. Temperature dependent measurements westblgoslue to the electrically
heated copper chamber in which the tubes wereefikafA position-sensitive detector
(position sensitive proportional counter, PSPC) wssd to collect all diffracted beams
into a d range of 1-30°.

2 © Measuring Circle

®
Tube . Foeal Circle
Line Focus
L
Py L& Sample
* il
\ . @ Focus
e (|l J (2]
Ge (111) ‘o
Meonochromator .

20

23]

Figure 8.3: Schematically illustration of a Guiniiffractomete

8.1.2 Holographic measurements

Introduction to holography

In holographic data experiments an optical interiee pattern is created by intersecting
two coherent laser beams within the storage matésiaoherent beam is split into two
beams. The first beam, called the signal or olpeetm, contains the information. The
second beam, called the reference beam, generai@sesent background. Both beams
are superimposed in the storage medium. In thelegnhpase of transmission holographic
writing, an interference pattern is created byrsgeting two coherent plane waves (no
object) in the storage material. The resulting neiy grating is a sinusoidal light
intensity gradient that is stored in the photoderesimaterial as a local change of the
refractive index. The grating constamt)( that is the distance between the intensity
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maxima or minima of the intensity grating, is degeemt on the wavelengthl) and the
angle of incidence of the bean®.(

A

= 8.3
2n,sin® 83

/\: grating constant
A: writing wavelength

@ angle of incidence of the laser beams

n: refractive index

In this writing process the intensity grating isred in the photosensitive material as a
change in the refractive inde)(of the material:

2mx - 2mx
n = ngy + n,cos <T> +...= z Am <T> (84

m=0

n,,: amplitude of then-th spatial Fourier component of the refractiveeixd

Holographic reading process

The reading process has to be conducted witholieiméing the storage material and the
inscribed grating. Thus a laser with a wave lengtitside the absorption band of the
azobenzene containing material is used. The readéam is used to illuminate the
storage material where it diffracted at the insedilnterference grating.

The diffraction efficiency #) is the most basic indicator used to evaluateqtaity of
holographic storage materials.

I

n=1 (85)
0

I, : intensity of the light diffracted into the firetder

lg: intensity of the incident laser light

n uses only the first order diffraction of the ineid light beam and is therefore dependent
on the diffraction type of the grating. Only the @itude of the first Fourier component
of the refractive index,ndetermines the diffraction into the first ordse¢ (8.10)). In an
approximation the following the higher orders aeglected and jnis called refractive
index modulation.
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At this point it has to be distinguished betweemw thfferent conditions: thin and thick
gratings. The paramete® andy are used for the determinatig:?*°!

Q' _ 27'[/1d0 (8 6
ngA%cos ©)
mnid,
= 8.
4 AcosB ®7

do: thickness of the hologram
ny: refractive index of the material

n,: first spatial component of the refractive indeadulation

A grating is called thick if Q" and/ - Q' are greater than unity. Thin gratings show
Raman-Nathdiffraction with multiple diffraction orders andhe theoretical maximum
diffraction efficiency is 33.9 %. Thick gratingshekit Bragg diffraction and only a single
diffraction order. Thus they provide a theoreticabhximum diffraction efficiency of
100 % with a high angular selectivity. Thereforgaar multiplexing, the inscription of
many holographic gratings in the same volume uniiféerent angles, is only possible
using thick grating§>"1"8

n can now be calculated for thin gratings using Megms theof?” and for thick
gratings using Kogelnik’'sCoupled Wave Theaﬁfﬂ Under the conditions of light
incident at the Bragg angle and only small refreetndex modulations, the calculations
of the diffraction efficiencies for thin and thigkatings are the same:

nydgy\°
~ 8.8
1 ( Acos@) (85)

To compare different holographic storage materplgs not fully suited. The above
derived equations are only valid for samples witraasorption. For a given writing angle
and laser intensityy depends not only on the properties of the matdoiatl also on the
thickness of the sample thus it is not a materaadstant. In contrast the first Fourier
component of the spatial modulation of the refsacindex, called the refractive index
modulation n, is independent of the thickndé¥! Equation (8.8) can be used to calculate
the changesirfrom the diffraction efficiency that is directlygasured in the holographic
experiment:

N Acose\/ﬁ 89)

n
L T[do

For all descriptions of holographic measuremengsgmted in this thesis was used.
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A further important material characteristic is thaterial sensitivityS that describes the
slope of the holographic growth cu& The sensitivity is a parameter for the photo-
physical response of the whole photochromic syst®imce the growth of the writing
curve does not increasing linear, the sensitigtysually determined at the beginning of

the writing process ¢ 0) where it exhibits the maximum valu4,).
N
ot

Ioyd,

(8.10)

S =

Holographic setup

If not noted otherwise the samples were spin-cofxted THF solution on cleaned glass
slides and annealed on a hot stage at 60 °C faoTdmove the solvent. The holographic
measurements were performed with the standard fagbg setup depicted in Figure
8.4. Two s-polarized plane waves at 488 nm withirgansity of each 1 W/ctare
brought to interference in the plane of the samplee to the s:s-polarization a light-
intensity grating is generated in the material. Tead out was performed at 685 nm.
From the grating experiment, the diffraction efiocy is obtained. The refractive index
modulation, p, was calculated according to Kogelniks theory. Tdraporal evolution of
the refractive index modulation in thin films ofl gdolymers was recorded until the
maximum of i (mmay Was reached at the writing timgat Technical details about the
setup and the measurements can be foundtti'lit.

Figure 8.4: Optical set-up for the holographic exments with plane waves. (P: polarizer, BS: beam
splitter, PD: photodiodé/2: half-wave plate)/4: quarter-wave platé)*”

This specific writing wavelength of 488 nm is ugedavoid an overpopulation of tlogs-
azobenzene species that would result if the maxirabsorption wave length of thet*-
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transition would be used. The writing wavelengthinsthe range of the maximum
absorption of the mr-transition, thus this absorption is much largeart the also exited
Tutt-transition. Therefore, during inscription, mogtohenzene chromophores are already
in thetrans-state and only few isomers are thestate.

8.1.3 Rheological measurements

Introduction to rheology

Gels are viscoelastic materials, they behave padlyelastic solids as well as viscous
liquids®*" The rheological properties of these components described in the
following.

Ideal elastic lookearn solids exhibit an elastic response to an appiaernal stress. If
stress, i.e. the force (F) per unit area (A), awotsa material a deformation or strain,
defined as the ratio of the change in dimensioatika to the original dimensions, is
induced. This deformation is fully reversible artavers upon removal of the applied
stress. For tensile deformation the straidlis(l: original (dimension) lengttdl: change
in dimension) resulting in a tensile modul&3:(

E =

% _f/A (8.11)

il
o: tensile stress
€: tensile strain

In the case of an applied shear stress the reghiaar strain is given ligna. For small
strains tan =~ a. Thus the shear modulus is given by:

t F/A

Y tana

(8.12

T: shear stress

Y. shear strain

For ideal fluids Newtonia the applied energy is fully dissipated and canhet
recovered. The stress depends upon the rate ofjerarstrain with time rather than the
amount of deformation. The shear viscosnyié defined by:

_ T _ T
M= dyjdr ¥ (813

y : shear rate
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These equations are valid for non oscillating expents. However dynamic rheological
measurements often use oscillatory strain expetsndrat allow the investigation of
materials over a broad range of frequen&85A sinusoidal oscillation of maximum
strainyy and oscillatory frequenay is applied to a sample using parallel plate gepmet
and the response is determined. For ideal elasiienmals the response stress wave is in
phase with the applied strain wave. For purelyagscmaterials the phase differendg (
of the response stress will be exactly 90 °C. Faisaoelastic materiad will be in
between these limits (@<90°) thusd, or more commonly tay is a measure of the

viscous/elastic ratio of a material at a giveiiseeFigure 8.5.

_max. deflection, zero rate of shear

amplitude yp

7] ) applied strain
zero deflection, max. rate of shear resultant stress
T T T T T T T T T T T T T T

time (t)

Figure 8.5 Principle of sinusoidal oscillationroéx. strainyM with the frequency in a parallel plate
geometry rheometer. (after fit")

Under these conditions:
y = y°%sin(wt) (8.14)
vy’ maximum amplitude of strain
t: time
7= 1%sin(wt + §) (8.15)

1% maximum amplitude of stress

The elastic (in-phase) and viscous (out-of-phas@)ponents of the stress wave can be
seperated. The in-phashear storage moduly&’) defines the dissipation of energy and

the out-of-phaseshear loss modulu&”) defines the energy stored in the material by the
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applied strain and that is completely regainedx@geeted for an elastic solid according to
Hooke’s law. They are given by:

7 = 1°G'sin(wt) + 1°G" cos(wt) (8.16)

The ratio of loss to storage modulus is caltest tangen{tamd) and is proportional to the
energy loss per cycle:

14

= 8.1
tand o (817

Rheological measurements

Oscillatory rheological measurements were performesihg an Anton-Paar MCR301
rheometer. The measurement system was a conegaataetry with a diameter of 50
mm and an angle of 1°. The temperature was adjusstdeeltier devices in the plate. For
loading a sample, the plate as well as the samete veated to T=50 °C. The liquid was
transferred onto the plate with a syringe and theecwas lowered to the measurement
position. Prior to every measurement, the samplke ket at the respective temperature
for one hour. For temperature depended measureradrgating/cooling rate of 1 K/min
was used and a frequency of f =1 Hz. All measurasnerre performed within the linear
viscoelastic regime, which was determined by stdgependence measurements of the
dynamic shear storage modulus G’ and loss modutug gically strain in the range of
0.1 % or 1 % was used depending on the concemitratid temperature of the solution.
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8.2 Materials

Until noted otherwise all other chemicals were pased from Aldrich or Acros and were
used as received.

In the following the syntheses used in this work described. Not all of the presented
compounds were used in the results and discuskiapters. Nevertheless, the additional
compounds are intended for further work and, taus included here for reference.

Compounds discussed in this thesis will be addiigndenoted as in the previous
chapters.

8.2.1 Purification of solvents and monomers for anionic plymerization

Purification of the required solvent, monomers additives was performed as described
in ref,.[241) [242]

Tetrahydrofuran (THF; Riedel-deHaén) was first uefld for 3 days over CaHand
distilled off. Prior to use THF was additionallyfltxed for 3 days over potassium and
distilled off. 1.3 Msecbutyllithium solution in cyclohexane/hexar@RuLi; Acros) was
used as received. 0.013 M. Sodium naphthalene @g#ia) solution in THF was
prepared by reacting sodium metal (Aldrich) witklight excess of naphthalene (Aldrich)
in dry THF under inert atmosphere for 1 d. Afterdsarthe dark green solution was
filtered under inert atmosphere and stored in tieezer under argon atmosphgfd.
Methanol (abs.; Acros) was degassed with argod%anin before use.

Styrene

Styrene was purified in a one step procedure. Usyaior to purification, all glassware
was flame-dried under high vacuum to remove tramfesoisture. Then, 100 mL of
styrene (S, Aldrich) were placed in a flask and IsMution dibutyl magnesium in
heptane (Aldrich) was added to the styrene ungielow color appeared; as a typical
amount, 6 mL were sufficient for 100 mL of styreAdter the solution was stirred in the
dark for 15 min, it was degassed by three freezegpthaw cycles (i.e. freezing the
monomer in liquid nitrogen followed by thawing undegh vacuum). The heptane was
carefully removed under low vacuum while the saolatwas cooled with an ice bath.
Afterwards, the styrene was condensed into an alpander high vacuum (~5x10
mbar) and stored in liquid nitrogen until usage.
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tert-Butoxystyrene

As a styrene derivativiert-butoxystyrenetBS, Aldrich) purified similar to the procedure
described above. Due to its high boiling point f&-C/0.1 mmHg) it could not be
condensed into an ampoule at rt. Therefore it lwathe distilled under high vacuum
(~5x10° mbar) at 90 °C oil bath temperature using a mitistillation unit connected to a
graded ampoule cooled with liquid nitrogen. The ighsetup had to be wrapped in tin
foil to prohibit polymerization of the purified momer. It was stored in liquid nitrogen
until usage.

Methyl methacrylate

The glassware for the purification of methyl metiytate (MMA, Aldrich) was pretreated
in the same way as described above for the puiiiteof styrene. Typically 100 mL
MMA were placed in a flask and 1 M solution of thgl aluminum in hexane (Aldrich)
was added until a light yellowish color appeared. @mount of 8 mL was sufficient to
purify 100 mL MMA. After stirring the solution fot5 min in the dark, the monomer was
degassed with two freeze-pump-thaw cycles and cwmadke into a frozen ampoule.
However, the hexane could not be separated fromvill& and had to be taken into
account when the desired amount of MMA for the ami@olymerization was calculated.

Ethyl methacrylate, n-butyl methacrylate, tert-buiethacrylate

Ethyl methacrylate (EMA, Aldrich), n-butyl methatate (nBMA, Acros) and tert-butyl
methacrylate (tBMA, Aldrich) were purified as debed above for MMA.

2-Ethylhexyl methacrylate

2-Ethylhexyl methacrylate (EHMA, Aldrich) was puefl similar to the procedure
described for MMA. Due to its high boiling point1@ °C) it had to be distilled under
high vacuum at 60 °C oil bath temperature usingstimae setup as described for tBuOS.
It was stored in liquid nitrogen until usage

8.2.2 Purification of additives for anionic polymerization

1,1-Diphenylethylene

The glassware for the purification of methyl 1,pltenylethylene (DPE; Aldrich) was
pretreated in the same way as described abovdéopurification of styrene. DPE was
dried over s-BuLi and distilled from deep red (dpllmethyl)lithium under high
vacuum using the same setup as for tBOS. It waisdsia liquid nitrogen until usage. For
long term storage it could be stored under inestagenosphere in the freezer at -20 °C.
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Lithium chloride

Lithium chloride (LiCl) was dried under high vacuwah 250 °C for several days before
being dissolved in dry THF yielding a 0.236 molAlgion.

8.3 Side-groups

8.3.1 General reaction procedures

General method for azocoupling reactid®M1/2%”

The aminobenzene derivative (51 mmol, 1 eq) wasotlisd in EtOH (120 mL). The
solution was cooled and semi concentrated HCI €8)4was added drop wise forming a
suspension. After further cooling with a MeOH/deg imixture, NaN@ solution (2.5 M,
20.4 mL) was added drop wise without the tempeeatixceeding 5 °C. Full conversion
of the aminobenezene derivative was monitored byl#tlyer chromatography (TLC). In
a second flask, phenol (53.5 mmol, 1.1 eq) was lWdisdan NaOH solution (2 M, 50 mL)
and cooled in an ice bath. The diazonium salt sniutvas transferred to a coolable
dropping funnel and added slowly to the alkalinuson. During the reaction, the pH
value was monitored and adjusted to a pH of 10 ddirg additional NaOH solution
(2 M) to the reaction mixture. The mixture was a#m to warm to rt and was stirred for
further 12 h. The solution was precipitated in amdified water (HCI) solution and
filtered off. The crude product was dissolved in,CH and filtered through a column
containing 100 g of silica gel.

General method for attachment of spaGévi2

The phenol derivative (30.7 mmol, 1leq) was dissolvin dry acetone.a,o-
Dibromoalkane (8 eq) (if monobromides were usef:el}), KCO; (1.1 eq) and KI (tip
of a spatula) were added. The solution was heateeflux for 48 h. The spacer unit was
distilled off (HV, 40 °C oil bath), the residue didved in THF and the salts were filtered
off.

General ester derivative saponification metiaid3
Cyanobiphenyl (CB) derivatives:

The CB ethyl ester derivative (6.46 mmol, 1 eq) dasolved in dry THF (50 mL), KOH
(0.47 g, 8.40 mmol, 1.3 eq) was added and theienlwtas stirred at rt over night. The
precipitate was filtered off and dissolved in THEIH(1:1). The solution was poured into
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NaHCG; (0.1 M) and the pH was adjusted to pH=6 with glhacetic acid. The
precipitate was filtered off and purified by soxigetraction with CHGL

Azobenzene derivatives:

The azobenzene ethyl ester (32.0 mmol, 1 eq) wapesded in EtOH/THF (1:1;
200 mL). Aqueous KOH solution (53.9 mL; 10 wt%) wexdded. The reaction mixture
was refluxed for 6 h. A clear solution was obtainedll conversion was monitored by
TLC. Approx. two-thirds of the solution were remdvender reduced pressure and the
remaining solution was precipitated in 1 | of aftei water (HCI). The solid was filtered
off and washed several times with water.

General method for the preparation of the acid diles GM4

The synthesis was carried out under inert atmosgpf&r. dry argon). The Mlask was
flame dried under HV prior to use. The acid demxai1.78 mmol, 1 eq) was suspended
in dry THF (20 mL) and DMF (3 drops) and cooleddtdéC. SOC4 (8.44 mmol, 4.75 eq,
for CB derivatives) or €D,Cl, (8.44 mmol, 4.75 eq, for azobenzene derivatives} w
added slowly. After warming to rt and stirring i excess SOgIC,0,Cl, and solvents
were removed under HV.

8.3.2 Synthesis of azobenzene chromophores
Azola4-(4-Methoxyphenylazo)phenol
13 12
The synthesis was carried out as describBiil. After MOle ¢ /!vi@LlOH
. . 7 N
evaporation the product was obtained as a red po¢iig4 g, ¢ O °

o) .
76 A'.)) Chemical Formula: C13H12N202

Molecular Weight: 228,25
'H-NMR (CDCk-dy): 8(ppm)= 7.80 (d, 4H, C#°Y, 6.92 (d,
4H, CH®13 529 (s, 1H, OM), 3.80 (s, 3H, CH).

o-Bromow-(4-methoxyazobenzene-4’-oxy)alkanes

Az01 4-[4-[(4-Methoxyphenyl)azo]phenoxy] butyl bromide

13 12

The synthesis was carried out according to &2 using 11,
Azo5a (6.00g, 26.3 mmol, 1.0eq), 1,4- dlbromobeltaﬁ\”eo—@— \_\_\
(34.05 g, 0.158 mol, 6.0 eq) andC®O; (4.00 g, 28.9 mmol, Chemical Formula: CoMLuBN,0;
1.1 eq) in aceton (110 mL) yielding an orange s¢fid9 g, Molecular Weight: 363,25
72%).
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'H-NMR (CDCk-dy): 8(ppm)= 7.88 (d, 4H, CE#°Y, 6.99 (d, 4H, CA®*'*3, 4.07 (t,
2H, CH,™), 3.88 (s, 3H, CH), 3.50 (t, 2H, CH'"), 2.14-1.93 (m, 4H, CH>9.

El.Vol. (Oligo-SEC)18.20 mL.

Az02 6-[4-[(4-Methoxyphenyl)azo]phenoxy] hexyl bromide

The synthesis was carried out according to G2 ] 13__ 12

using Azo5a (6.00g, 26.3mmol, 1.0eq), 1,6'MeOL©4_N’N&Q£OM 5
dibromohexane (38.48 g, 0.158 mol, 6.0 eq) apGCx 2 3 16 19
(4.00 g, 28.9 mmol, 1.1 eq) in aceton (110 mL) djiied) Chemical Formula: CagHy:BrN,0, **  Br

Molecular Weight: 391,30

an orange solid (9.05 g, 88 %).

'H-NMR (CDCk-d,): 5(ppm)= 7.87 (d, 4H, CE#°Y, 6.99 (d, 4H, CA®*3 4.04 (t,
2H, CH14), 3.88 (s, 3H, Ck), 3.45 (t, 2H, ¢H.), 1.95-1.79 (m, 4H, CH>*9), 1.53-
1.35 (m, 4H, CH'®1).

El.Vol. (Oligo-SEC)17.82 mL
DSC: T (AH) = 110 °C (126.7 J/g); kst (AH) = 92 °C (115.7 J/g)

Az03 8-[4-[(4-Methoxyphenyl)azo]phenoxy] octyl bromide

The synthesis was carried out according to @2 using Azo5a (4.00 g, 17.5 mmol,
1.0 eq), 1,8-dibromooctane (28.60g, 0.105 mol,
6.0 eq) and KCO; (2.664 g, 19.3 mmol, 1.1 eq) in 6 ° s /T \8

4 /i\l Q 15
aceton (110 mL) vyielding an orange solid (6.6@{'60@” S 1 1 v
84%). C e N
Chemical Formula: C,;H,7BrN,O, 2 g
'H-NMR (CDCk-dh): &(ppm)= 7.87 (d, 4H, Molecular Weight: 419,36

CH>>91, 6.99 (d, 4H, CA®'°'), 4.02 (t, 2H, CH'), 3.88 (s, 3H, CH)), 3.42 (t, 2H,
CH;™), 1.91-1.76 (m, 4H, CH>*), 1.51-1.31 (m, 8H, CH™™).

El.Vol. (Oligo-SEC)17.69 mL
DSC: T (AH) = 114 °C (138.3 J/g); kst (AH) = 97 °C (134.1 J/g)
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Az04 10-[4-[(4-Methoxyphenyl)azo]phenoxy] decyl bromid

The synthesis was carried out according to the

GM2 using Azo5a (3.00 g, 13.1 mmol, 1.0 eq), = 11N3©go
1,8-dibromodecane (24.77 g, 78.9 mol, 6.0 ééﬂeo_@’“
and KCOs; (2.00 g, 14.5 mmol, 1.1 eq) in aceton cpemical Formula: Cahs,BrN;0;
(110 mL) yielding an orange solid (4.2 g, 72%). Molecular Weight: 447,41 z B

'H-NMR (CDCk-d,): 5(ppm)= 7.87 (d, 4H, CE#°Y, 6.99 (d, 4H, CA®*§ 4.03 (t,
2H, CH,"), 3.88 (s, 3H, CHl), 3.41 (t, 2H, CH®), 1.90-1.76 (m, 4H, CH>?3, 1.50-
1.31 (m, 12H, CH®%).

El.Vol. (Oligo-SEC)17.43 mL
DSC: T (AH) = 113 °C (130.5 J/g); kst (AH) = 104 °C (126.6 J/g)

4-[4-[(4-Methoxyphenyl)azo]phenoxy] butyric acid
ethyl ester (MeO-Azo0-3-COOEL)

The synthesis was carried out accordingGi2, 7Meo—®— C \_\—{

although only 1.3 eq ethyl 4-bromobutanoate were * ° o Mo
L . hemical la: Yo
used, yielding an orange solid (11.04 g, 92 %). O olastlar Weiaht a3

'H-NMR (CDClk-dy): 8(ppm)= 7.87 (d, 4H, C#°*, 6.99 (d, 4H, CE®*°*3 4.15 (q,
2H, CH'®), 4.07 (t, 2H, CH"), 3.88 (s, 3H, CHl), 2.54 (t, 2H, CH"), 2.14 (t, 2H,
CH,"), 1.26 (t, 2H, CH").

4-[4-[(4-Methoxyphenyl)azo]phenoxy] butyric acid €&-Azo-3-COOH)

The synthesis was carried out according GM3:

Recrystallization from acetone/@ yielded orange-yellow, _@_ _Q_ o
crystals (95 %). 5
Chemical Formula: C;7H1gN>O4

1H NMR (DMSO'dS) 0 (ppm) =12 (br, 1H)| 7.81 (d! 4H, Molecular Weight: 314,34
CH*>*Y, 7.05 (d, 4H, CA®'%1J 4.07 (t, 2H, CH"), 3.84 (s, 3H, CHf), 2.39 (t, 2 H,
CH,'), 1.96 (quintet, 2 H, CH).

4-[4-[(4-Methoxyphenyl)azo]phenoxy] butyryl chloeid . iy
(MeO-Azo0-3-COCI) , Meo—1®im"N s o
The synthesis was carried out as describe@Nit using 2 ® el
Chemical Formula: C47H7;CIN,O5
MeO-Az0-3-COOH(2.27 g, 7.34 mmol, 1.0 eq), oxalyl Molecular Weight: 332,78
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chloride (3.73 g, 29.40 mmol, 4.0 eq) and DMF ({@l) in dry THF (50 mL). The
product was obtained as an orange solid (quan&fati

'H-NMR (CDCk-d,): 8(ppm)=. 7.96 (m, 4 H, CE°>%3, 7.02 (m, 4 H, CE®**3 4.12 (t,
2 H, CH'), 3.91 (s, 3 H, CHl), 3.18 (t, 2 H, CH®), 2.25 (quintet, 2 H, CH).

Azo5a4-[4-(Cyanophenyl)azo] phenol

The synthesis was carried out according @&MV1. After L

recrystallization from AcOH/LD red-brown crystals were obtaineg_ l<:>5 . N/,N_Q_OH
(vield: 49 %). b n

Chemical Formula: C13HgN3zO

'H-NMR (DMSO-d): §(ppm)= 10.6 (br, 1H), 7.99 (d, 2 H, B,  Molecular Weight: 223,23
7.89 (d, 2 H, CH%), 7.82 (d, 2 H, CP*9), 6.92 (d, 2 H, CF3.

Azo5b 4-[4-[(4-Cyanophenyl)azo]phenoxy] butyric acid etlegter

The synthesis was carried out according to G2, o 1

. . INB 110 5
although only 1.3 eq ethyl 4-bromobutanoate WemzlusN; <:> S /AN o
After recrystallization from EtOH orange crystalene B 15 N s
obtained (y|e|d 71 0/0) Chemical Formula: C1gH19N303 _\19

Molecular Weight: 337,37
'H-NMR (CDCk-dh): 8(ppm)=7.92 (d, 2 H, CR), 7.77 (m, 4H, CE&®*3, 7.01 (d, 2 H,
CH''3, 4.14 (m, 4 H, CK*'9), 2.54 (t, 2 H, CH'®), 2.16 (quintet, 2 H, C¥), 1.27 (¢, 3
H, CH').

Azo5c4-[4-[(4-Cyanophenyl)azo]phenoxy] butyric acid

The synthesis was carried out analog G3. After

6 5 8 11

N O
recrystallization from CHGIhexane orange crystals wene;—l®iw" 7 =" 0
obtained (yield 74 %). z 3 ® o
Chemical Formula: C,7H15N303
H NMR (DMSO-d): 6 (ppm) = 12.2 (br, 1H). 8.02 (m, 2H, Molecular Weight: 309,32

CH>?), 7.92 (m, 4 H, CA®®Y, 7.13 (d, 2 H, CH'"3, 4.10 (t, 2 H, CH), 2.40 (t, 2 H,
CH,'), 1.97 (quintet, 2 H, CHP).

13 12

Az05 4-[4-[(4-Cyanophenyl)azo]phenoxy] butyryl chloride o . : "
- NIIN 9 10

1 (0] i,
The synthesis was carried out as describe@Md using N?@‘ mO
Azo5c (2.27 g, 7.34 mmol, 1.0 eq), oxalyl chloride (3¢,3 - el

Chemical Formula: C,7H14CIN3O»

29.40 mmol, 4.0eq) and DMF (0.1 mL) in dry THF Molecular Weight: 327,76
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(50 mL). The product was obtained as an orangd g¢gliantitative).

'H NMR (THF-): (ppm)= 7.7-7.9 (m, 6 H, C+°°®°%, 6.99 (m, 2 H, CF), 4.05 (t,
2 H, CH), 3.12 (t, 2 H, CK'®), 2.09 (quintet, 2 H, C#).

8.3.3 Synthesis of cyanobiphenyl containing mesogens
a-Bromo-w-(4-cyanobiphenyl-4’-oxy)alkanes

The a-bromow-(4cyanobiphenyl-4’-oxy)alkanes were prepared bg tbaction of 4-
cyano-4’-hydroxybiphenyl with a large excess of #ppropriate dibromoalkane in dry
acetone with potassium carbonate as base accdalmgrocedure described by Crivello
et all*#d

CB1 4'-(4-bromobutoxy)biphenyl-4-carbonitrile
CB1 was synthesized according M2 using 4'-hydroxy-(1,1'- Br

biphenyl)-4-carbonitrile  (3.00g, 15.4 mmol, 1.0.eq 1,4- ngj_ls/_l/?
dibromobutane (19.09 g, 92.2 mmol, 6.0 eq) anuC® (2.34 g, C T b
16.9 mmol, 1.1eq) in aceton (100 mL). Recrys@lim from o o et snsy

ethanol yielded a white solid (3.70 g, 73%).

'H-NMR (CDCk-dy): 8(ppm)= 7.6 (g, 4H, CE*®%, 7.5 (d, 2H, CH*), 7.0 (d, 2H,
CH>'3), 4.0 (t, 2H, CH"), 3,5 (t, 2H, CH'"), 2.1-1.9 (m, 4H, Ck>19.

El.Vol. (Oligo-SEC): 17.77 mL

CB2 4'-(6-bromohexyloxy)biphenyl-4-carbonitrile (CB-6)}B

The synthesis of CB-6-Br was carried out accordei2 using s Br
4'-hydroxy-(1,1'-biphenyl)-4-carbonitrile  (5.00 g,25.6 mmol, s 4 w o,
1.0 eq), 1,6-dibromohexane (37.49 g, 154.0 mma), ef) and N_l_z.s_s.;

K>COs (3.89 g, 28.2 mmol, 1.1 eq) in aceton (150 mL)e Tdil Che:m;l F::mja: C L BINO
bath temperature was set to 60 °C for the digbiatof 1,6- Molecular Weight: 358,27
dibromohexane. Recrystallisation from ethanol ygela white solid (7.5 g, 82%).

'H-NMR (CDCk-dy): 8(ppm)= 7.6 (g, 4H, CE®%, 7.5 (d, 2H, CH), 7.0 (d, 2H,
CH9,13), 4.0 (t, 2H, CH*, 3.4 (t, 2H, CH'), 1.9-1.8 (m, 4H, CH>'Y, 1.5 (m, 4H,
CH,***4.

El.Vol. (Oligo-SEC): 16.92 mL
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CB3 4'-(8-bromooctyloxy)biphenyl-4-carbonitrile (CB-8)B

The synthesis of CB-8-Br was carried out accord@gl2 A
using 4'-hydroxy-(1,1'-biphenyl)-4-carbonitrile  @8.q, s e w0, *
25.6 mmol, 1.0 eq), 1,8-dibromooctane (41.80 g,.A&dmol, n=— ) sno B

76 13 1

6.0eq) and KCO; (5.31g, 38.4mmol, 1.5eq) in aceton Chemical Formula: C;H,,BrNO
(110 mL). The oil bath temperature was set to 100 °C for the MolecularWeight 386,33
distillation of 1,8-dibromooctane. Recrystallisatierom ethanol yielded a white solid
(7.96 g, 80%).

'H-NMR (CDCk-dy): 8(ppm)= 7.6 (g, 4H, CE*®H, 7.5 (d, 2H, CH*3, 7.0 (d, 2H,
CH>3), 4.0 (t, 2H, CH"), 3.4 (t, 2H, CH'), 1.9-1.7 (m, 4H, CK>?9, 1.5-1.4 (m, 8H,
CH216-13

El.Vol. (Oligo-SEC): 16.70 mL

CB4 4'-(10-bromodecyloxy)biphenyl-4-carbonitrile (CB-B0)

The synthesis of CB-10-Br was carried out accoringR
using 4'-hydroxy-(1,1'-biphenyl)-4-carbonitrile  QB.qg, 2
10,2 mmol, 1.0eq), 1,10-dibromodecane (19.31g 16/ 1

' 3 4 10

9
61.5 mmol, 6.0 eq) and-KO; (1.56 g, 11.3 mmol, 1.1 eq)«l—z.s—s.—
in aceton (90 mL). The 1,10-dibromohexane was not . ° * »

Chemlcal Formula: C,3H,gBrNO

distilled off. Recrystallisation from ethanol yield a white Molecular Weight: 414,38
solid (2.97 g, 70%).

'H-NMR (CDCk-dy): 8(ppm)= 7.6 (g, 4H, CE®%, 7.5 (d, 2H, CH), 7.0 (d, 2H,
CH>3), 4.0 (t, 2H, CH*Y, 3.4 (t, 2H, CH"), 1.9-1.7 (m, 4H, Ck>?), 1.5-1.3 (m, 12H,
CH216—21).

El.Vol. (Oligo-SEC): 17.41 mL

Ethyl 4-(4'-cyanobiphenyl-4-yloxy)butanoate (CB-G<QEt)

The synthesis was carried out accordingsté2 using 4'- Va
hydroxy-(1,1'-biphenyl)-4-carbonitrile  (4.00 g, 30mmol, o 10 ul/_}ﬂx{) 18
1.0 eq), bromobutanoate (5.447 g, 27.9 mmol, 1)4aew N——._.— *

13 1o

K2CO; (4.00 9, 29.0 mmol, 1.4 eq) in aceton (150 ML) cpemical Formuia: cigHigNO,
yielding a white solid (6.15 g, 96 %). Molecular Weight: 309,36
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'H-NMR (CDCk-dy): 8(ppm)= 7.66 (g, 4H, C&#"®9, 7.52 (d, 2H, CH'3, 6.98 (d, 2H,
CH>'Y), 4.15 (g, 2H, Ch®), 4.06 (t, 2H, CHY), 2,53 (t, 2H, CH'), 2.14 (g, 2H, Ch),
1.26 (t, 3H, CH™).

4-(4'-Cyanobiphenyl-4-yloxy)butanoic acid (CB-3-C)O

The synthesis was carried out accordingGM3 using CB-3- 16 17OH
COOEt(1.16 g, 3.75 mmol, 1.0 eq), KOH (0.32 g, 5.62 rhndb N__'_’rﬂ
eq) in THF/ethanol (1:5, 30 mL). The product wasaoked as a 76 1312

Chemical Formula: C;7H,5sNO3

white solid (131 g, 72%) Molecular Weight: 281,31

'H-NMR (DMSO-d): §(ppm)= 12.14 (s, 1H, OH), 7.84 (q, 4H, CE*5), 7.68 (d, 2H,
CH'13, 7.04 (d, 2H, CR™, 4.02 (t, 2H, CH¥, 2.39 (t, 2H, CH'), 1.95 (m, 2H,
CH,™).

4-(4'-Cyanobiphenyl-4-yloxy)butanoyl chloride (CEC®CI)

The synthesis was carried out according@m4 using CB-3- 1612,

3 4 9 10 14

COOH (0.50 g, 1.78 mmol, 1.0 eq) and S©ELO0 g, 8.44 mmoI,N__'_.li
4.8 eq) in dry THF (20 mL). The product was obtdimes a white 76 13

. . . Chemical Formula: C;7H14CINO,
solid (quantitative). Molecular Weight: 299,75

'H-NMR (THF-d): 8(ppm)= 7.74 (m, 4H, CE®9, 7.63 (d, 2H, CH*3, 7.02 (d, 2H,
CH>1), 4.08 (t, 2H, CH), 3.58 (t, 2H, CH'®), 2.17 (m, 2H, CH).

Ethyl 6-(4'-cyanobiphenyl-4-yloxy)hexanoate (CB-5-

COOEt) i
18 19 OJ

The synthesis was carried out accordinGM2 using 4'- /_}‘ﬁo i

hydroxy-(1,1'-biphenyl)-4-carbonitrile (4.00 gul—z.s—s.—o ”

20.5 mmol, 1.0eq), ethyl 6-bromohexanoate (6.86 g, C7heri1|callg;:olrzrnula NG
217123 3

3.07 mmol, 1.5eq) and KO; (4.00g, 29.0 mmol, Molecular Weight: 337,41
1.4 eq) in aceton (150 mL) yielding a white sobd4@ g, 79%).

'H-NMR (CDCk-dy): 8(ppm)= 7.66 (g, 4H, C&*9, 7.52 (d, 2H, CH'3, 6.98 (d, 2H,
CH>3), 4.15 (g, 2H, CK), 4.06 (t, 2H, CH), 2,53 (t, 2H, CH'®), 1.88-1.46 (m, 6H,
CH,™®%, 1.26 (t, 3H, CH™).

224



Experimental part

6-(4'-Cyanobiphenyl-4-yloxy)hexanoic acid (CB-5-G@0O o 189 OH

3_ 49 10 ¥ 7 O

The synthesis was carried out as describe@M8 usingCB-5- | _ Q Q d s
12 58 1

COOEt(2.00 g, 5.93 mmol, 1.0 eq), KOH (0.43 g, 7.71 fimo 7 ¢ 1
Chemical Formula: C;gH;gNO3

1.5 eq) in THF (50 mL). The product was obtainedaashite Molecular Weight: 309,36
solid (1.30 g, 72%).

'H-NMR (DMSO-d): §(ppm)= 12.00 (s, 1H, COW), 7.84 (q, 4H, CE*®H, 7.68 (d, 2H,
CH'**), 7.04 (d, 2H, CA™), 4.01 (t, 2H, CH'%), 1.77-1.66 (m, 2H, CHf"), 1.64-1.50
(m, 4H, CH™™, 1.47-1.35 (m, 2H, C#H).

6-(4'-Cyanobiphenyl-4-yloxy)hexanoyl chloride (CEOCI)

The synthesis was carried out as describbtl usingCB-5- o 1829
COH (0.90 g, 2.91 mmol, 1.0 eq) and SQ{.64 g, 13.80 3¢ s o 1/“_/_1{_«O

15
1O

mmol, 4.8 eq) in dry THF (40 mL). The product wa?s_lﬂ.e”.k

13 12

obtained as a white solid (quantitative). Che;ﬂ“(!f:l&g:”\x"e?:gﬁ}%'*zl?sg(')“oz

'H-NMR (THF-d): 8(ppm)= 7.74 (m, 4H, CE®9, 7.63 (d, 2H, CH*3, 7.02 (d, 2H,
CH’1), 4.04 (t, 2H, CH*), 3.03 (t, 2H, CH'®), 1.85-1.77 (m, 4H, Cs>*, 1.61-1.51
(m, 2H, CH™).

8.4 Anionic polymerization

Denomination of polymers

For easier references in text and tables all palgnage named using the following
schema:

if not stated otherwise all copolymer are blockagmers and thélockor b is omitted
P(Ml)rulP(Mz)'uzp(M3)'u3
(M1,2,3,...= Monomer 1,2,3,... ; rul,2,3,.. = repe@tiinits in respective block)

In case of functionalized polymers the monomer (®Xeplaced by the abbreviation used
for the functional moiety and the connection to ploé/mer backbone.

le. PQyoP(CB40Sss3dP S 20

In this case the middle block contai@8 = 4'-(4-bromobutoxy)biphenyl-4-carbonitrile
(CB4Br) connected via an ether linka@®) o a styrene§) backbone.
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8.4.1 General polymerization methods
General polymerization method for AB diblock copadys in a single reactdéP1

All block polymers were synthesized by sequentiadiomic polymerization in
tetrahydrofuran (THF) witlsechutyllithium as initiator.

If methacrylates were polymerized, lithium chlorifldCl) was used as a p-ligand to
ensure the controlled polymerization of the metyiates!*®® Before the polymerization
of methacrylate block, DPE was added to reducedaetivity of the living anions. In this
way crossover steps and transfer reactions duedohigh nucleophilicity could be
suppressed.

All operations were performed under an inert atrhesg, i.edry nitrogen. Prior to every
polymerization the reactor unit was flushed withTEF/s-BuLi solution. After five
minutes the solution was exhausted and the setgpewacuated. After initiation of the
first block, the polymer solution was kept undenperature controlled conditions until
completion of synthesis. THF was transferred irfte main reactor (MR) from the
adjacent distillation unit with reduced pressurée TTHF/LICI| solution (0.263 mol/l),
prepared in a separate flask under inert conditnmeom temperature, was injected into
the MR via septum. The absence of protic impuritiés ensured via titratiors-BulLi
was injected into the reactor at -30°C until thieison turned slightly yellow, then heated
to -5 °C whereas the yellow color vanished upomwtrea of s-BuLi with THF. After the
reactor was cooled to -66 °C and the predetermamedunt of initiator was added, the
first styrenic monomer was injected into the vigmly stirred solution via septum and
syringe. The polymerization was continued at theewgi temperature under nitrogen
overpressure for 40 min. Then DPE (3 fold excessiiator) was injected and allowed
to react for 20 min. A sample of this precursorcklavas drawn. To this end a sample of
the precursor solution was transferred into thedgaged transfer vessel with reduced
pressure. Using nitrogen overpressure the livingrper samplevas pumped into a flask
containing 1 mL dry methanol, in order to obtai® gbrecursor polymer for analytical
purposes. Subsequently, the second monomer wadedjsvith a syringe through the
septum. The polymerization of the second blockiooed for 35 min and was terminated
by injecting dry methanol into the reactor. Afteanming to rt the reactor was exhausted
using nitrogen overpressure. The block copolymers vigolated and purified by
precipitation in methanol.
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General combinatorial polymerization method for diBlock copolymer&P2
Procedure was the same@R1 up to the addition of the second monomer.

After a sample of the first block was isolated @hd secondary reactors (SRsgre
cooled to -78 °C, parts of the precursor soluti@mendistributed from the MR to the SRs.
To control the transfer volume for each reactoe, sblution was first pumped intbe
graduated transfer vessatd from there into the SRs. Each SR was filledh ii®0 mL,
and rest remained in the MR. Subsequently, the neeamonomer was added in
predetermined amounts to all four reactors. Thgmetization of the second block was
continued for 35 min and terminated by injectingy dnethanol into each reactor. The
reactors were exhausted via line 2 using nitrogegrpyessure. All block copolymers
were isolated and purified by precipitation in natal.

General polymerization method for ABA triblock clypmers with bifunctional initiator
GP3

The polymerizations were carried out in the maacter (MR) of the reactor setup under
inert atmosphere (i.e. dry nitrogen). Dry THF wassferred directly from the distillation
unit into the MR. After cooling to -65 °C the sohtewas titrated with Na-Naptha until a
persistent slightly green color appeared. The ¢tatled amount of initiator was injected.
The incomplete initiator reaction had to be taketo iaccount; therefore the amount of
initiator was increased by 50%8S was added and allowed to polymerize for 100 @in.
sample precursor was terminated with degassed nwdthi@lding RBS (). Subsequently
styrene was introduced into the reactor and poligedrfor 60 min. Finally, the living
chain ends were terminated by adding degassed nwétgeelding polystyrendsiock
poly(4+tert-butoxystyreneplock-polystyrene (PS4BS-PS).

8.4.2 Combinatorial series for chapter 3

AB diblock copolymers with variable B-block leng#y1d

A blocki2_ [V
n a{)b/c/d

O\
b d
c

PS-PMMA (a-1d was prepared according @P1 using s-BuLi (0,1 mL, 0.12 mmaol),
LiCL solution (5.23 mL), styrene (7.50 mL, 65.24 wijp DPE (0.07 mL, 0.37 mmol)
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and MMA (MR: 20.0 mL, 187.8 mmol; SR1: 6.5 mL, 6Iinol; SR2: 4.5 mL,
42.2 mmol; SR3: 3.0 mL, 28.2 mmol).

sample M2 M2  PDI? A:B®
kg/mol
1nPS 551 57.1 1.04
1a PS;3rPMMA 150 167 176  1.05 1:27
1b PS;3-PMMA 170 244 253  1.04 1:4.1
1¢ PS;30PMMA 590 282 294  1.04 1:55
1d PS;30-PMMA 4550 509 539  1.06 1:8.6

a) determined by SEC (eluent: THF) with polystyrestandards, RI-detection; b) polydispersity index;
c) molar block composition determined ¥-NMR

Typical 'H-NMR data:

'H-NMR (CDCls-dh): 8(ppm) = 7.20-6.85 (CPFf), 6.82-6.27 (CB), 3.59 (CHY), 2.21-
0.72 (CH*, CH, 3 CH?).

ABC triblock copolymers with variable C-block leinga-2d
Polystyrene-block-poly(2-ethylhexyl methacrylat®ek-poly(methyl methacrylate) (PS-

PEHMA-PMMA)
3 4 5 18
21 plock plock a|;|b/c/d
o 0
o o\I

PS-PEHMA-PMMA Qa; 2b; 2c; 29. The polymerization was performed similarGé2

in THF (430 mL) and a THF/LiCl-solution (70 mL) witstyrene (5.52 mL, 480.1 mmol)
and s-BulLi (1.28 mL, 1.7 mmol). After the additiohDPE (0.59 mL, 3.3 mmol) to the
PS precursor, the solution was stirred for 20 niinen the second monomer EHMA
(16 mL, 71.2 mmol) was injected into the MR. Thdypterization of the EHMA block
was allowed to proceed for 4h at -66 °C. A samdleéhe precursor (120 mL) was
withdrawn prior to the distribution to all reactqlise. SR1: 50 mL; SR2: 50 mL; SRS3:
100 mL). Subsequently, the third monomer MMA (MR: 15 mL, 140.8 mmol; SR1:
8 mL, 75.1 mmol; SR2: 10 mL, 93.9 mmol; SR3: 10 8,9 mol) was added to all four
reactors and the procedure described above wasegesu
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sample M2 M2  PDIY A:B:CY
kg/mol
2nPSy, 3.2 33 1.06 -
2nm PS-PEHM;s 9.1 10.2  1.05 1:15

2aPSyPEHMisPMMA,, 307 324 106 1:15:87
2b PSyPEHM,sPMMAz, 345 363 105 1:1.5:104
2cPSyPEHM,sPMMAs;s 499 531 106 1:15:17.2
2d PSyPEHM,sPMMAs,, 539 563 1.04 1:1.5:180

a) determined by SEC (eluent: THF) with polystyrestandards, RI-detection; b) polydispersity index;
c) molar block composition determined ¥-NMR

Typical 'H-NMR data:

'H-NMR (CDCl:-dy): 8(ppm) = 7.20-6.85 (CPf), 6.82-6.27 (CH, 3.81 (CH), 3.59
(CH3)), 2.12-0.72 (CH"*"* CH*P9M CH?9),

AB diblock copolymers with variable chemical conifpms of the B-blociBa-3d

4 4
S JH 2) blockE_JIH
a n a
O
d b
“Ni °>|/o 3d d
PtBS-PMMA/PEMA/MBMA/PtBMA (3a; 3b; 3c; 39d. The polymerization was
conducted according to tieP2 using THF (510 mL), THF/LiCl-solution (40 mLjert-
butoxystyrene (6.00 mL, 318.6 mmol) ag&uLi (0.72 mL, 0.94 mmol). 20 min after the
addition of DPE a sample of the precursor (50 mldswwithdrawn prior to the
distribution to all reactors (i.e. SR1: 100 mL, SR®P0 mL, SR3: 100 mL). The four
different monomers were injected into the four teexxc MMA (16 mL, 150.2 mmol) in
MR, EMA (7 mL. 56.2 mmol) in SR1InBMA (8 mL, 50.1 mmol) in SR2 and tBMA
(7 mL, 43.1 mmol) in SR3. The temperature of SR3swveet to -45°C for the
polymerization oftBMA. The conditions in the other reactors equaléeé tabove

described. The polymerization in all reactors wastionued for the 1h ankrminated by
injecting methanol in all reactors.

C>‘/O 3c

9
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sample M2 MY  PDIY A:BY
kg/mol
3n PtBS, 5.5 5.8 1.06

3aPtBS;;-PMMA 410 44.0 45.8 1.04 1:133

3b PtBS;-PEMA,g0 36.9 38.3 1.04 1:91

3¢ PtBS;-PNBMA 250 41.7 43.3 1.04 1:89

3d PtBS;-PtBMA 51 343 354 1.03 1:6%
a) determined by SEC (eluent: THF) with polystyretendards, RI-detection; b) polydispersity indeX;
molar block composition determined Hy-NMR d) not clearly detectable Bii-NMR

3a 'H-NMR (CDCh-ch): 8(ppm) = 6.87-6.08 (CPf), 3.59 (CH?), 2.31-0.59 (CH"®,

CH,' 3 CH?).

3b: 'H-NMR (CDCh-dy): 8(ppm) = 6.92-6.10 (CPf), 4.01 (CHY), 2.20-0.63 (CH*®
CH,"3 CH?).

3c: 'H-NMR (CDCh-dy): §(ppm) =  6.86-6.11 (CPf), 3.93 (CH?), 2.07-0.53 (CH"*¢
CH, 32 CHA).

3d: 'H-NMR (CDChk-dh): 8(ppm) = 6.86-6.13 (CPf), 3.74 (CHY), 2.37-0.65 (Chf"
CH,"3 CH?).

8.4.3 Synthesis of AB diblock copolymers
Poly(4-tert-butoxystyrene)-block-polystyrene

Several poly(4ert-butoxystyreneplockpolystyrene  (BBS-PS) batches were
polymerized. One combinatorial polymerization wasducted yielding a series with
increasing PS-block length. Additionally a singketdih of RBS-PS was polymerized in
the MR alone. Characteristic data of aBBB-PS block copolymers are shown below.

Single reactor batch

The polymerization was carried out similar to tBE1. tBS (20 mL, 0.106 mol) in THF

(900 mL) for 95 min at -65 °C with s-BuLi (0.41 mQ,535 mmol) as initiator. After an

aliquot (50 mL) was terminated in dry methanol #esond monomer styrene (40 mL,
0.348 mol) was injected. After 100 min the polymation was terminated with dry
methanol. The block copolymer was purified by ppéation in methanol.
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Combinatorial batch

The polymerization was carried out according to @®2. tBS (8 mL, 42,5 mmol) was
polymerized in THF (900 mL) for 100 min at -65 °@hvs-BuLi (0.58 mL, 0.749 mmol)
as initiator. After 40 mL of the polymer solutiorere terminated in dry methanol aliquots
were distributed to the secondary reactors (SR1G8:mL each). The second monomer
styrene (MR: 25 mL, 0.217 mol; SR1: 10 mL, 87.0 n®R2: 7.7 mL, 67.0 mol; SR3:
5mL, 43.5mol) was injected in each reactor. Afgé& min the polymerization was
terminated with dry methanol. The block copolymessre purified by precipitation in
methanol.

sample M2 M2 PDI9  AB9
kg/mol

le PtBSigs 33.11 3406 1.03 -
10aPtBS;sP Ss1 99.21 102.7 1.04 22.41

If PtBSyg 847 881  1.04 -
10b PtBSsgPSi340 143.39 147.08 1.02 3.46
10c PtBS4gPSi407 158.58 162.74 1.03 3.30
10d PtBS4sP Ss30 92.20 94.89 1.03 7.08
10ePtBS,gP Sus 66.78 69.18 1.04 9.735

a) determined by SEC (eluent: THF) with polystyrest@ndards, UV-detection; b) polydispersity index;
c) molar block composition determined ¥-NMR
Typical characteristic data fotBS-PS:

'H-NMR (CDCk-dy): 8(ppm) = 7.21-6.89 (CH), 6.88-6.19 (CHE™Y, 2.21-0.72
(CH5®, CH,M® CH?A).

FT-IR (ATR): ¥ (cm) 3028, 2972, 2924, 1603, 1505, 1452, 1365, 1236,
1162, 1027, 899, 851, 756, 697.

DSC (10 K/min, N, heating): =105-111 °C
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Poly(4-tert-butoxystyrene)-block-poly(methyl metigkate)

Several single reactor batches were polymerizedrdog to theGP 1.

tBS in THF for 95 min at -65 °C witk-BuLi as initiator and a tenfold excess of LiCl
solution with respect to the initiator. A twofoldeess of DPE was added and allowed to
react for 20 min. After an aliquot (typically 100_jrwas terminated in dry methanol the
calculated amount of methyl methacrylate for theoad block was injected. After 45 min
the polymerization was terminated with dry methafdle block copolymer was purified
by precipitation in methanol.

sample M2 M2 PDI®  AB?
kg/mol
laPtBOS;q 336 360 1.07 -
42 PtBOS,sPMMA 541 283 293 1.04 7.3
Ib PtBOSso 107 111  1.04 -
4b PtBOS,PMMA 7g5 729 760 1.04 7.1
ICPtBOS45 43.13 4437 1.03

4¢c PtBBOS4sPMMAg7s 128.32 137.01 1.07 21.81

a) determined by SEC (eluent: THF) with polystyrestendards, RI-detection; b) polydispersity index;
c) molar block composition determined ¥-NMR

Typical characteristic data fotBS-PMMA:

'H-NMR (CDCk-dy): 8(ppm) = 6.85-6.12 (CPf), 3.59 (CHY, 2.21-0.72 (CH
CH,' 3 CH?).

FT-IR (ATR): ¥ (cmi?) 2977, 2950, 1727, 1606, 1505, 1448, 1389, 1365,
1237, 1147, 1065, 988, 898, 851, 749.

DSC (10 K/min, N, heating): 1) = 104-110 °C, {2 = 126-130 °C
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Poly(4-tert-butoxystyrene)-block-poly(2-ethylhemythacrylate)-block-poly(methyl

methacrylate)
4 6
3 5 H
2L-block block

n m (0]
1\&0 %\QO

(0] (0]

\

|

The polymerizations of PtBS-PEHMA-PMMwere carried out according to tP1 in
dry THF (430 mL) and THF/LiCl-solution (83 mL) wittB8S (8.01 mL, 42.6 mmol) and
s-BuLi (1.92 mL, 2.5 mmol) for 45 min at -65 °C. aftthe addition of DPE (0.69 mL,
3.89 mmol) to the BOS precursor, the solution was stirred for 20 mMirsample of the
PtBS precursor was quenched in degassed dry methidmen the second monomer
EHMA (23 mL, 0.102 mol) was injected into the MRhel polymerization of the EHMA
block was allowed to proceed for 2 h at -65 °C. snple of the AB-precursor was
withdrawn prior to the distribution to all reactqglise. SR1: 50 mL; SR2: 50 mL; SRS3:
100 mL). Subsequently, the third monomer MMA (iIMR: 12 mL, 113 mmol; SR1:
12 mL, 113 mmol; SR2: 8 mL, 75.1 mmol; SR3: 10 88,9 mol) was added to all four
reactors and the polymerization proceeded for #0leifore termination with methanol.
The polymers were purified by reprecipitation irtlohexane.

sample M2 M2 PDI?  AB:.CY
kg/mol
Id PtBS;s 280 305 1.08 -
8 PBS,PEHMAG 104 112 111 1:4.1

PIBS,PEHMAGPMMA 55 25.4  27.2  1.07 1:4.1:9.71
PIBS,PEHMAPPMMA,;, 624 708  1.12  1:4.1:35.7
9 PBS,(PEHMAsPMMA,7, 543 57.3  1.06 1:4.1:29.5
PIBS,PEHMAGPMMA,,0  33.6 325  1.06 1:4.1:15.02

a) determined by SEC (eluent: THF) with polystyrestendards, RI-detection; b) polydispersity index;
c) molar block composition determined #-NMR

Typical characteristic data fotBS-PEHMA-PMMA.:

'"H-NMR (CDCh-dy): 3(ppm) =  6.85-6.12 (CHf), 6.83-6.25 (CH), 3.80 (CH), 3.59
(CH3)), 2.18-0.69 (CH"*™*™, CHM 319N CH?9),
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8.4.4 Synthesis of ABA triblock copolymers
Polystyrene-block-poly(4-tert-butoxystyrene)-blchtystyrene)

N block block *
a b a

OtBu

Route A: ABA’ triblock copolymers via linear sequential polerization with
monofunctional initiator

The polymerizations were carried out similar to BP1 regarding preparations and
cleaning procedures. The block copolymers wereimddaby anionic polymerization
(60 min) of styrene in THF at -70 °C with s-BuLiiagiator. An aliquot of the first block
was isolated for analysis after termination witlgaesed methanol. SubsequetB$ was
added to the solution and allowed to polymerizelid® min. Again a sample of the AB
diblock precursor was isolated after terminationdegassed methanol. Styrene was
introduced into the reactor to polymerize the lalsick for 70 min. Finally, the living
chain ends were terminated by adding degassed nwdtlygelding PS-BBuS-PS The
block copolymers were isolated and purified by oi&tion in methanol.

M” M, PDY ABY

kg/mol
VillaPSg 20.1 20.8 1.04 -
16aPSooPtBSeso 112 115 1.03 1:3.5
17d PSoPtBSssdP Si20 124 125 1.03 1:2.2
VIlb PS3 55.4 57.0 1.03 -
16b PS30PtBSz740 912 953 1.05 1:7.0

17ePS3PtBS374P S50 1000 1120 1.06 1:3.5

a) determined by SEC (eluent: THF) with polystyret@ndards, UV-detection; b) polydispersity index;
c) molar block composition determined #-NMR

Route B: ABA triblock copolymers via linear polymerizatiovith bifunctional initiator

The polymerizations were carried out accordingfg yielding PS-BBS-PS. The block
copolymer was isolated and purified by precipitatio methanol. Typical characteristic
data can be found on page 231.
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M, M, PDIY A,:BY
sample
kg/mol

j PtBSe30 163 171 1.05 -
17aPSogPtBSyzdP Sig0 278 306 1.10 1:1.0

Ik PtBS;560 327 345 1.07 -
17b PSi3PtBS186P Sis0 403 436 1.08 1:2.2

Il PtBSy670 470 499 1.06 -

a) determined by SEC (eluent: THF) with polystyret@ndards, UV-detection; b) polydispersity index;
c) molar block composition determined #-NMR

Synthesis of (A-B-A) star block copolyme23

H block block | Si-OMe
a b a

OtBu

—13

Triarm star polymers which each arm consisting AB#\ triblock copolymer(A-B-A) ;.3
were synthesized via linear sequential anionic pelyzation and subsequent coupling of
the living carbanions with silicon tetrachloridehel coupling of living styrene anions
with silicon tetrachloride is typically not quartiive therefore a triarm star is to be
expected??¥

The synthesis of the ABA block copolymer is the saas described fat7d. In this
polymerization the termination step with dry metblawas replaced with the coupling
reaction with the silicon tetrachloride.

The polymerizations were carried out similar to tBB1 using only the main reactor
(MR) of the reactor setup. The block copolymers evesbtained by anionic
polymerization (40 min) of styrene (5,44 mL, 52.thol) in THF (900 mL) at -70 °C
with s-BuLi (0.2 mL, 0.261 mmol) as initiator. An aliquof the first block was isolated
for analysis after termination with degassed metha®SubsequentlytBS (24 mL,
0.127 mol) was added to the solution and allowegdlymerize for 100 min. Again a
sample of the AB diblock precursor was isolate@ratérmination in degassed methanol.
Styrene (3 mL, 26.1 mmol) was introduced into teactor to polymerize the last block
for 40 min. A sample of the ABA triblock precursquoly(styreneblock-4-tert-
butoxystyrendslock-styrene) (PS-#BS-PS)was isolated after termination in degassed
methanol.
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Silicon tetrachloride was diluted in dry THF to lgie solution of 0.05 mol/L. The Sigl
(0.55 mL, 0.029 mmol, ¥ eq of remaining living amd solution was introduced slowly
into the reactor. After stirring for 15 h at -65 tiie temperature was raised to -44 °C for
5 h. More SiC] solution was added until the yellow color vanish&tle reaction was
terminated by the addition of dry methanol. Theckl@opolymer was isolated and
purified by precipitation in methanol.

SEC (eluent: THF, UV-detection): M= 239 kg/mol, M, = 298 kg/mol, PDI = 1.24

Typical characteristic data can be found on pade 23

8.5 Polymer analogous reaction

Prior to the functionalization of the polymers wittesogens or chromophores th8®
block bearing the protected hydroxyl group has & deprotected. The quantitative
removal of thetBu group can be confirmed withd-NMR. The hydroxylated polymers
were acetylated to verify the quantitative deprodec

8.5.1 General deprotection procedure

The general procedure is described foB32gso (Ik). The synthesis was
carried out under inert atmosphere (i.e. dry argdhp N-flask was flame "
dried under HV prior to use. The polymeBB;gs, (0.5 g, 2.84 mmol, 1 eq) b
was dissolved in THF. HCI solution (31-33%, 1.42,rBleq) was added and ¢y
the mixture was heated to reflux over night (~15The polymer was 1k
precipitated in alkaline water. After precipitatitibe pH was adjusted to pH= 6 and the

polymer was filtered off. After thorough drying werchigh vacuum at rt the polymer was
purified by reprecipitation from THF in methanol &msure the removal of potential
terminated PHS homopolymer.

Typical FT-IR of polyhydroxystyrene homopolymers:

FT-IR (ATR): ¥ (cm®) 3293, 3017, 2919, 1882, 1749, 1611, 1595, 1509,
1444, 1366, 1226, 1171, 1103, 1014, 827, 728, 693.

Acetylation of polyhydroxystyrene containing polyme 1, LH

The synthesis was carried out under inert atmosgpher. dry argon). The - 1800

No-flask was flame dried under HV prior to use. Th¢SReo (Ilk ) (0.1 g, o

0.832 mmol) was dissolved in dry THF (20 mL) andigiye (0.27 mL). ijo
VIk
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After cooling to -5 °C acetyl chloride (0.18 mL,52.mmol, 3 eq) were added slowly.
After warming to rt the mixture was stirred oveglmi (~15 h) and heated to reflux for 1 h
afterwards. Dry methanol (2 mL) was added to teat@irthe reaction and to dissolve the
pyridinium salt. The polymer was purified by pratagion in methanol.

'H-NMR analysis verified the quantitative conversi®EC results confirmed slight
reduction of molecular weight (M271 kg/mol, M,: 292 kg/mol, PDI: 1.07).

Typical 'H-NMR data of polyacetoxystyrene:

'H-NMR (CDCk-dy): 8(ppm) =  7.06-6.20 (C#), 2.25 (CHS), 6.78-6.09 (CHD),
2.05-1.04 (CH' CH?).

The deprotection proceeds always quantitative uriderdescribed reaction conditions,
therefore the characterization sequence for evergle polymer was omitted.

8.5.2 Polymer analogous functionalization of polymers

General polymer analogous reaction proceduté RRP1

The synthesis was carried out under inert atmosgpf&. dry argon). The Mlask was
flame dried under HV prior to use. After thoroughyidg under HV, poly(4-
vinylphenyloxy) PHSs70 (179 (0.2 g, 1.66 mmol, 1 eq) was dissolved in dry DMF
35 mL). 4'-(4-bromobutoxy)biphenyl-4-carbonitril€B4 (0.77 g, 2.33 mmol, 1.3 eq),
K,CQO; (0.345 g, 2.5 mmol, 1.5 eq), 18-crown-6 (tip cfpatula) and KI (tip of a spatula)
were added. The mixture was heated to 100 °C fdr. Zve mixture was concentrated by
evaporation under HV at 60 °C. The polymer solutias first precipitated in water and
afterwards purified by repeated reprecipitatioMi@OH from THF.

General polymer analogous reaction procedut@é RRP2

The synthesis was carried out under inert atmosgpf&r. dry argon). The Mlask was
flame dried under HV prior to use. After thoroughyidg under HV, poly(4-
vinylphenyloxy) PH%ss0 (17b) (0.12 g, 1.00 mmol, 1 eq) was dissolved in dryFTH
(40 mL) and pyridine (0.323 mL). The solution wa®led to 0 °C in an ice bath afdB-
3-COCI (4.19 g, 1.4 mmol, 1.4 eq) was added. The mixtuae allowed to warm to rt
and was stirred for 20 h. Dry MeOH was added tongheexcess acid chloride. The
polymer was precipitated in MeOH and purified bgrezipitation in MeOH from THF.
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General polymer analogous reaction procedut@ BRP3

The synthesis was carried out under inert atmosphigr. dry argon). The MNlask was
flame dried under HV prior to use. After thoroughyidg under HV, poly(4-
vinylphenyloxy) PHSge0 (17b) (0.15 g, 1.28 mmol, 1 eq) was dissolved in dry BM
(35 mL). Azol (0.256 g, 0.7 mmol, 0.55 eddzo2 (0.276 g, 0.7 mmol, 0.55 eq).BO;
(0.3 g, 2.18 mmol, 1.7 eq), 18-crown-6 (tip of atsia) and Kl (tip of a spatula) were
added. The mixture was heated to 110 °C for 25he. §econd portion of mesogens was
addedAzol (0.07 g, 0.192 mmol, 0.15 eq) aAdo2 (0.075 g, 0.192 mmol, 0.15 eq) and
the reaction was continued for 17 h at 110 °C. Thieture was concentrated by
evaporation under HV at 60 °C. The polymer wast fpsecipitated in water and
afterwards purified by repeated reprecipitatioki®H from THF.

8.5.3 Synthesis of cyanobiphenyl-containing homopolymers

Cyanobiphenyl-functionalized poly(hydroxystyrenihwster linkage

The synthesis of P(CB4OS)IX(XI)  was A eH H
carried out according toGPRP1. This a AR 2670
synthesis was carried out for several mesogens o
h O
\H\ ((:3H2)><
9

with spacer length x= 4, 6, 8, 10.
(0]
f O
e ()
(: CN

CN
IX | X X X1 X

P(CB40S)70 X| 4 6 8 10

DC? M, M, PDI? T T, (AH)?
sample .
X % kg/mol C °C (J/g)
IX P(CB40S)s70 4 97 1637 1898 1.16 80 98
X P(CB60S)s70 6 89 1600 2128 1.34 63 90
XI P(CB8OS)s70 8 99 1732 2176 1.26 62 112 (4.8)
Xl P(CB100S)s7o 10 87 1865 2099 1.12 68 105 (6.0)

a) degree of conversion of polymer analogous reactietermined byH-NMR, b) determined by SEC,
molecular weight with respect to polystyrene stadsla UV-detection; c) polydispersity index; d)
determined from second heating in DSC experimeattetating rate of 10 K/min undeg N
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Typical FT-IR and*'H-NMR data for cyanobiphenyl functionalized homopoers.'H-

NMR example given forX, differences only in intensity of spacer signaHg?“®) with

slight shift.

'H-NMR (CDCk-dy): 8(ppm) =  7.78-7.36 (CH'9, 7.09-6.85 (CH, 6.78-6.09
(CH*"), 4.31-3.61 (Chf"), 2.21-0.72 (ChHf+ sPace
CH?).

FT-IR (ATR):ﬁ(Cm'l) 3032, 2924, 2870, 2225, 1603, 1580, 1509, 1494,
1469, 1393, 1291, 1241, 1177, 1110, 1013, 819.

8.5.4 Synthesis of cyanobiphenyl-containing ABA and ABAtriblock copolymers

Cyanobiphenyl-functionalized polystyrene-block-flojgroxystyrene)-block-polystyrene
with ether linkage

/fEZ nglock 245} b/ock{‘Eg /fE %blocka il»b/ock {'E,lj/

(CHZ)X
o

J o 19a-e
J O x |4
h

9 O O Series based on 17¢ with different spacer lengths
CN [19c 20 21 22
CN x| 4 6 8 10

Series based on 17a-e with spacer lengths x = 4

f

The syntheses were conducted accordif@R&PL In this case the reaction was allowed
to proceed for at least 48 h. This synthesis wasechout for several mesogens with

spacer length x=4, 6, 8, 10.
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sample spacer D& M, Mm,” PDI T;()l) T;()Z) T®

X % kg/mol °C °C °C
19aPS,eP(CB40SYPSe 4 88 804 947  1.06 87 109 nf.
19b PS;3P(CB40S)s6P Siz0 4 78 1409 1713 1.22 81 n.f. n.f.
19¢c PSP (CB40S)s7dP 60 4 83 1560 2107 1.30 80 n.f. n.f.
19dPSoP(CB4OS)PSs 4 87 601 630  1.05 90 nf.  nf
19ePSsP(CB40S) 4P S30 4 59 2460 3052 1.24 91 n.f. n.f.
20 PSP (CB60S)s7P 60 6 70 2068 2560 1.24 74 n.f. n.f.
21 PSP (CBBOS )P Seeo 8 80 1954 2348  1.21 nf. nf. 94
22PSeP(CBL100S):PSeo 10 84 1812 2184  1.21 70 nf. 97
PS50P(CB8OS) /P S0 8 73 2672 3550 1.33 83 n.f. n.f.
PSioP(CB8OS)sPSi20 8 78 564 586  1.04 58 nf. 80

a) degree of conversion of polymer analogous reactietermined byH-NMR, b) determined by SEC
eluent: THF + 0.25 wt% electrolyte), molecular weigvith respect to polystyrene standards, UV-déiact
c) polydispersity index, d) determined from secdrehting in DSC experiment at a heating rate of

10 K/min under N

Typical FT-IR and*H-NMR data for cyanobiphenyl functionalized homapoérs.*H-
NMR example given fot9c¢ differences only in intensity of spacer signaHg?°J with

slight shift.

'H-NMR (CDClk-d,): 8(ppm) =

FT-IR (ATR): ¥ (cnmi?)

7.76-7.29 (CH", 7.17-6.05 (CA"), 4.12-3.63
(CHZ"), 2.50-0.72 (Chi® SPaceiCH24),

3033, 2930, 2870, 2225, 1666, 1603, 1580, 1509,
1494, 1471, 1388, 1289, 1241, 1171, 1047, 819, 699.

Cyanobiphenyl-functionalized polystyrene-block-flojgdroxystyrene)-block-polystyrene

with ester linkage

3 *
« At ook e block
a b a
a d
b e
Cc
0.0

PS-P(CB3COS)-PS

\

(0]

i
h
L
f

CN

3 *
* ’ 2 L block 4 _L block
a b a
a d
b e
Cc
0.0

m
PS-P(CB6COS)-PS

k>0

The syntheses of PS-P(CB3COS)-PS and PS-P(CB5C®3)eRe conducted according

to GPRP2
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sample x DC  M,” M,” PDI? TR, Ty, Td

% kg/mol °C °C °C
PSisP (CB3COS)PSioo 3 9% 957 1150 120 105 nf.  nf.
PS3P(CB3COS)sPS0 3 86 1630 2100 129 94  nf  nf.
PSeP(CB3COS)siPSs0 3 92 1820 2320 128 nd. nd.  nd

PSP (CB5COS)srdP Seo 5 88 2220 3160 1.42 76 n.f. 95

a) degree of conversion of polymer analogous reactietermined byH-NMR, b) determined by SEC
eluent: THF + 0.25 wt% electrolyte), molecular weigvith respect to polystyrene standards, UV-daiact

c) polydispersity index; d) determined from secdmehting in DSC experiment at a heating rate of
10 K/min under N

PS-P(CB3COS)-PS

'H-NMR (CDCk-dy): (ppm) =  7.69-7.34 (CH"), 7.22-6.19 (CA®), 4.02 (CH"),
2.70 (CH), 2.16 (CH)), 2.02-0.72 (Chi® CH**).
PS-P(CB5COS)-PS

'H-NMR (CDCk-dy): (ppm) =  7.75-7.35 (CH"), 7.18-6.13 (CH®), 3.94 (CH"),
2.51 (CH), 2.00-0.88 (Ch-3™"CH?4).

Cyanobiphenyl-functionalized star block copolymer

H block block -Si-OMe
The syntheses were conducted according to a b é
GPRPL In this case the reaction was allowed to
proceed for 117 h. B O e 1,
X -
e
b) b) d) d) d
sample x D M, M, PDI® Ty  Tyy T )
% kg/mol °C °C °C
25a(PSeP(CB40S)sPS201s 4 75 849 1035 1.22 105 n.f. n.f.
25b (PSP (CB8OS)PS201s 8 81 737 862 1.17 58 n.f. 80

a) degree of conversion of polymer analogous reactietermined byH-NMR, b) determined by SEC
eluent: THF + 0.25 wt% electrolyte), molecular weigvith respect to polystyrene standards, UV-daiact

c) polydispersity index; d) determined from secdmehting in DSC experiment at a heating rate of
10 K/min under N

Typical data are given on page 240.
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8.5.5 Synthesis of azobenzene-containing homopolymers andpolymers
Methoxy azobenzene-functionalized poly(hydroxysgjreith ether linkage

p— g | Kk m
c d ,N_Q_OW
o MeO—QN' !

The syntheses were conducted accordifgR&PL

sample x D& M, M, PDI9 T Ta (AH)?

% kg/mol °C °C (J/9)
Il P(MeAzo80S),s 8 93 122 128 1.05 92 156 (15.6)
P(MeAz080S)s 8 90 120 126 1.05 91 155 (14.8)

a) degree of conversion of polymer analogous reactietermined byH-NMR, b) determined by SEC
eluent: THF + 0.25 wt% electrolyte), molecular weigvith respect to polystyrene standards, UV-daiact
c) polydispersity index; d) determined from secdmehting in DSC experiment at a heating rate of

10 K/min under N

MeO OMe

This synthesis was carried out accordin@G#RP3for several mesogens.

sample xly DG M, M, PDI 9 T, Ta (AH)?

% kg/mol °C °C (J/9)
IV P(MeOAz04/60S)s  4/6 85 123 131 1.06 105 156 (10.0)
V P(MeOAz04/80S)s 4/8 86 87 92 1.06 99 152 (14.5)
VI P(MeOAZ04/80S)s  6/8 75 161 169 1.05 92 142 (5.8)

a) degree of conversion of polymer analogous reactietermined byH-NMR, b) determined by SEC

eluent: THF + 0.25 wt% electrolyte), molecular weigvith respect to polystyrene standards, UV-déiact

c) polydispersity index; d) determined from secdmehting in DSC experiment at a heating rate of

10 K/min under N

Typical FT-IR and'*H-NMR data for methoxy azobenzene-functionalizethbpolymers

and copolymers'H-NMR example given fofll , differences only in intensity of spacer

signal (CH**#°%) with slight shift.

'H-NMR (CDCk-dy): 8(ppm) = 8.10-7.67 (CHf), 7.15-6.79 (CH'), 6.56-6.17
(CH*Y), 4.10-3.62 (CHP, CH,®"), 2.06-0.92 (CH-"™
CH?).

FT-IR (ATR): ¥ (cm®) 2929, 2865, 1598, 1581, 1500, 1470, 1296, 1241,

1177, 1146, 1104, 1027, 837, 756.
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8.5.6 Synthesis of azobenzene-containing homopolymers andpolymers

Methoxy azobenzene-functionalized
methacrylate) with ether linkage

poly(hydroxysé)rblock- poly(methyl

block H

a b

(l) (@)

NOO O 6]la bec
MeOON ’ Hx x| 6 8 10

The syntheses were conducted accordif@R&PL In this case the reaction was allowed
to proceed for at least 48 h.

sample x DO M M, PDY T, T, ( ATl_f')d)

% kg/mol °C °C °C (J/9)
P(MeO AZ%%""S%PMM A 90 249 261 1.05 101 128 é_fg)
P(MeO Azog‘?)b%PMM A, 8 86 266 282 106 100  nf (%;.13?)
p(MeO Azolg((;SQLEPMM A, 10 86 293 306 104 93 127 é‘_‘g)

a) degree of conversion of polymer analogous reactietermined byH-NMR, b) determined by SEC
eluent: THF + 0.25 wt% electrolyte), molecular weigvith respect to polystyrene standards, UV-déiact

c) polydispersity index; d) determined from secdmehting in DSC experiment at a heating rate of

10 K/min under N
* ran bIOCkTﬁ;
a-Z z a b
~o" 0

(o) 0
= O SOy o

This synthesis was carried out accordin@GtRP3for several mesogens.

sarmple wy O wmowmeoeoe TR 1o, T

% kg/mol °C oC (;/Cg:])

p(MeOAZO4 /Zg%PMM A, Y6 82 291 304 104 107 130 (1;%
p(MeOAZO4 /;g%PMM A, 48 84 300 322 107 100 nf (1?35)
P(MeOAZ06/80S)PMMAs:  6/8 77 305 317  1.04 - i :
o (MeOAZO /gg%PMM A, OB 84 207 309 104 105 nf é‘_‘;)

a) degree of conversion of polymer analogous reactietermined byH-NMR, b) determined by SEC
eluent: THF + 0.25 wt% electrolyte), molecular weigvith respect to polystyrene standards, UV-déiact
c) polydispersity index; d) determined from secdmehting in DSC experiment at a heating rate of

10 K/min under N
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Typical FT-IR and 'H-NMR data for methoxy azobenzene-functionalizedckl
copolymers with PMMA matrix’H-NMR example given fo6a, differences only in
intensity of spacer signal (GH**®J with slight shift.

'H-NMR (CDCk-dy): 8(ppm) =  7.92-7.67 (CHf), 7.04-6.79 (CH), 6.73-6.15
(CH*D), 4.02-3.38 (CH’, CH,®"), 2.13-0.63 (CHf,
CHzl,spacerCHz)

FT-IR (ATR): ¥ (cm?) 2982, 2947, 2860, 1725, 1598, 1581, 1501, 1436,
1388, 1240, 1144, 1028, 836, 749.

Cyano azobenzene-functionalized poly(hydroxystyseloek- poly(methyl methacrylate)
with ether linkage

OMe
K

The syntheses were conducted accordif@R&P2

sample DA M, M,  PDIY T T

% kg/mol °C °C
13aP(CNAZ03COS)PMMA,,; 87 3.06 3.36 1.10 n.d. n.d.
13b P(CNAZ03COS)PMMA 55 84 78.7 84.1 1.07 128 135

a) degree of conversion of polymer analogous reactietermined byH-NMR, b) determined by SEC
eluent: THF + 0.25 wt% electrolyte), molecular weigvith respect to polystyrene standards, UV-déiact

c) polydispersity index; d) determined from secdmehting in DSC experiment at a heating rate of
10 K/min under N

'H-NMR (CDCk-dy): 8(ppm) =  7.93-7.64 (CHf), 7.02-6.28 (CH"“), 4.16-3.93
(CH,9), 3.80-337 (CH™), 3.80-3.37 (CH), 2.82-2.58
(CH3*, CH,M" CH?).

FT-IR (ATR): ¥ (cmi®) 2997, 2950, 1727, 1599, 1435, 1387, 1241, 1192,
1142, 987, 843, 749.

244



Experimental part

Cyano azobenzene-functionalized poly(hydroxysty+eloek-poly(2-ethylhexyl
methacrylate)-block poly(methyl methacrylate) vether linkage

1
2 block‘l’\&blockf\ﬁ

g/@

CN

The syntheses were conducted accordifgR&®P2

SEC (eluent: THF + 0.25wt% electrolyte, RI-detecji M,= 51.2 kg/mol,
M, = 55.0 kg/mol, PDI = 1.08; DC = 46% (by-NMR)

'H-NMR (CDCk-dy): 8(ppm) = 8.05-7.63 (CHf), 7.13-6.16 (CH"%), 4.27-3.11
(CH3', CH,?Y), 2.61-2.34 (CHl), 2.82-2.58 (CHf"®°d
CH21,3,5,h,|,m,ﬂ,pCH2,k)'

Methoxy azobenzene-functionalized poly(hydroxysejrblock-polystyrene with ether
linkage

€ f
c d yOON\/\/\/
! MeOON’

The syntheses were conducted accordifgR&PL
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sample x D& M,? My,?  PDI? TP  Tq(AH)?

% kg/mol  kg/mol °C °C (J/9)
12aP(MeAzo80SkPLSs: 8 87 234 244 1.04 106 143 (7,4)
12b P(MeAz0100S)yPSs: 10 63 243 253 1.04 104  135(4.9)

a) degree of conversion of polymer analogous reagctietermined by 1H-NMR, b) determined by SEC
eluent: THF + 0.25 wt% electrolyte), molecular weigvith respect to polystyrene standards, UV-daiact

c) polydispersity index; d) determined from secdmehting in DSC experiment at a heating rate of
10 K/min under N

Typical FT-IR and H-NMR data for methoxy azobenzene-functionalizedckl
copolymers with PS matrixH-NMR example given fol 23, differences only in intensity

of spacer signal (C#£3°® with slight shift.

'H-NMR (CDCk-dy): 8(ppm) =  7.99-7.77 (CHf), 7.24-6.87 (CH"PY, 6.83-6.17
(CH*™9,  4.06-3.67 (CH, CHS", 2.18-0.96
(CH21,3,spacerCH2,4)

FT-IR (ATR): ¥ (cmit) 3026, 2933, 2850, 1599, 1582, 1494, 1452, 1243, 1
1147, 1104, 1028, 839, 755. 697.

8.6 Optical characterization of injection molded sampls of blends of azobenzene-
containing block copolymer and PMMA

The quality of the samples prepared by injectiodding was analyzed using a micro-
hazeplus (BYK Gardner) to determine the transmission, haze clarity. While haze is
defined as the percentage of light that is deftbatere than 2.5° from the incoming light
direction (wide angle scattering) clarity is definas the percentage of light that is
deflected less than 2.5° (small angle scatterifilgg. results of this characterization for all
samples are given in Table 8.1. Samples of pure RMM that were used to optimize
the processing conditions. These samples were aqechga photoaddressable samples
containing 1.5 wt% or 0.75 wt% of the azobenzenaaiaing block copolymeéb. The
samples 1-9 containingp all show lower transmission and higher haze coethéo the
neat PMMA samples 10-17. In contrast the clarityg wat significantly influenced by the
addition of the block copolymer. If the polymer rise was prepared by precipitation
prior to the injection molding process the resgjtispecimen showed Schlieren and
turbidity when viewed with the naked eye that weot apparent in the results obtained
by the micro-hazeplus. These observations might be due to residual soluerthe
mixture. Also, processing additives that are comiyarsed in commercial PMMA
grades might have removed the precipitation proedeausing a higher thermal
degradation during the injection molding process.
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Table 8.1: Optical data of all samples prep by injection molding (d = 1.1 mm) by different
preparation methods
Sample polymer Nr  transmission haze clarity comment
1 PMMA 7H + 1.5 wt%6b 1 69.6 12.9 96.8 a), b), e)
2 PMMA 7H + 1.5 wt%6b ! 68..8 16.5 95.7 a), b), f), g)
3 2 68.6 16.0 95.4
4 PMMA 7H + 0.75 wt%6b 1 79.5 9.8 97.0 a), c), e)
> PMMA 7H + 0.75 wt%6b ! 9.6 10.4 %.1 a), c), f), 9)
6 2 79.8 10.7 96.4
7 PMMA 7H + 0.75 wt%6b 1 77.1 14.6 94.5 d), e), i)
8 PMMA 7H + 0.75 wt%6b 1 80.5 15.0 97.5 d), f)
9 PMMA 7H + 0.75 wt%6b 1 81.0 10.8 96.9 d), h), e)
10 1 94.7 0.8 99.3
11 PMMA 7H 2 94.3 3.2 98.4 a), e)
12 3 95.0 14 99.4
13 1 94.9 15 97.5
PMMA 7H a), f), 9)
14 2 94.8 1.3 98.3
15 1 93.8 14 98.9
PMMA 7H d), e)
16 2 94.7 1.6 986
17 PMMA 7H 1 91.2 13.6 96.3 d), 1), i)
a) PMMA, (ground,) pre-dried
b) powder-powder-mixture, powder mixer
c) powder-powder-mixture, mortar and pestle
d) polymer (mixture) precipitated in MeOH
e) non-annealed
f) annealed 135-140°C, 20h
g) bubble formation during annealing (140°C), possd#érmation on mold opening
h) Microlnjector flushed with PMMA

black Schlieren

~
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