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You see things and ask: why?
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Overview

During this work, done mainly in the laboratoriektbe department of Industrial
Chemistry and Materials of the University of Bolagbut also in the laboratories of the
Carnegie Mellon University in collaboration with gbr K. Matyjaszewski and at the
university of Zaragoza in collaboration with prdf. Barberd, was focused mainly on the
synthesis and characterization of new function@jmperic materials.

In the past years our group gained a deep knowlatiget the photomodulation of
azobenzene containing polymers. The aim of thisishis to push forward the performances
of these materials by the synthesis of well defineterials, in which, by a precise control
over the macromolecular structures, better or exem functionality can be delivered to the

synthesized material.

For this purpose, besides the rich photochemidtgzoaromatic polymers that brings
to the application, the control offered from thecewt techniques of controlled radical
polymerization, ATRP over all, gives an enormousgeof opportunity for the developing of
a new generation of functional materials whose @rips are determinate not only by the
chemical nature of the functional center (e.g. emoatic chromophore) but are tuned and
even amplified by a synergy with the whole macraolar structure. Old materials in new

structures.

In this contest the work of this thesis was focusedinly on the synthesis and
characterization of well defined azoaromatic polysne order to establish, for the first time,
precise structure-properties correlation. In fasedes of well defined different azopolymers,
chiral and achiral, with different molecular weigind highly monodisperse were synthesized
and their properties were studied, in terms of pagbansion and photomodulation of
chirality. We were then able to study the influemé¢he macromolecular structure in terms

of molecular weight and ramification on the studpedperties.

The huge amount of possibility offered by the tailg of the macromolecular
structure were exploited for the synthesis of néalesteric photochromic polymers that can
be used as a smart label for the certificationhef thermal history of any thermosensitive

product.
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Finally the ATRP synthesis allowed us to synthesiziotal new class of material,
named molecular brushes: a flat surface covered avitultra thin layer of polymeric chain
covalently bond onto the surface from one end. Haw class of materials is of extreme
interest as they offer the possibility to tune amahage the interaction of the surface with the
environment. In this contest we synthesized botraammatic surfaces, growing directly the
polymer from the surface, and mixed brushes: sagfacovered with incompatible
macromolecules. Both type of surfaces acts as ‘Smmarfaces: the first it is able to move the
orientation of a LC cell by simply photomodulati@md, thanks to the robustness of the
covalent bond, can be used as a command surfaceoovieg all the limitation due to the
dewetting of the active layer. The second type wfage, functionalized by a grafting-to
method, can self assemble the topmost layer respgpiol changed environmental conditions,
exposing different functionality according to diiéat environment.
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Chapter 1

Introduction

Atom Transfer Radical Polymerization — ATRP

Radical polymerization is industrially the most espread method to produce
polymeric materials such as plastics, rubbers ahdrs ). The advantages of radical
polymerizations over ionic or coordination polynzations are numerous: a large variety of
vinyl monomers have been polymerized or copolyneeriand the reaction conditions require
only the absence of oxygen. Water, as in suspermia@mulsion polymerization, or other
impurities are well tolerated and the reactionsuocat a convenient temperature range,
typically from 0 to 100°C. The major drawbacks oheentional radical polymerizations are
related to the lack of control over the polymemsture. Due to the slow initiation, fast
propagation and subsequent transfer or terminapolymers with high molecular weights
and high polydispersities are generally producdgesgé features are reflected in the physical
and mechanical properties of the produced polynard to alter and improve these

properties, random copolymerizations have beeiritivadlly used.

The development of ionic polymerization methodsva#d for the preparation of well-
defined polymers with controlled chain end functibires and the synthesis of well-defined
block and graft copolymeré. However, these polymerizations have to be camigwith
nearly complete exclusion of moisture and ofteneayy low temperatures. Moreover, only a
limited number of monomers can be used, and theepe of functionalities in the monomers

can cause undesirable side reactions.

A relatively new method to synthesize well-definpdlymers and copolymers is
controlled radical polymerizatiofi®. In this field, several systems have been appiged
control molecular weights and end functionalitigsiferters ', nitroxides!®, Co-based
system&® Y degenerative transfer with alkyl iodid€$** most recently the RAFT-
proces®® and Ru-"® and Ni-mediated*” polymerizations. One of the most successful
methods, however, is atom transfer radical polyma¢ion (ATRP), based on a copper
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halide/nitrogen based ligand catalifst*®. This controlled radical polymerization allows for
the polymerization of a wide range of monomers sashstyrené?® 2! acrylates®” and
methacrylate$™! including a variety of functional monomers (vidéra). Since ATRP is a
controlled/'living’ radical polymerization, well-dmed polymers with molecular weights
determined by the ratio of consumed monomer toothiced initiator are obtained,
DP.=A[M]/[I] o, the polydispersities are generally low{M,<1.3). Because of its
mechanism, ATRP allows for the preparation of mprecisely controlled polymers and
many new materials have been synthesiZ8d New materials are made by varying the
topology of the polymer (linear, branched, hypenloreed, stars, etc.) and/or the composition
of the polymeric chains (statistical/gradient copoers, block copolymers, grafts, etc.).
Moreover, with this process, the end groups ofpgblymers are well-defined as they derive
from the initiator used. As a variety of initiatocan be used, including initiators containing

functional groups, end functionalities can eas#yitcorporated™.
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Mechanism

ATRP reactions require the addition, or in situration, of four essential components

for an ATRP reaction:

a molecule, which we have called a (macro)initiateith at least one transferable

atom or group, frequently a halogen, R-X, where &lof Br;

a transition metal (compound),

a ligand that forms a complex with the transitioretah (compound) to modify
solubility and catalyst activity,

« one or more radically (co)polymerizable monomers.

One or more of these functions can be combinedsimgle molecule, e.g. an initiator

and monomer, which directly forms a (hyper)brancsiedcture when (co)polymerized.
The general mechanism of ATRP is shown below.

Kact
Pp-X + Mt"/L ~—= P.* + X-Mt"1/L
Kdeact

Monomer

Scheme 1: General mechanism of an ATRP polymeoizati

Mechanistically, ATRP is based on an inner sphiret®n transfer proceé?@, which
involves a reversible homolytic (pseudo)halogemdfar between a dormant species, an
added initiator or the dormant propagating chaith, €B-X) and a transition metal complex in
the lower oxidation state (WitL,) resulting in the formation of propagating radscé&R*) 2]
and the metal complex in the higher oxidation stéte a coordinated halide ligand (e.g. X-
Mt™YL,).

The active radicals form at a rate constant ofvatiin (k.y), subsequently propagate
with a rate constant gk and reversibly deactivate k&), but also terminate {k As the
reaction progresses, radical termination is dinheds as a result of the persistent radical
effect, (PREJ?®, and the equilibrium is strongly shifted towattle dormant species k<<
Kdeac)-
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Addition of the persistent radical, (X-fItYL,), to the initial reaction medium
increases the efficiency of initiation by avoiditite need to form the persistent radical by
early stage termination reactions. This resultdetter polymerization control and higher

initiation efficiency.

The equilibrium can be approached from both sides:

« a standard or "normal” ATRP starting with RX{Man ATRP initiator and a catalyst
in a lower oxidation staté}” and,

- a "reverse" ATRP which starts with radicals gerestarom a standard free radical
initiator and the added X-NIt* species. Successful polymerizations have beeiedarr
out starting with conventional free radical initet, such as AIBN*®! and BPOR”
and higher oxidation state transition metal comgéexThe higher oxidation state
catalyst complex for an ATRP can also be activdtgdadding M?, or many other
reducing agents, which then reduces the higheratigidl state transition metal
complex, X-M{™YL, to form the X-M{/L,, activator in sitd*),

In order to have a well controlled polymerizatiohetrate of activation and
deactivation should be faster (at least for one mtade order) than the propagation rate,
otherwise the addition kinetics would follow a pa#ly similar to a conventional free radical

polymerization, with loss of control.

If the above conditions are met and the radicateatration is keep low to minimize
the rate of termination reactions (bimolecular tieas) at each cycle just a few monomers

are added to the growing chain and the polymeanatan run in a controlled fashion.

The total equilibrium described above can be idedlias the sum of other four

elementary reactions:
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Atom Transfer (Overall Equilibrium)

kact
RX + Cu-Y/Ligand === o . x ' y/Ligand
kdeact
Contributing Reactions
KeT,
Cu'-Y / Ligand cu'viLigand® + &
I @ Ky I .
X@ + Cu'-Y/Ligand X-Cu'-Y/Ligand
. Kea
x* + & X2
KBD N .
R-X R + X
Karee =26t oK K aKapKy  or —ATRE Koo
ATRP =7 - =REeTREA"BD X KerKeaKy

Scheme 2: ATRP equilibrium and elementar reactions

1. Oxidation of the catalytic process, ruled by a @t@uc transfer constant @g)

2. Reduction of an halogen atom to an anion, ruledabyelectronic affinity constant
(Ken)
Homolitic dissociation of the C-X bond of the (m@pnitiator or growing chain (kp)

4. Association of the halogen to the catalytic com{ley

The ATRP constant therefore can be express a®thbination of these equilibriums:

K
KATRP :k_d = KETKEAKBDKX

In fact it was found a linear correlation betweeg(Katrp) and the redox potential of

different catalytic systems with the same halogéimity (same k) with the same Kp and
Kea (same initiator and monomer).

It is widely accepted that a controlled polymeriaatprocess should display the
following feature§! :

First-order Kinetics Behavior
Pre-determinable Degree of Polymerization

Narrow Molecular Weight Distribution

i A

Long-lived Polymer Chains
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ATRP kinetics

In agreement with the mechanism described abowgecteng the contribution of the
chain termination, and considering a rapid equtitor the reaction kinetic can be described
as:

Cu!'

R, = kp[M][P‘] = kaeq[M ][l ]0 cy"

The reaction rate is first order kinetic respectthe monomer and the number of
growing chains, which depends only on the initiatoncentration and on the ratio between
activator and deactivator (€and CUl).

The polymerization rate ¢Rwith respect to the monomer concentration ([M])ai
linear function of time. This is due to the lacktefmination, so that the concentration of the

active propagating species ([P*]) is constant.

—d[M] .
Ry = —— =k [P][M]
In [[MM]]" k, [P*]t = KSPP[P*]t

The consequence of the above equations and the effehanges in P* are illustrated

in Figure 1

constant [P*]

N

termination

In([M]o/[M])

< » slow initiation

Y

time

Figure 1 lllustration of the dependence of In({f]) on time
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This semilogarithmic plot is very sensitive to artyange of the concentration of the
active propagating species. A constant [P*] is ade® by a straight line. An upward
curvature indicates an increase in [P*], which @sda case of slow initiation. On the other
hand, a downward curvature suggests a decreas®]inhich may result from termination
reactions increasing the concentration of the ptsi radical, or some other side reactions

such as the catalytic system being poisoned oxrpducesses on the radical.

It should also be noted that the semilogarithmat @ not sensitive to chain transfer
processes or slow exchange between different asfpeeies, since they do not affect the

number of the active propagating species.

Predeterminable degree of polymerization,jX

The number average molecular weightf,J is a linear function of monomer
conversion.
M, AM] [M

" - lo (conversion)
Mo [y [

This result comes from a constant number of ch#insughout the polymerization,

which requires the following two conditions:

1. that initiation should be sufficiently fast so thaearly all chains start to grow

simultaneously;

2. no chain transfer occurs that increases the totalber of chains

Figure 2 shows that the ideal growth of molecularghts with conversion, as well as

the effects of slow initiation and chain transfarthe molecular weight evolution.
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= coupling

slow initiation

!

[M], .
X\= —l conversion
0

—— transfer

Y

Conversion

Figure 2: The dependency of molecular weight onveosion

It is important to recognize that the evolutiomadlecular weight is not very sensitive
to chain termination, since the number of chaimsaies unchanged. The effect of termination
is only observable on the plot when coupling readifor polymers with very high molecular

weights start to play a significant role.
Narrow molecular weight distribution

Although this feature is very desirable, it is meicessarily the result of a controlled
polymerization, which only requires the absencehafin transfer and termination, but ignores
the effect of rate of initiation, exchange and d@agation. Substantial studi€&>¥ indicate
that in order to obtain a polymer with a narrow ewmoilar weight distribution, each of the
following five requirements should be fulfilled.

1. The rate of initiation is competitive with the ratef propagation.This condition
allows the simultaneous growth of all the polymieaio.

2. The exchange between species of different reagtiistfaster than propagationThis
condition ensures that all the active chain terman@ equally susceptible to reaction
with monomer for a uniform growth.

3. There must be negligible chain transfer or terminai.

4. The rate of depropagation is substantially lowerati propagation.This guarantees
that the polymerization is irreversible.

5. The system is homogenous and mixing is sufficientyst. Therefore all active

centers are introduced at the onset of the polyagon.

This should yield a Poison distribution, as quaediin equation.
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According to equation Eq 1.6, polydispersitM,(/M,) decreases with increasing

molecular weight.

Systems with slow exchange do not follow this perfdistribution but PDI's are
defined by the following equati&.

PDl=ﬂ=1+( b R0 ]>( & —1)

M, kgeact[CU'L,X]) \conv

A polymerization that satisfies all five prereqtesi listed above is expected to form a

final polymer with a polydispersity less than 1ot X, greater than 10.
Long-lived polymer chains.

This is a consequence of negligible chain tranafed termination. Hence, all the
chains retain their active centers after the falhsumption of the monomer. Propagation
resumes upon introduction of additional monomer.isThnique feature enables the

preparation of block copolymers by sequential mosoaddition.

The significance of controlled polymerization asyathetic tool is widely recognized
and polymers having uniform predictable chain langte readily available. Controlled
polymerization provides the best opportunity totcointhe bulk properties of a target material
through control of the multitude of possible vaoas in composition, functionality and

topology now attainable at a molecular level.

Through appropriate selection of the functional ¢roginitiator, copolymers formed in
a "living"/controlled polymerization process carvbany desired topology. Further, as noted

at the foot of the figure showing what CRP can @& highlight that mechanistic
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transformations permit the use of macroinitiators ntacromonomers prepared by other
polymerization procedures in any CRP process whlldws incorporation of a spectrum of
functionalities and polymer segments prepared by ather controlled polymerization

process into segments of copolymers prepared by. CRP

Indeed a plethora of previously unattainable polymmaterials have been prepared.
Numerous examples of gradi€fft block®” and graft®® copolymers have been reported, as
well as polymers with complex architectures, inahgdcomb shaped polymer brushds

star$'”, and hyperbranchéd! copolymers.
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Component of the reaction mixture
Initiator

The role of the initiator is to start the polymatibn reaction and to determinate the
number of growing chain. In a well controlled ATR®action, as mentioned above, the
medium degree of polymerization is related to t@orbetween monomer and initiator and

the conversion.

The initiator is a molecule containing a group tlain undergoes to hemolytic
cleavage of the C-X bond and can be reversibly dddehe catalytic systems. Usually this
group is an halogen atom (Cl or, mainly, Br). listivay at the end of the reaction one end of
the polymer is the initiator itself, and on the eatlend there will still be a reactive halogen

atom.

In this way, with an opportune design of the indramolecule, is pretty easy to
synthesize macromolecules bearing a functionalgeadp (e.a.: a fluorescent marker) using a

functional initiator.

On the other hand the presence of a reactive halegd group (in this case mainly
bromine end group) can be exploited for the symshesblock copolymer (see after) or for
further post functionalization via substitution cgan. As an example the bromine atom can
be substituted by an azide group and thereforemeromolecule can be functionalized via
1,3 dipolar Huigens cycloadditon (click reactiohlis approach demonstrate to be successful

for the synthesis of a wide range of hybrid or tiowal material.

Another important feature of the initiator molecilés to estabilish the ATRP
equilibrium in a very short time, shorter than thmee needed for the addition of monomers.

This feature is of crucial importance for obtainenghonodisperse polymeric material.

Several functional group can be used as initiatdralogen hesters are the most used
initiator group, also for the possibility of an gdsinctionalization of the initiator molecule

with a suitable moiety.
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For the synthesis of highly complex architectures.(star polymers, hyperbranched
or bottle-brush polymer) suitable initiator shoub@ used. In Figure 3 are depicted a
multifunctional initiator for the synthesis of staolymers, reactive polymers for brush bottle
macromolecules and monomers bearing an initiatrngmfor the synthesis of hyperbranched
polymers. Moreover the choice of a engeneeredatoitican be a simple and smart choice to

introduce at one end of the polymeric chain a tadofunctionality as a florescent marker

R =CHs, CN, -~ Xx R= & _OH Rhodamine B o~ Yo

RN %O

Figure 3: various initiator for an ATRP polymeriipat

(e.g. rhodamine B, Figure 3)

Catalyst

The instaurance of the ATRP equilibrium, betweendapped and the radical form of
the growing chains is determined by the catalystrtler to have a controlled polymerization,
as mentioned above, a low concentration of radsteduld be present (to minimize the
termination) and the rate of activation and deatibn should be as fast as possible (to enable

all the chains to grow simultaneously).
In order to use a metal as the catalyst center sequerement should be met:

» the metal should have two stable oxidation statk amly one electron of difference

» the metal center should have an high halogenopkillesigh Kp) and the coordination
number should increase of one in the high oxidagtate

» should be highly selective for the desired proeessding side reaction

* should form a stable complex with the used ligand

Therefore are used catalyst based on transitiomlsyeh which the ligand plays an

important role to tailor the activity and selediyvof the catalyst.
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A wide number of metals can be used, mainly frota 61 group, but the most used is
copper, for its low cost and versatility. The coppas two different stable oxidation state' Cu

and CU separated by only one electron and possess athtiracteristics mentioned above.

Anyway other metals are studied, in particular enibm and iron, which are of great
interest for the polymerization of acidic monomedis, acrylic acid, which can poison the
copper catalyst and up to now cannot be polymenmATRP.

As said above the catalytic system is composedhéyransition metal and the ligand.
Of course different metals are associated withecffit ligand; we are going to examine the
ligands used for copper.

The main role of the ligand in an ATRP reactiortasincrease the solubility of the
metal and to tailor its redox potential in ordemodel its activity. It was shown that activity
increase using aliphatic amines instead of aromatid that the use of multidentated ligand

and a C-2 bridge between nitrogen atoms incredsatyac

[\ I = R= Octyl
ne N '
N %
S e A
N N
/ N P R’N N"R
HMTETA PMDETA DOIP

R
I
M

KI/ \LN,R R 5

\ R=H, CHj; — - R= H. heptil.5- nonyl

- 4 %
R \L \ N N /

N
I
R

cyclam (R=H)
Me,eyclam (R=Me) bipy

Figure 4: Typical ligand for ATRP Cu based catalyst
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Conditions for an ATRP

ATRP reaction are highly versatile, are quite raktosvards impurity and therefore
can be carried out in several ways, both in satytioulk or in heterogenous system as
emulsion, microemulsion or suspension. Severalestlcan be used, apolar as toluene or

benzene or polar as DMF or THF, or even proticeai\as water or ethanol.

Normal ATRP

Usually to carry out an ATRP the only precautioratttshould be taken is to
deoxygenate the system prior to add the Cu(l) wischighly sensitive to air and rapidly
oxidate to Cu(ll). No further precaution shouldtaken.

In this way the equilibrium is reached as describeifre and the reaction goes trough

the pathway mentioned above.

Reverse ATRP

In this procedure a complex of the metal in thehbrgoxidation state is added to the
solution of monomer and initiator. The catalystgeneratedn situ by decomposition of a
conventional thermal initiator such as AIBN. Thevawtage is that the components are
insensitive to air and can handled easier, makiig grocess more attractive for industrial
process.

The disadvantage is that the terminations are mgtnare uniforms, being generated
by the thermal initiator and the early growing cfsai

Standardl radical initiation
A

I—I 21°
* + X=M""Ligand —=—— I—X + M"Ligand
ki | +M
Atom transfer to form a normal ATRP initiator
I—Pr + X-M™'Ligand —=—— I—PyX + M"/Ligand

Normal ATRP propagation:

kact
I—P4-X + M,"/Ligand — =Py + X—M"/Ligand

Kdeact
+M kp

Scheme 3 RARTP mechanism
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Activator Generated by Electron Transfer, AGET ATI

This procedure is similar to reverse ATRP, in factthe systems only monom
ATRP initiator, and the catalyst in the high oxidat state are present. The vator is
generated in situ by the action of a reducing ageng.: ascorbic acid otin(ll) 2-
ethylhexanoatewhich is able to reduce the metal catalyst buitnoa generate radicals a
therefore cannot start polymerization. This procechas the advarge, in comparison wit

Reverse ATRP, to produce polymers with well defieed groug

X-Cu(ll)/Ligand
l Reducing Agent
) Kact
PX + Cu(l)Ligand — P® + X-Cu(ll)/Ligand
o deact R ¢
ATRP Initiator M t .
ke ~P-P

Scheme 4: AGET ATRP mechani

ARGET ATRP

Catalysts have been developed that show a broack rah@ctivity. It is possible
therefore, to select an active catalysd run the reaction with lower levels of cata** **!
Indeed with an extension of the concept of AGET &“Y to include continuou
regeneration of the transition metal complex thtmug the reaction, ARGET ATF*¢ jt
Is possible to reduce the level of catalyst beltnat tof natural termination reactions &
ATRP can be conducted with ppm levels of cataly)sfRGET ATRP arose when w
considered the implications of the convenient pdoce for initiating an ATRP syem
described in AGET ATRP, where the activators aneegated by electron transfer (AGE
ATRP. It should be possible to use the reducing agentongtantly regenerate the ATI
activator, the Cu(l) species, from the Cu(ll) spsciformed during termirion process,
without directly or indirectly producing initiatingpeies that generate new chaiA detailed
examination of the ATRP rate law shows that theypelrization rate depends only on -
ratio of the concentration of Cu(l) to-Cu(ll), and does notlepend on the absolL
concentration of the copper complexes, thereforgrimciple, one could reduce the absol

amount of copper complex to ppm levels withouttffeg the polymerization rai
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. [CU']
R, =k, IM][P"]= kp[M]Ket,[llcm
However, a residual amount of deactivating spegies X-Cu(ll)) is required for a
well-controlled polymerization since both, molecuhgeight distribution and initial molecular
weight, depend on the ratio of the propagation dedctivation rate constants and the

concentration of deactivator

M k, [RX 2
PDI= —% =1+ » RX], ( —1)
M, kaeact[Cu'L,X] ) \conv

This means that in order to obtain polystyrene viitlw/Mn~1.2, when targeting a
DP~200 and 90% conversion at ~100 OC, the actualbiatrof X-Cu(ll) species required to
conduct a controlled reaction is ~2 ppm, meanirgg thcould be reduced over 1,000 times
from the level typically used in the initial ATRR styrene. Unfortunately, if the amount of
Cu(l) is reduced 1,000 fold, unavoidable radicalical termination reactions irreversibly
consume all of the activators present in the reaatnedia and the reactions stops; i.e. if the
amount of Cu(l) initially added to the system wadolw 10 mole% of the initiator (i.e., all
Cu(l) would be consumed if 10% of chains termihatédowever, this situation could be
overcome if there was constant regeneration oCilng) activator species by environmentally

acceptable reducing agents to compensate for asyoloCu(l) by termination.

R-X + Cu'-X/Lligand —==— R' + Cu'"X,/Ligand

kda i
i
R-R + Cu'-X, /Ligand

Oxidized Agent
Reducing Agent

Scheme 5: ARGET ATRP mechanism
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Generally, it is desirable to add an excess oflititends compared to the transition
metal complex, in order to compensate for competiti complexation by
monomer/solvent/reducing agent all present in excesnpared to the transition métar”
8] For example, styrene was polymerized by thetiadof 5 ppm of CuCI2/Me6TREN and
500 ppm of Sn(EH)2 to the reaction resulting inaygtyrene with Mn=12,500 (Mn,th =

12,600) and Mw/Mn = 1.28.

An added advantage of using low levels of catalgsthat catalyst induced side
reactions are reduced and it is possible to prejpigte molecular weight copolyméf8 and
conduct the reaction in the presence of limited ammof oxygel®. However ARGET is not
the answer to all problems since the impact ofayh@roducts of the reduction reaction have
to be considered.

Surface Initiated ATRP.

The functionalization of organic and inorganic sgds with polymeric chains is a
topic of extreme scientific interest for the numescapplications in the field of material

science, biomedicine and for the fabrication ot&tic devices.

This kind of functionalization can be made in tways: starting the polymerization
from functional groups anchored on the surfacefiijggafrom) or by a functionalization of

the surface with telechelic polymeric chains (graftfrom).

With both approach is possible to obtain a coveralgéthe surface with polymeric
chains, but with the former is possible to havehbrggrafting densities and smoother
surfaces. If the lateral separation between adfad®ains is smaller than the gyration radius
the chains are forced to adopt an extended contmmébrush) and not the usual random
coil. This organization led to new properties of fiolymeric layer such as extra low friction,

higher glass transition and different supramolacatganization.

Grafting onto

The functionalization of surface is made by anaigra telechelic polymer to the
surface. ATRP is very functional for this approdmtause the functionality can be easily

incorporate in the initiator (e.g.: a propargyl tning initiator) or can be introduced in the
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polymeric chain by post functionalization (e.g.bstitution of the terminal bromine atom
with an azide group). The polymeric chain is theacted with functional group on the
surface. In fact this scheme is very reproducilild bas the great advantage of a extreme

control over the polymers composition.

As an example we can report the grafting of pohgstg (PS) chains onto silica
nanoparticles. In the first case an alkine terneidad®S synthesized by ATRP is grafted via

click chemistry onto silica nanopatrticles previgusiodified with an azide containing silane
[50]

In a second example silica nanoparticles were reathivith a layer of a silane bearing
a benzophenone residue. PS chains were then althghetoreaction. In this case, anyway, it

was not possible to obtain a well defined monolafe?S>Y.

Anyway with this approach is quite difficult to @l a dense layer of polymer chains.
In fact there is a high entropic barrier to overeofor the polymeric chains to adopt an
extended conformation loosing the random coil. Meeg, if the grafting is made in solution,
also the solvatation energy plays an important, rblecause before the grafting (that is
thermodymically favorite) the chain should be deatdted and adsorbed on the surface. As a
consequence grafting densities higher than 0.1Esham?® are quite impossible to obtain
with this method.

Grafting from

The grafting from method is very useful for obtamia very dense polymeric layer.
With this approach the surface is functionalizedhwan ATRP initiating group using a
suitable chemistry to graft it onto the surface.(esilane for the functionalization of silicon or
metal oxides, thiol for gold) and then the polymation is started on the surface. In this way
no entropic barrier have to be overcome and thessynthesis of layer with a grafting

densities up to 1 chain nfhis possible.

Modification of flat surfaces.

The first step is the formation of a monolayer mfiator. This can be done using a
proper initiator with an anchoring site as ethoxyloloro silane for silica or thiol or disulfide
for gold.

The amount of initiator anchored on the surface asyway, extremely small

(calculated to be 10mol/L), in comparison with the amount of initiatasually used in a
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conventional polymerization. As a consequence natrab over the polymerization in a
surface initiated ATRP (SI-ATRP) can be achievatk tb the persistent radical effect in fact
the ATRP equilibrium cannot be reached and so tgnperization will not be a controlled
process but will be a conventional free radicalypwrization with a redox initiator.

In order to have a good control over the polyméigza we should permit the

formation of the persistent radical. This can b&enia two ways:

- by addition of free initiator: some termination malccur in the bulk of the reaction
leading to the formation of the necessary Cu(lld ahen a control over the
polymerization will be possible.

- by the addition of the Cu(ll) ligand complex (pstent radical). In this way the
ATRP equilibrium will be present from the beginniofgthe reaction.

These two different method have both some advastagd drawbacks. In the first
case the formation of polymer in solution is helgir the characterization of the chains
grown on the surface, as is usually accepted tiepblymer grown in solution and on the
surface are identical. In the latter case the aggnis that no polymer will be formed in
solution, making not necessary the purificationthed surfaces from the adsorbed polymer.
Moreover in the case of expensive functional mononme will be lost and the unreacted

monomer can be reused after purification from talgst.

Modification of nanoparticles

By the grafting from method also nanoparticles ha&en functionalized. The reaction
procedure is quite similar to the functionalizatiminflat surfaces, but some slight difference

can be found.

First of all for this kind of polymerization the cice between the addition of free
initiator and deactivator should be taken first sidering the purification of the modified
particles. In fact if the size of the nanoparticiesoo small the purification from the free
polymer can be quite difficult and then the additmf deactivator will be preferred. On the
other side it was observed that for particles tigd™8 the use of deactivator is not efficient as
the ratio initiator/monomer is too low. In this eathe addition of free initiator should be
preferred, as the purification of big particles)iste easy.
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Is also possible to use the polymer modified nartagd@s as macroinitiator for a

Figure 5: Modification of nanopatrticles by SI-ATRP

second polymerization, synthesizing a block cop@ynbound to the surface of the
nanoparticles. In this way colloids consisting of morganic core and a shell made of

polymethyl methacrylate, polystyrene or polybutyléate were synthesizEd.
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Liquid Crystals

The discovery of liquid crystals is thought to havecurred nearly 150 years ago
although its significance was not fully understawmdil over a hundred years later. Around the
middle of the last century Virchow, Mettenheimedavalentin found that the nerve fiber
they were studying formed a fluid substance whénimewater, which exhibited a strange
behavior when viewed using polarized light. Theg dot realize this was a different phase

but they are attributed with the first observatodtiquid crystals.

Later, in 1877, Otto Lehmann used a polarizing oscope with a heated stage to
investigate the phase transitions of various suabst He found that one substance would
change from a clear liquid to a cloudy liquid befarystallizing but he thought that this was
simply an imperfect phase transition from liquidctystalline. In 1888 Reinitzé¥! observed
that a material known as cholesteryl benzoate Wad distinct melting points. In his
experiments, Reinitzer increased the temperatur@ sdlid sample and watched the crystal
change into a hazy liquid. As he increased the &atpre further, the material changed again
into a clear, transparent liquid. Because of tladyework, Reinitzer is often credited with
discovering a new phase of matter. He has conségubeen given the credit for the
discovery of the liquid crystalline phase. Up 1890 all the liquid crystalline substances that
had been investigated, had been naturally occuamdyit was then that the first synthetic
liquid crystal, p- azoxyanisole, was produced byt&eman and Ritschke. Subsequently more
liquid crystals were synthesized and it is now paego produce liquid crystals with specific

predetermined material properties.

In the beginning of this century George Freideldiarted many experiments on liquid
crystals and he explained the orienting effectlettec fields and the presence of defects in
liquid crystals. In 1922 he proposed a classifaratf liquid crystals based upon the different
molecular orderings of each substance. It was tvi©22 and the World War Il that Oseen

and Zocher developed a mathematical basis fortthy ®f liquid crystals® °

After the start of the war many scientists belietteat the important features of liquid
crystals had been already discovered and it wasmtitthe 1950's that work by Brown in
America, Chistiakoff in the Soviet Union and GraydaFrank in England led to a revival of
interest in liquid crystals. Maier and Saupé formulated a microscopic theory of liquid

crystals; Frank®® and later Leslid®® and Ericksen®® developed continuum theories for
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static and dynamic systems and in 1968 scientist:i fRCA first demonstrated a liquid
crystal display. The interest in the study of ldjgrystals has grown ever since, partly due to
the great variety of phenomena exhibited by liqoigstals and partly because of the
enormous commercial interest and importance ofidiquystal displays. As research on this
field continues and as new applications are dewelpphe role of liquid crystals in modern

technology will continue to grow.

Liquid crystals as fourth state of matter

The three common states of the matter: solid, diqguid gas, are different because the
molecules in each state have a different degremdwr. In the solid state there exists a rigid
arrangement of molecules, which stay in fixed posg and orientations with a small amount
of variation due to molecular vibrations. To maintthis arrangement, large attractive forces

are required to hold the molecules in piece ancethee a solid is difficult to deform.

In the liquid phase the molecules have no fixedtjpos or orientations and are free to
move in a random fashion; consequently, the ligiate has less order than the solid state.
The random motions of the molecules mean thatrite¥molecular attractive forces are not
strong as in solids but are only strong enough d@epkthe liquid molecules fairly close

together. A liquid can therefore be easily deformed

In the gas state the random motion of the molecalescomes the intermolecular
forces, and the molecules spread out to fill angt@ioer that holds them. The order in a
liquid, which derives from the closeness of the enales, is lost in a gas. The probability of
molecules in a certain region being in a rigid agement, and having the same orientation
can be used to define a positional and orientaltiorter. These parameters have the greatest
value in the solid state and the least one in #s®2gus state.

A liquid crystalline phase occurs in some substangea temperature region between
the solid and liquid states. In this state the &rire possesses properties of both liquids and
solids. A liquid crystal is a fluid like a liquidub it is anisotropic, in its optical and electro-
magnetic characteristics, like a solid. When tlgeiid crystal is formed from the isotropic
state, some amount of positional or orientatiomedepis gained. It is this order that accounts
for the anisotropies of the substance. The distsigoig characteristic of the liquid crystalline
state is the tendency of the molecules (mesogenpdint along a common axis, called the

director. This is in contrast to molecules in tigriid phase, which have no intrinsic order. In
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the solid state, molecules are highly ordered aadehlittle translational freedom. The
characteristic orientational order of the liquigstal state is between the traditional solid and
liquid phases and this is the origin of the termsagenic state, used synonymously with
liquid crystal state. Note the average alignmerthefmolecules for each phase (Figure 5):

j[Emperature
Crystalline Liquid Isotropic
Solid Crystal Liquid

Figure 6 Average alignment of the molecules: aljggathase, b) liquid crystal phase, c) liquid phase.

It is sometimes difficult to determine whether atenil is in a crystal or liquid crystal
state. Crystalline materials demonstrate long rgregdic order in three dimensiofi¥. By
definition, an isotropic liquid has no orientatiboader.

Substances that are not as ordered as a solithayetsome degree of alignment, are

thus properly called liquid crystals. Liquid crylstaan be classified into two main categories:

« thermotropic liquid crystals;

* lyotropic liquid crystals.

While these two types of liquid crystals are digtished by the mechanisms that
drive their self-organization, they are similammany ways. Thermotropic transitions occur in
most liquid crystals, and they are defined by thet fthat the transitions to the liquid
crystalline state are thermally induced. That i oan arrive at the liquid crystalline state by
raising the temperature of a sohdd/or lowering the temperature of a liquid. Thermotropic
liquid crystals can be classified into two typesamtiotropic liquid crystals, which can be
changed into the liquid crystal state from eitlmavering the temperature of a liquid or raising
of the temperature of a solid, and monotropic ligeiystals, which can only be changed into

the liquid crystal state from either an increasthantemperature of a solid or a decrease in the
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temperature of a liquid, but not both. In genetlaérmotropic mesophases occur because of

anisotropic dispersion forces between the molecatesbecause of packing interactidifs
63]

There are mainly two types of mesogenic moleculeghvcan originate thermotropic

liquid crystals: discotics and rod-shaped molecules

Discotics are flat disc-like molecules consistirfgaccore of adjacent aromatic rings.
This allows for two-dimensional columnar orderinRod-shaped molecules have an
elongated, anisotropic geometry, which allows fogf@rential alignment along one spatial

direction.

As showed in Figure 7, rod-like molecules (a) organthemselves into layers,
whereas disc-like molecules)(fmrm columns that can be arranged parallel to edlclr in a

two-dimensional lattice.

A bend introduced in the rigid core leads to 'bansimaped’ molecules (c). The
rotation of these molecules around their long &i®stricted and they adopt a directed order
within the layers. Depending on the bending dimttiin adjacent layers, either
antiferroelectric or ferroelectric smectic phases/mesult.

Molecules with a conical shape (d) can lead tolarpwrder within columns.
The polar direction of neighbouring columns maypheallel or anti-parallel.

Sawamura ®¥ have made a 'shuttlecock-shaped' molecule (e)dbasethe C60
molecule, whose distinctive shape leads to direotgdnization in column§>.
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Figure 7 Shape-depending organization of Liquidtalymolecules

In contrast to thermotropic mesophases, lyotrogigid crystal transitions occur both

by the influence of solvents, and by change in tmaire (Figure 8).

Lyotropic mesophases occur as a result of solvehided aggregation of the
constituent mesogens into anisotropic micellarcstmes. Lyotropic mesogens are typically
amphiphilic, meaning that they are composed of bgthphilic (solventattracting) and
lyophobic (solvent-repelling) parts. This causesnthto form micellar structures in the
presence of a solvent, since the lyophobic ends amilect together, out of the solvent
environment. As the concentration of the solut®micreased and the solution is cooled, the
micelles increase in size and eventually coale$hés process separates the newly formed
liquid crystalline state from the solvent. A verde number of chemical compounds are
known to exhibit one or several liquid crystalliphases. Despite significant differences in
chemical composition, these molecules have somemmnfeatures such as anisotropy of

molecular shape and physical propefifés
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Liquid crystal phase "

Most liquid crystal compounds exhibit polymorphismn,a condition whe more than
one phase is observed in iliquid crystalline state. The termesophase is used to desci

the "subphases" of liquid crystal materi

Mesophases are formed by changing the amount @&rondthe sample, either
imposing order in only one or two dimensions, oraligpwing themolecules t have a degree

of translational motioff2!.
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Figure 9:Schematic representation of the liquid crystal peder row-like molecules

Nematic liquid crystal phas

It is characterized by molecules that have no st order but tend to pct in the
same direction (Figure)9This reordering is thought to be due to packing constraints of
the molecules. This claim is supported by the that mos liquid crystal molecules tend

be long thin molecules with a rigid central reg

Figure 10:Schematic representation of the nematic mesoplefidedhd typice texture corresponding, show
by Polarized Optical Microscopy(rig|
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Molecules in this phase possess three degree mdlateoonal freedom, and they can
move in all the directions. The viscosity of thenatic liquid crystals is similar to that of the

isotropic liquid.

Smectic liquid crystal phase

The smectic state is another distinct mesophasseptein some liquid crystal
substances. Molecules in this phase show a dedr@anslational state not present in the
nematic. In the smectic state, the molecules mainti@e general orientational order of
nematics, but in addition tend to align themselivekyers or planes. Motion is restricted to
within these planes, and separate planes are @uséovilow past each other. Within each
layer the liquid crystal is essentially a two dim@mal nematic liquid crystal. The increased
order means that the smectic state is more "sidgd-lthan the nematic. This positional

ordering may be described in terms of the dengith@mass centers of the molecules:

p(@) = po |1+ gcos ()]

wherez is the coordinate parallel to the layer normal; average density of the fluid
is Po,d is the distance between layers ant the order parameter. Whes|40 there is no
layering and the material is nematic, butyf>0 then some amount of sinusoidal layering
exists and the material is smectic. There are niygms of smectic materiaf§’. In particular,
in the smectic-A mesophase, the director is peripatat to the smectic piane, and there is no

particular positional order in the layer (Figureall

In the smectic-C mesophase (Figure 11b), molearesrranged as in the smectic-A
mesophase, but the director is at a constantifleameasured normally to the smectic plane.
In some smectic materials, called Sm-CA (Figure) d¥cAnti-Ferroelectric Liquid Crystal
(AFLC), the direction of this tilt may alternate torm a so called "herringbone structure”.
Smectic materials have potential advantages overahes when used in liquid crystal
displays. They exhibit better viewing angle chaggstics, contrast ratio and can operate at
high speed.

Similarly, the smectic-B mesophase (Figure 10d)erds with the director
perpendicular to the smectic plane, but the moéscale arranged into a network of hexagons
within the layer.
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Figure 11: Smectic A (a), Smectic C(b), Smectic €Pand (Hexatic) Smectic B phases (d)
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Chiral nematic liquid crystal phas

This phase is typicallgomposed of nematic mesogenic molecules contaa chiral
center which produces intermolecular forces thabifaalignment betwee¢ molecules at a
slight angle to one another. This leads to the &bion of ¢ structure which can be visualiz
as a stack of very thin R-nemati-like layerswith the director in each layer twisted w

respect to those above and bel

This induces a helical director configuration in whitte tdirector rotates through
material (Figure 1P The molecules shown are mei representations of the me chiral
nematic mesogens lying in the slabs of infinitesitfackness with  distribution of
orientation around the director. This is not todoafused with th planar arrangement four

in smectic mesophases.

Figure 12:Schematic view of the helical director configura and mesophase microphotograph betw
crossed polarized.

Mesophases having this type of structure are catleolesteric mesophases.
important characteristic of the cholesteric messpha the pitc, p, which is defined as the
distance the director to rotates one full turn he telix Figure 13 A by-product of the
helical structure of the chiral nematic phase s ability to selectively reflect light ¢
wavelengths equal to the pitch lengththat a colowill be reflected when the pitch is eqt
to the corresponding wavelength of li in the visible spectrum. Due to this phenome
cholesterics change color wt the temperature changes. The effect is based ol
temperature dependence of theadual change in director orientation between asgige
layers, which modifieghe pitch length resulting in an alteration of w@velength of reflecte

light according to the temperature. The angle at whiehdinector changes, can made
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larger, and thus tighten the pitch, by increasimgtemperature of the molecules, hence giving

them more thermal energy.

Similarly, decreasing the temperature of the mdescincreases the pitch length of the
chiral nematic liquid crystal. This makes it possito build a liquid crystal thermometer that
displays the temperature of its environment byréfkected color. Mixtures of various types
of these liquid crystals are often used to createsars with a wide variety of responses to

temperature change.

Such sensors are used for thermometers often iiotimeof heat sensitive films. In the
fabrication of films, since putting chiral nematlmuid crystals directly on a black
background would lead to degradation and perhapgsagonation, the crystals are micro-
encapsulated into particles of very small dimensiorhe particles are then treated with a
binding material that will shrink upon curing so tasflatten the microcapsules and produce
the best alignment for brighter colors. Adjustimg ttchemical composition can also control
the wavelength of the reflected light, since chigless can either consist of exclusively chiral
molecules or of nematic molecules with a chiralalgplispersed throughout. In this case, the
dopant concentration is used to adjust the chyrahid thus the pitch.

Chiral smectics liquid crystal phase
In a similar way to chiral nematics there are difwmams of smectic phases.

Figure 13 shows schematically a chiral smectic Gened, denoted by smectic-C*.
Consistent with the smectic-C, the director makgk angle with respect to the smectic layer.
The difference is that this angle rotates from tagdayer forming a helical structure. In other
words, the director of the smectic-C* mesophas®tsparallel or perpendicular to the layers,
and it rotates from one layer to the next (Figute 1

This helix may be suppressed by placing the ligquygtal in a cell where the material
is sandwiched between two glass plates. Such sgsteensaid to be surface stabilized. Once
the helix is suppressed and the directors in eagdr lare forced to lie in the plane of the glass

plates the chiral nature of the molecules creatgsataneous polarization within each layer.
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Figure 13: Director tilt in smecti€* phast

In some smeat mesophases, the molecules are affected by theugalayer above

and below them. Therefore , a small amount of -dimensional order observed. The

SmecticG phase is an example demonstrating this ty arrangementHigure 15)

Chiral Smectic C phase
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Columnar liquid crystals phast

These phases are different from the previous tipeeause they are shaped disks
instead of long rods. This mesophase is charaeterizy stacked columns  molecules
(Figure 16§. The columns are packed together to form a-dimensione crystalline array.
The arrangement of the molecules within the colummd th arrangement of the colum
themselves leads to new mesoph:

CoH 0 OCH,s
e m I o, 2
Discotic Nematic Discotic Columnar
GiksQ OCs

Figure 17:Columnar liquid crystal phas




36 Introduction

Physical properties of liquid crystals

The physical behavior of liquid crystals can beidkd into scalar and non scalar

properties. A typical scalar property is the or&iainal order parameter S.

Important non scalar properties are the dielecttiamagnetic, optical, and elastic

coefficients.

Orientational order parameter

To quantify just how much order is present in auiligcrystal material, an order
parameter (S) is defined. Traditionally, the ondarameter is given as follows:

1
S = 2 (3cos?9 — 1)

In this equation e is the angle between the axiamindividual molecule and the
director of the liquid crystal. The brackets denateaverage over all of the molecules in the

sample (Figure 17).

Figure 17:Tilt angle between the molecular axis tneddirector n.

In an isotropic liquid, where all the orientaticax® possible, the average of the cosine
terms is zero, and therefore the order parametequsl to zero. For a perfect crystal, the
order parameter evaluates to one. Typical valueshi® order parameter of a liquid crystal
range between 0.3 and 0.9, with the exact valuenatibn of temperature, as a result of

kinetic molecular motion.

When the molecular symmetry is not perfectly cyliadl, as in a real nematic liquid

crystal, the order parameter becomes a matrix wheseric element %
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5% = X (30059, cosOys — 8,6
i]-—E(cos ij €059;g — 8;j8,p)

whereij andaf are respectively the coordinates of the fixed alteoular systenyis

is the angle between thexis and the axis;dij andd«s are Kroenecker's delta functions.

Dielectric anisotropy

The response of liquid crystal molecules to antete@eld is the major characteristic
utilized in industrial applications. The ability tife director to align along an external field is
caused by the electric nature of the molecules.

Permanent electric dipoles result when one endnoblecule has a net positive charge
while the other end has a net negative chargengian unbalanced distribution of charge. A
liquid crystal molecule containing a permanent tBpoight or might not be polar, depending
on the symmetry of the dipoles within or attachedthie main molecular body. When an
external electric field is applied to the liquidystal, the dipole molecules tend to orient
themselves along the direction of the field. In Ehgure 19, the black arrows represent the

electric field vector and the red arrows show tleetec force on the molecule.

- W

e

—_
Figure 19: Effect of the applied electric field the dipole molecules

Even if a molecule does not form a permanent djgblean still be influenced by an

electric field. In some cases, the field produdeghsrearrangement of electrons and protons
in molecules such that amduced electric dipoleesults.

While not as strong as permanent dipoles, oriematwith the external field still
occurs. By applying an electric field along thedaaxis of the liquid crystal, the permittivity
(i.e. parallel to the director) is observed. Howewvine application of an electric field

perpendicular to this axis results in a permityivit The anisotropy of the dielectric
permittivity is given by
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Ae =g —¢&;

the dielectric anisotropy can be positive or negatiepending by the orientation
(respectively parallel or perpendicular) of the emnllar dipole respect to the molecular axis.
The electric energy density for volume unit depeoxghe electrical displacement according

to the following equation:

1 & Aeg 2
Eelectr - _Z fDdE - = (ﬁ)E_ <g) (nE)

when is positive there is a minimum in the enefgy andE are parallel, while when
is negative the energy reaches a minimumi# perpendicular t&. Values for of technically
useful material range from between -6 to +50. Tleamdielectric permittivity for a nematic
liquid crystal can be described B3

Diamagnetic anisotropy

The effects of magnetic fields on liquid crystal lecules are analogous to electric
fields. Because magnetic fields are generated byngeelectric charges, permanent magnetic

dipoles are produced by electrons moving about atom

When a magnetic field is applied, the moleculeg teihd to align along or opposite
the field. The macroscopic magnetization M is gitagn

wheree and § are the axis of the molecular reference systeng the magnetic
susceptibility. The diamagnetic properties of nerganic liquid crystal can be described by

two susceptibilities and The diamagnetic anisotrigmefined as

AX =X — XL
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using the above equation, the magnetization camritien as follows:

M=xH+ (x— x.)(Hn)n

and the corresponding density of magnetic enengydime unit is then given

[72].

by

" 1 2 1 2
Emagn = —f MdH = —EXLH = _EAX(H H)
0

Usually for this reason the minimum of the energyeached when has the same
orientation of the field. The director orientatiafso depends on surface interactions: for a
nematic liquid crystal tangentially oriented redptcthe surface and subjected to a strong
surface interaction, the director reorientationréases with the distance from the surface,
until it become parallel to the field direction.hias been calculated that the angle between the

director and the magnetic field is described byftiewing expressiot’™:

0= 1 e_{ﬁ}
r

S is the length of magnetic coherence, and assukhg.=K..=K; it is expressed by

the following equation:

N =

K 1
= <M0AX> H
A magnetic fieldH is able to induce an elastic deformation over gtleiscale ; over a
nematic liquid crystal with diamagnetic anisotragyd elastic constamt («ois the magnetic
permeability constant). This equation provides afep of magnitude estimate for the field
required to reorient the liquid crystal directartditively ; can be defined as the thickness of
the nematic liquid crystal layer where the orieptadepends more on the surface interaction

than on the field action.

The diamagnetic anisotropy is linked to the ordeameteSby %
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X — X1
X1 — Xi

S =

where and are the susceptibilities of the nemaiquid crystal parallel and
perpendicular to the magnetic field and are theeqisbilities of the liquid crystal molecule
parallel and perpendicular to the molecular lordjital axis.

Optical anisotropy

Liquid crystals are found to be birefringent, dwe their anisotropic nature: they
exhibit double refraction (having two indices ofragetion). Light polarized parallel to the
director has a different index of refraction (tls&to say it travels at a different velocity) than

light polarized perpendicular to the director.

Thus, when light enters a birefringent materialchsuas a nematic liquid crystal
sample, the process is modeled in terms of thé bging broken up into the fast (called the
ordinary ray) and slow (called the extraordinany) rrcomponents (Figure 19).

Because the two components travel at differentoreds, the waves get out of phase.
When the light rays are recombined as they exithinefringent material, the polarization

state has changed because of this phase diffe¥éhce

Figure 19:Light traveling through a birefringentanam.

The birefringence of a material is characterizedhgydifference4n, in the indices of

refraction for the ordinary and extraordinary rays.

Quantitatively, since the index of refraction omaterial is defined as the ratio of the

speed of light in vacuum to that in the materiad, wave for this case:
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n = c
° oy
_ c
n, _‘D_J_

for the velocities of a wave traveling perpendicula the director. The maximum

value for the birefringence is given by:

AN = neNo = NNy

where and are the refraction index of the lightapakd having the electrical vector
respectively parallel and perpendicular to thedoe 4n varies from zero to the maximum
value, depending on the travel direction. In theegal case of a wave traveling in an arbitrary
direction relative to the director in a liquid ctgssampleno is coincident with and is given
by [7]:

nn,
An = !

Jnﬁ cos20 + n?%cos?0

whered is the angle between the incident ray and thecttire

The conditionne>no describes a positive uniaxial material, so that asmliquid
crystals are in this category. For typical nemétjaid crystals,no is approximately 1.5 and
the maximum differencefn, may range between 0.05 and 0.5. Himevalue depends on the

wavelength of the light and the temperature.
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Elastic constants

Liquid crystals respond to an external stimulushvéih elastic reaction, varying only
the molecules orientation. The elastic reactionolume unit in apolar, achiral, nematic
liquid crystal with cylindrical symmetry depends thmee elastic consta#iii, K22 andKszas

follow [78:

1
F=2 [K1(Vn)? + K, (nV X n)? + K5(nVn)?]

Each term in this equation is related to a paricaeformation: splayKii), twist

(K22) and bendKass) (Figure 20).

The elastic constants are strongly temperaturerdisoe.

y ‘::':_i’ "_:_'; /)
2 == g
S 2w
W == WY
Bend Twist Splay

Figure 21:Elastic deformations of a liquid crystal
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Anchoring energy

The director orientation in a nematic liquid crystathe interface with a solid surface
can be defined by two angles: the polar amglend the azimuthal angle The orientation is

homeotropic whe@=0, while gives a planar or homogenous orientation.

The surface enerdysit is composed by two terms: the isotropic sup&fienergyfFis

, and the anchoring energy. The latter is exprebgete following equatioH ”:

1.
F$ = EWsmzé‘B

WhereW is the angular anchoring aid sis the necessary energy to turn the director

by an angl&d from the equilibrium direction.

The alignment of liquid crystal molecules, was frdme beginning a problem of main
importance, in order to obtain macroscopically monented liquid crystal films to be
employed in the display technology. Thus many desjicas command surfaces fot the

alignment of liquid crystals, are of main interigstthe fabrication of optical devices.
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Chapter 2

Photoexpansion

Introduction and Scope

Recently, intensive activity has been directed tolwahe development of materials for
recording, transfer and processing of data. In doistext photochromic liquid crystalline
polymeric (LCP) systems have become of great istelecause they combine the physico—
chemical properties of macromolecular compounds, rttesomorphic properties of liquid
crystals and the photosensitivity of chromophomshared to the main chain as side groups
(1]

Among these materials, polymers functionalized witbbenzenes appear to be one of
the most suitable materials for holographic stor&gé, photoorienting layers of liquid
crystalline display&” etc. This feature is associated with a number wfathges offered by
azoaromatic compounds, such as high quantum yfdiokward transto-cis and backcis-to-
trans isomerization, relatively high stability and duitdip of polymer films, as well as the

possibility of multiple photoirradiation cyclescet

An area of increasing interest includes the use ambbenzenes to generate
photomechanical effects or even macroscopic moftimarticular, it appears possible that
azoic materials could act as photo-actuators dficiat muscles®™ © in some carefully
selected application§’. For example, single-wavelength ellipsometry messents on
amorphous azopolymers show a linear expansioneafiditerial (about 4%) during irradiation
. The expansion involves both a reversible andr@aveérsible component, suggesting the
presence of both elastic expansion and viscoelflstic Subsequent, reversible expansions
and contractions were observed with repeated at@di cycles, the relative expansion
resulting 0.6-1.6%. Although the photomechanicdeafis relatively small, it can be
amplified to larger scale motion, as the bendindgreéstanding liquid-crystalline elastomers
(LCEs) films demonstratés °.

a7
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Similarly, the photo-induced bending of a microdaner coated with an azobenzene
monolayer that expands upon irradiatidrshows how azobenzene photoexpansion below the

glass transition temperaturegf Tan be applied to device structures.

The photoinduced volume variation is a propertyileixéd by various azobenzene
containing system&%, such as gels, elastomers, cross-linked polymeendrites, which
possess as common feature the network structuhedifferent degree of coupling between
the network elements or branches. Our study aimedtestigate the influence on the
photomechanical effects of the network elementgtlerand their coupling. We studied
therefore linear polymers with different chain ldmgyand the related star polymers where a
defined coupling element is introduced by the @ntore, instead of the statistical links

present in gel, dendrites or cross-linked polymers.

For these investigations it appears that polymeaemples with a well-defined
structure are needed for a better understandineo§tructure-properties correlation; hence,
derivatives with a carefully selected molecular snasd low polydispersity are required. This
goal can be achieved by using a controlled polysaéion procedure such as atom transfer
radical polymerisation (ATRPJ*.

This procedure is in fact very versatile, beingathle to polymerize a wide range of
monomers, insensitive to many functional groups therant towards impurities present in
solvent and reactants, including water. Severalhawylic esters have been successfully
polymerized with this method, for example n-butyletiracrylate ** 3! fluorinated
methacrylic esterd® and 1-phenoxycarbonyl ethyl methacryl&té as well as amorpholf§

11 and liquid crystalline (LCJ*® ¥ polymers containing azoaromatic moieties in thee-sid

chain.

Herein, we report a comparison between the diftebeshaviour of linear and star
shaped liquid crystalline polymers under optical mping of the azo-benzene
photoisomerisation, aimed at a better understanafiige role played by the macromolecular

structure in the photomechanical effects of sidathC polymers.

In particular, we have considered the two seriglsomhopolymers depicted in Scheme
1: four linear, poly(4-x-methacryloyloxy-hexyloxykh®mxyazobenzene) [PolMBA)-2
through Poly6A)-24] % 24 and four related three-arms branched macromaecul
derivatives with controlled average molecular weidgBtar(4-x-methacryloyloxy-hexyloxy-
ethoxyazobenzene) [StéEA)-2 through Staii6A)-24] % 23 obtained by ATRP of
monomer 4-x-methacryloyloxy-hexyloxy-ethoxyazoberee(M6A) (Scheme 1) in the
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presence of allyl 2-bromo-isobutyrate ARIB), or 1,3,5-(2’-bromo-2’-
methylpropionato)benzeneBIPB), as the mono- or trifunctional initiator, respeely,
having variable average chain length with low pdapersity just by varying the process
duration.

Do

\Tfiof\/Nv/\/o < > ﬁN

CuBr
HMTETA

ABiB

Poly[M6A]-4 to -24 Star[M6A]-4 to -24

Scheme 1: Synthesis of linear and star-shaped @olgrderivatives

All the derivatives have been characterized bydseth spectroscopic techniques and
their liquid-crystalline behavior investigated biferential scanning calorimetry (DSC) and
polarized optical microscopy (POM). The structumeperty relationships of these systems
have been compared with those of the previouslyrteg [24] analogue PoOIWI6A),
obtained by AIBN free radical polymerization, hayii,, = 74,000 and,,/M,, = 1.9.

Finally, the photomechanical effect has been ingastd by ellipsometry by
monitoring the photo-induced volume variation ointlilms of the samples in order to
evaluate the relevance of the polymer moleculargitefor future applications of these

materials.

49
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Synthesis and Spectroscopic Characteriza

Well-defined LC linear and star shaped homopolymers webgained by
polymerization ofM6A in the presence 0ABIB (as monofunctional initiator for line:
polymers) orBiBP (as trinfunctional for thre-arm shaped star polymeraipd Cu(l)Br with
HMTETA as ligand. The occurrence of polymerization invadvithe methacrylic doub
bond was confirmed by FIR, showing the isappearance of the band at 164(* related to
the stretching vibration of the double bond in thenomer, and bH-NMR spectra, ir
which the resonances at 5.60 and 6.10 ppm relatedet vinylidenic protons of monom
M6A are absent. As an example, Figure 1 report’H-NMR spectrum of PolM6A )-2.

In all the'H-NMR spectra of synthesized polymers the signaktedito the methyli
protons of the initiator are partially overlapped those of the repeating units. Whes the
resonances of the methylene and methyl groups lbclode quaternary carbon atom beal
the terminal Br atom at 1.95 and 2.20 ppm, respelgti and the resonance of the CH, ;
and CH-O allyl protons ofABIB residue at 5.85, 5.30 and 4.60 ppespectively, are we
visible (Figure 1).

Figure 1:'H-NMR spectrum of Poly{I6A)-2 in CDCk. Starred signal refers to solvent resonai

On the other hand, the signals related to the aionaad aliphatic protons of tf
central core in the stashaped polymers StM6A)-4 to Starli6A)-24 are overlapped ¢
those of the repeating units. The sampltained at lower reaction timeStar(VM6A)-2,
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displays the resonances of the methylene and megthyps bonded to the quaternary carbon
atom bearing the terminal Br atom at 1.9 and 218,pespectively. Their intensity decreases
by increasing the reaction time and becomes preyay obscured by the more intense

resonances related to the aliphatic protons ofntaan chain, thus preventing assessment of
the number average molecular weight of each samhpéetly by integration of the NMR

signals.

The living character of the polymerization is comfed by**C-NMR spectra, which
display signals related to the quaternary carbomabonded to Br at 58.0 ppm and to the
methyl and methylene carbon atoms of the growirgjrclend-group at 27.5 and 38.9 ppm,

respectively.

The average molecular weight can be calculatedHbiNMR spectroscopy for the
linear derivatives by the ratio of the integraltioé protons of the initiator residue and of the
aromatic and CHO protons of the photochromic repeating unit. Malar weights

calculated in this manner are in good agreemetht tvé ones determinated by SEC (Table 1).

This operation is not possible for the star shapelymers, as mentioned above,
becouse of the overlapping of the aromatic sigmdighe core and of the azoaromatic
moieties, therefore their molecular weight can beedninated only by SEC analisys (Table
1).

Yields and number average molecular weight valddte obtained polymers (Table
1) show a strong dependence on the reaction dardtjovarying this last parameter only, we

have obtained several samples of various averaga @ngth.

Figure 2 shows an approximately linear relationdhgiween In([My[M]¢) (where
[M]o and [M} are the initial and at t time monomer concentregjorespectively) and the
reaction time, thus indicating a first-order kiwstiof the polymerization rate with respect to
the monomer concentration and a relatively constancentration of the growing species
throughout the process, apart a negative deviatidngher conversion as observed elsewhere

for ATRP polymerisation&*.

51
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Figure 2: Time dependence of Ln([¥M],) [*] and of the average molecular weight, 1,y [A] in the
ATRP of M6A in THF.

Table 1: synthetic data for the polymeric derivesiv

Sample Time (h) My sec My 1y-nmr My en In([M] o/[M] )
Poly(M6A)-2 2 4600 3300 4400 0.17
Poly(M6A)-4 4 6000 5900 5800 0.33
Poly(M6A)-8 8 9700 9600 10000 0.62
Poly(M6A)-24 24 14800 14000 15360 1.24
Star(M6A)-2 2 5900 - 5600 0.12
Star(M6A)-4 4 7800 - 8600 0.23
Star(M6A)-8 8 17400 - 19000 0.38
Star(M6A)-24 24 29400 - 43700 1.25

#Determinated by SEC in THF at 25°C
b Calculated by'H-NMR spectroscopy integrating the peak of methigleailyl protons (at 5.30 ppm) and
averaging on the values of the integrals of arammattons (at 7.90 and 6.80 ppm) and,&MHprotons (around 4

ppm)

¢ Calculated by equatiogM], =[M], — M ;KAPM Initator ')

Monomer
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There is also a relationship between the reactiore tand the number average
molecular weight. In fact just varying the time paflymerisation is possible to modulate the
molecular weight of the polymer, obtaining alwaysnanodispersed system with a typical
ATRP lower polydispersity index, in the range 11127 as shown in Figure 3 by the
superimposition of the SEC traces at different esnons for the series of the star derviatives
Star(M6A)-2 to Starli6A)-24 (Figure 3 and Table 2).

Star(M6A)-24

Star(M6A)-8

Star(M6A)-4

Star(M6A)-2

I T T T T T T T T T I I 1
20 2.5 3.0 35 4.0 4.5 5.0 55 6.0

log(MW)
Figure 3: Normalized molecular weight distributiafsstar polymers as determined by SEC in THF 4€25

The plot of the number average molecular weighttled resulting star-shaped
polymers as determined by SBL, sz against monomer conversion (calculated by unrdacte
monomer collection from polymerization mixture) skown in Figure 4. The theoretical
values of1\7n, (M), that are valid only in the absence of chain teation and transfer

reactions, may be calculated by the following eiqpumet®:

M, ¢n= Conversion * (Misa / Mgigp) * Mwmea + Mwavrs

where Mysa and Mavpg are the initial amounts in moles of monomer arfdrictional
initiator, respectively, andMwwmsa and Mw,smps their respective molecular weights. As
reported in Figure 4, calculated and SEC valuesa@ireident only at low values of monomer
conversion but, as the conversion increases, tiesrge to an increasing extent. Such a
behavior, previously reported for star-shaped thitaotochromic polymethacrylated?®,
cannot be ascribed to termination reactions takware under the real polymerization
conditions, as proved by the low and almost constatues ofM,,/M,, (in the range 1.08-

1.21), reported in Table 2, but to the particulaeaular structure of multiarms polymers. It
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is well known, in fact, that star polymers haveraller hydrodynamic volume with respect to
that of linear polystyrenes having the same moterowkight. As a consequence SEC analysis
gives underestimated molecular weight values far-sthaped polymers when measured with

reference to the usually adopted linear polystystaadard&™ ¢!

Anyway, the approximately linear correlation betwedf, sz and monomer
conversion is indicative of the living charactertioé ATRP process and SEC analysis proves
to be useful to confirm that a steady incrementtted average molecular weight with

conversion has taken place.

Table 2: Structural and Thermal CharacteristiciefPolymeric Materials

Structural properties Thermal transitiéns

Sample M2 PDI? X T, (°C) Ts,n (°C) T (°C)
Poly(M6A)-2 4600 1.13 11.2 57 66 116
Poly(M6A)-4 6000 1.12 14.6 63 76 129
Poly(M6A)-8 9700 1.13 23.6 69 79 129
Poly(M6A)-24 14800 1.17 36.0 76 92 148
Star(M6A)-2 5600 1.21 4.5 57 78 124
Star(M6A)-4 8600 1.12 7.0 57 80 127
Star(VI6A)-8 19006 1.08 15.4 71 87 142
Star(M6A)-24 43700  1.14 35.5 85 94 150

#Determined by SEC in THF at 25°C.

b Average polymerisation degree JjXfor linear macromolecules and for each branchthef star shaped
derivatives calculated by Malues.

¢ Obtained from the second DSC heating cycle unidesgen at 10*C mift heating rate. g (glass), S (smectic
Al), N (nematic), | (isotropic) phases.

d Calculated by, .= Conversion * (Misa / Mpigp) * Mwmea + Myevps, Where Mysa and Mypg are the initial
amounts in moles of monomer and trifunctional &dr and Mymsa @and My,smes are their molecular weights,
respectively.
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Figure 4: Evolution of the number average moleculaight determined by SEC in THF at 25°C (o) and

calculated valuess) versus conversion in the ATRP I[dBA.

In conclusion, all the instrumental characterizati@chniques confirm that living
linear and star shaped polymers with varying mdbecsize have been successfully obtained.
Each chain contains a bromine atom as end groupthéd be replaced through a variety of
reactions leading either to end-functionalized pwys or used as the initiating site for the
polymerization of a different monomer to obtain abllock copolymers.

The UV-Vis absorption spectra in CHGolution of all the investigated polymers, as
well as the monomdvi6A, exhibit, in the 250—-650 nm spectral region, tvemdis related to
the n=w* and n—n* electronic transitions of the azobenzene chromophin trans
configuration with maxima centered at about 360(am 28000 L mof cm*) and 440nmg
~ 1500 L mot* cm?), respectively*”! and within the limits of experimental error thaypaar

qualitatively and quantitatively independent ofypoérization degree.
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UV: trans to cis Vis: cis to trans
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Figure 5: UV-Vis spectra of PolM{(6A)-8 and irradiation light

The polymer were therefore irradiated with UV ligtit390 nm in order to perforn
trans to cis isomerization until the photostationary equilibriusnreached. Thcis to trans

isomerization isnduced by illumination with blue light at 470 nisigure 5)
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Thermal Properties, Polarized Optical Microscopy&iXRD
Characterization

With the aim to study their LC properties, all thelymeric derivatives have been
characterized by differential scanning calorimgibSC) and polarized optical microscopy
(POM). Phase transition temperatures determineD3®§ are summarized in Table 1: all the
macromolecules display on heating a glass tramsit@nperature @), a smectic liquid-
crystal phase melting endotherms(J with a consequent nematic liquid-crystal phase
melting endotherm and finally an isotropization parature (7). In all cases, on cooling, the
latter transitions show a modest degree of supéngp@—7 °C), whereas this effect is much
pronounced for smectic-nematic transition and blstkozen nematic mesophase is obtained
and maintained at room temperature. In Figure Gepert, as an example, the first cooling

and the second cycle heating curves for the saRqilg§M6A )-8.

Heat Flow (Endo Up)

T T T T T T T T T T T T 1
40 60 80 100 120 140 160

Temperature ()
Figure 6: DSC cooling (first scan) and heating esr(second scan) for Pd6A )-8

The smectic (&) and nematic (N) liquid-crystalline phases haverb&lentified by
comparison of their DSC traces with that one ofyfb6A)-AIBN, obtained by AIBN-
initiated free radical polymerization, extensivetydied by DSC, POM, and X-ray diffraction

241 the nematic phase has been observed also by F@Mré 7) while, due to the closeness
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of Tg and Tsm, the smectic phase can not be observed. Indeed Ghexture and the thermal
properties of PolyyI6A) homopolymers obtained by ATRP are in agreemettt Wiose of
Poly(M6A)-AIBN with the expected differences in the trammsittemperatures values (Table
2).

Figure 7. Polarizing optical micrographs of a tgpischlieren texture of PolM6A)-8 in nematic phase after
isotropisation and annealing at 100°C.

The transition temperatures appear strongly deperate the polymerization degree,
the glass (J), the smectic-nematic ¢fy) and the nematic—isotropic transition temperatures
(Ty) of the series diminishing with the decrease @fichength (Figure 7 and Table 2).

In particular, the Tand Tsv values of Poly6A)-2 to Poly(M6A)-24 increase from
116 to 148 °C and from 66 to 92°C (Table 2) appnoag the maximum values of 152° and
97°C, respectively, found for POMEBA)-AIBN with M, = 74;000, obtained by AIBN-
initiated free radical polymerizatiof*. The polymeric samples characterized by lower
average molecular weight show wider smectic ph8sg (anges and, similarly to the other

polymeric samples, a liquid crystalline nematic gghatable for approximately 50 degrees.
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Poly(M6A)-24
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Figure 8: DSC heating curves (second scan) ofitieal polymers investigated

Also the macromolecular structure plays an impdrtaole on the thermal
characteristic: we observed how the presence ofaaching in the central part of the
polymers induce higher transition temperatures derivatives with the same average
molecular weight and similar polydispersities (TeaB). This behaviour can be explained by
the higher stiffness of the central core and thesréduced mobility of these branched system

that will form more entaglments compared to thedinones.

With the aim of verifying the type of mesophase aadfirming that the LC structures
are the same for the linear and the star polyntleestwo derivatives have been analysed by
X-ray diffraction (XRD) and compared with the siarilPoly(M6A)-AIBN 24, The samples
have been investigated in the glassy smectic pimaseder to observe any difference in the
layer spacing. To develop a smectic mesophasesah®les were submitted to a thermal
treatment consisting of a heating cycle above thdollowed by cooling at 10 °C/min to a
temperature between thesJy and the J and a final annealing for one hour. The XRD

diffraction patterns of the annealed samples aagacieristic of a smectic phase (Figure 8).
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Figure 9: XRD diffraction pattern of POMBA)-24 in the glassy smectic phase.

They contain two scattering maxima: the first,at langles, is sharp and related to the layer
spacing of the smectic phase; the second, at mgles, is broad and diffuse, and corresponds
roughly to a distance of 4.4-4.5 A, related to ligeid-like lateral interaction between the
azoaromatic chromophores. In the absence of amgeai the smectic temperature the
mesogens cannot organize themselves in the layetgte and the XRD diffraction pattern
shows only the presence of a glassy nematic phidse.measured layer spacings in the

smectic mesophase are gathered in Table 3

Table 3 Structural data by XRD

Sample Phase Measured layer spacing in A Predietgth in A?
Poly[M6A]-24 Su 28,5 10,5 30
StarM6A]-24 Su 26,4 +0,5

Poly[M6A]-AIBN Sat 26,2 +0,5

a) Mon{or}ner length assessed by Dreiding stereomodebs fially extended conformation;
b) ref.!*

Comparing the measured layer spacings in the smeetisophase, 28,5+0,5 and
26,4+0,5 A for Polyi16A)-24 and StalfI6A)-24, respectively, with the predicted monomer
length of 30 A, as assessed from Dreiding stere@sddr a fully extended conformation, it
is evident that the experimental measurements @msistent with a single-layer smectic A

(Sa1) mesophase, without significant differences irefageriodicity between Poly(6A)-24
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and Star{16A)-24. Therefore the liquid crystal phase structappears unaffected by the

presence of branching in the macromolecules.
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Photoexpansion and photomechanical effe:

The photomechanical effects (i.e. the dependencerobime and density und
illumination) have been studied by ellipsometryaasunction of molecular weight on tl
synthesized compounds, with a particular attentonthe parameters important for 1
potential applications such: total percentage voluragation, response time, stability a
reproducibility. Ellipsometry, by a simultaneousdamdependent determination of fil
thickness and refractive index, allows an estinmt@f volume and density viation,
moreover when applied to thin samples, it allowshdorm optical pumping with rather lo
optical power densities (10000uW/cn¥).

A study of the phot@xpansion and contraction mechanisms as a fundioiine
polymeric chain length with a narropolydispersity is an important issue, since in ¢
phenomena (as well in the photoinduced moleculargrtation) a key role is played by t

free volume distributionRigure 1().

A)

Figure 10: Idealization of several cycles of phafmnsion and photontraction in monodisperse systems
and polydisperse ones (B)

Beyond the direct influence of excluded volume ba mechanical response of
material, it may have effects even the photoisoraéion process: both optical and therm:
induced isomeriation rates are sensitive to the molecular enviemmas has bee¢
characterized in various azobenzene systems by iz spectroscopy both in solid te
and solutiong®. In particular in polymers, especially below tHasg transition temperatu
as a consequence of the interaction with the sodiog matrix, the isomerization proces:

deviate from the first order kinetic typical of gbbn in good solvents, and the rates vary
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order of magnitude. The study of the dependenge#hofoinduced processes in azo polymers
on the molecular weight has been carried out withotoinduced birefringenc€® which
shows the how an increasing material viscosity sttown the dynamics and stabilize the
effect. Less attention has been paid on the etieglidispersity, such parameter becomes
fundamental in the phenomenology of photoinducedroszopic volume variation, since a
broadening in the distribution of the polymeric ichdengths strongly influences the

microscopic excluded volume as evidenced by positfetime spectroscopy studi€¥.

Figure 11: Typical thickness (a) and refractiveeixndb) variations of Poly(M6A)-24 during two optiegcles of
photoisomerization at 30°C with both UV (385 nmyarns (470 nm) light power set at 2Q@V/cm2. Dashed
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vertical lines indicate the UV and vis illuminatiswitched alternatively on and off during the ficgtle.

We studied therefore the photomechanical effecttloese highly monodisperse
polymers with different molecular weight; experinaely we observed several contraction
and expansion cycles of the samples, induced regglgctrough an UV (385 nm) and Vis
(470 nm) illumination. A typical measurement is wihoin Figure 11: illumination in UV
region compacts the film down to a thickness thatfeund to be independent on the starting
values. The photoinducddans to cis conversion clears the thermal history of samplé an
brings it to the highest density state. The fluddifion B23¥ effect due to the high
concentration otis isomers allows the system to relax toward the samelibrium state
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even at temperatures below the glass transiti@ayiclg all memory effects. Such contraction
has been found to be stable: no variation was faweth after the trans recovery taking place
in several hours with the thermal activated isomation, as can be monitored by the
measurement of the refractive index, which is défe in the two isomers. When the UV
induced contraction is followed by a visible illumation, the sample expands and the
achieved volume remains as well stable with no dégece on temperature beloy. The
refractive index, increases at highas-isomer concentration or density; a simultaneous
variation of those parameters in opposite directitatermines a change of sign of the

refractive index trend as shown in the lower pariéligure 11.

Several optical cycles were performed and evidenarcomplete reproducibility of
both volume variation and response time, the stahilas checked by detecting no variation
on the measured parameters on the days time scale.
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Effects of molecular weightt!

We focused our attention on the volume variatioth @@sponse time of the sample as a
function of molecular weight, obtainig the reswltremarized in Figure 11.

The volume variations of the material under studyreported for a similar compound
B4 show a higher value compared to other reportditarature!®, the difference is due in
our opinion to the type of azobenzene dye employadthe present study, we used
azobenzene chromophore of the first class (azoberzge), according to the Rau
classification schemE®, which are characterized spectroscopically by a iiatensity cis
band in the visible region well separated from ghtintensitytrans band in the UV and with
a slow thermatis-to-trans back-isomerization. The other two classes: thenarand pseudo-
stilbene types are characterized on the contrarpugylapping bands, which allow only a
resonant photoisomerization, and a shocisrisomer lifetime. Both effects don’t allow an
efficient trans to cis isomerization while in azobenzene of the firssslan almost complete
conversion is possible. The possibility of movimg trelative isomer population in a wider
range allows obtaining a higher macroscopic volwarétion.

We measured the variation on the different compswatdoom temperature (25 °C) as
shown in the first panel in Figure 12 while respotime of photo-expansion is reported in the
second panel. A longer polymeric chain was founallmv a higher volume variation through
the photoinduced effect while on other hand it Slaewn the dynamics as observed in the

measured relaxation times.

The dependence of photoinduced volume variatioheaesf the behavior of the
microscopic free volume as a function of the polsimehain length reported in literatur8.
Materials with higher molecular weight seem therefanore suitable for applications
requiring volume variation since they can store enfsee volume, while the slow dynamic

response may be improved by acting both on temyrerat optical pump power.
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Figure 12: Photoinduced volume expansion (a) alekaton times (b) versus the increment of sampkrage
molecular weight after irradiation with 2Q@/cm2 UV light (385 nm) at room temperature.
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Comparative study between linear and star shapelympers'>®

The thickness and refractive index variations ohgi@s during irradiation have been
monitored in real time using an ellipsometer by sugimg the ellipsometric angleés and¥

with 5 second time resolution.

An example of photoexpansion at room temperatusanfples previously compacted
with UV illumination is reported in Figure 13; wleethe dynamics of thickness of a linear

[Poly(M6A)-4] and a star polymer [StdMEA )-4] are reported for comparison.
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Figure 13: Examples of expansion dynamics PB4 )-4 and StailfI6A)-4.

Generally the photoinduced dynamics in azo-PLC ddpeon the system viscosity,
resulting on slower relaxation times with incregsmolecular weight as reported in the case
of photoinduced birefringend®”'. Here we observe, as a first remarkable differdveteseen
the two macromolecule types, that the branchednpefywith a comparablegTeven lower
see Table 2) and molecular weight displays a higklaxation time. Such result suggests that
the star macromolecular geometry inhibits the pinotaced softening/fluidification effeét’
which allows the molecular reorientation in azo-Ph@ymers even well below the, TThe

coupling introduced by the star geometry influences only the dynamics but also the
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overall effect, namely the final volume variati@s it can be deducted from Figure 13. The

data obtained for the eight investigated polymeesgathered in Figure 14.
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Figure 14: Percentage volume variation as a funabiothe molecular weight of the linear polymerguares),
Star Polymers (Stars) and of each brangh3Nof the Star polymers (Circles).

The measurements were performed below theofTeach compound at 55°C; this
higher temperature was chosen in order to gairst@rfalynamics. The final film percentage
expansion AV/V) of the compounds, plotted as a function ofitmeolecular weight (Figure
12), clearly indicates a frustration introduced the branched geometry in the photo-
expansion. The percentage volume expansion in@eagh the molecular weight in both
cases, either for linear and star polymers, dubeability of longer chain to store more free
volume. However the effect of central core couplprgsent in the star polymers, could
suggest that for an efficient photoexpansion atsiependent chains are required. As a matter
of fact, also plotting the expansion as a functibthe single arm length of the star polymers,
obtained by molecular weight (Table 1) divided bg humber of arms (functional number N
= 3), the trend of expansivity remains still lowtan that of the related linear polymers
(Figure 12). Such phenomenon can be ascribed to réldeiction of possible chain

conformations introduced by the constrain represkbty the aromatic central core.

Moreover an other possible cause of this effect fagyin the initial structure of the
star polymers which is generally characterised hyhagher density at given molecular
weight, as it can be measured by the refractivexndalues. In Figure 13 we report the

photoinduced expansivity for films of different cpaosition (star and linear geometry, with
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different chain lengths) as a function of the refirge index, which in turn, at a given molar
refractivity, is related to the sample density tia Lorentz—Lorenz equation. Data were taken
at RT and at 55°C. The major finding observing Fegd3 is that there is an overall
correlation between the density and the photoindiuegansivity: the samples with higher
refractive index and hence higher density exhibgnaaller expansivity, which is a clear
indication of the importance of the free volumedetermining not only the time scale on
which the expansion occurs, but also its overakmsion. Interestingly enough, focusing on
the linear polymers only, as the polymeric lengshimcreased, a larger photoinduced
expansion is found, while the refractive index stayughly constant. This suggests that the
amount of the photoinduced expansion can be redogdfie rearrangement that can occur
with a high density of free polymer ends, as itgeys for the shorter polymers. Comparing
star and linear geometry, it seems that, at a gih&mn length, the presence of the three arms
originating at the same central rigid core indu@edarger refractive index, which is
reasonable, being the star polymer a more denserialatwhile at the same time the star

geometry reduces the expansion.
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Figure 15: Correlation between expansion and réfimindex (density), data acquired at 55°C (cikland at
room temperature (squares).
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Conclusions

Atom Transfer Radical Polymerization has been sigfodly applied to the
preparation of a series of linear liquid crystadlipolymers with different average molecular
weights and low polydispersity. The living charaaé&the ATRP process is confirmed by the
first-order kinetics, a linear molecular weight-gersion profile and narrow molecular weight
distribution. Therefore the obtained photochromi® jolymers with well defined living end-
groups could be employed to prepare novel bloclolyopers with interesting properties and

potential applications in advanced technologies.

The liquid-crystalline behaviour of the macromolecusamples has been confirmed
by DSC measurements and POM characterization pgirtut the presence of smectic and
nematic phases. The transition temperatures aagreement with those of analogous linear
derivatives obtained by AIBN initiated free radicpblymerization and result strongly
dependent on polymerization degree and polydisydrsiex.

Investigation of the photomechanical effects indulbg light irradiation indicates that
the ability of azobenzene polymeric materials airisfy free volume is of fundamental
relevance, since allows to achieve a higher phudoigéed expansion with increased molecular
mass. Such property, depending by polydispersitexn strictly suggests the need and
convenience of employing highly monodisperse maldor the study and applications of

polymers containing azoaromatic moieties.

In particular, a comparative study of star polymerth the related linear ones. The
synthesized highly monodispersed compounds witixedfnumber of arms allowed us to
investigate a well defined coupling element. Sucleoapling is required and generally
introduced statistically in other azo systefiisn order to transfer the transduction from a
molecular to a macroscopic level. We observed hewdkliat such desirable inter-chain
interactions, in the case of star polymer corredptm a slowdown of dynamics and a
reduction in photoexpansion. Our results indicdtat ttrade off between an efficient

macroscopic transduction and overall extension Ishioel sought.
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Experimental

Physico-chemical measurements

'H- and *C-NMR spectra were obtained at room temperatumm f6—10% CDG
solutions, using a Varian NMR Gemini 300 spectr@neChemical shifts are given in ppm
from tetramethylsilane (TMS) as the internal refieee’H-NMR spectra were run at 300MHz
by using the following experimental conditions: @) data points, 4.5-kHz spectral width,
2.6-s acquisition time, 128 transientdC-NMR spectra were recorded at 75.5 MHz, under
full proton decoupling, by using the following exmeental conditions: 24,000 data points,
20-kHz spectral width, 0.6-s acquisition time, ®QQransients. FT-IR spectra were obtained
by a Perkin-Elmer 1750 spectrophotometer, equippétd an Epson Endeavour Il data
station, on samples prepared as KBr pellets. UVahsorption spectra of the samples in
solution were recorded at 25 °C in CH®h a Perkin-Elmer Lambda 19 spectrophotometer.
The spectral region 650-250 nm was investigateddnyg cells path length of 1 and 0.1 cm.

Concentrations of azobenzene chromophore of ab6ut1* mol L™ were used.

Number average molecular weights of the polymdﬁn( and their polydispersity

indexes(mw/ﬁn) were determined in THF solution by SEQgi$iiPLC Lab Flow 2000

apparatus, equipped with an injector Rheodyne 7729Phenomenex Phenogel 5-micron
MXL column and a UV-VIS detector Linear Instrumanbdel UVIS-200, working at 254
nm. Calibration curve was obtained by using moruatise polystyrene standards in the range
800-35,000. The phase transition temperatures yvalere determined by differential
scanning calorimetry (DSC) on a TA Instrument DS@2@ Modulated apparatus at a
heating/cooling rate of 10 K/min under nitrogen asphere on samples weighing 5-9mgr.
Optical microscopy observations were performed otymer films obtained by casting on
glass slides with a Zeiss Axioscope?2 polarizingroscope through crossed polarizers fitted
with a Linkam THMS 600 hot stage.

The samples of the eight synthesised polymershieretlipsometric study have been

prepared on silicon substrates by spin coatingniecie.

The compounds have been dissolved in chloroforBiray/ml concentration and cast
on the substrates spinning at 2000 rpm, yielditrg thicknesses in the range of 35-60 nm.

The thickness has been adjusted in such rangedar to study thin samples required for a
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uniform optical pumping without self screening etfe due to the high optical extinction
coefficient of the azobenzene chromophore andeas#ime time sufficiently thick to neglect
surface effects. As a matter of facts, such surfateractions, due to the change of
hydrophilicity betweentrans to cis isomers, become dominant for ultrathin or single
molecular layeF”. Both refractive index and thickness of samplesimostated on a Peltier
plate, were measured by high resolution null eflipstry using a single wavelength
ellipsometer (Multiskop, Optrel Gmbh), set up ipuanp probe configuration. The instrument
is equipped with a He-Ne laser impinging on the @anwith an angle of incidence of 70°
operating at 632.8 nm, which probes the materiatside the azobenzene absorption region,
while the optical pumping has been obtained by medriwo Light Emitting Diodes LEDs,
positioned above the sample. Two LEDs with emisgieaks centered at 390nm and 470nm
were necessary in order to induce respectitrays to cis and the reverse isomerizations of
the azobenzene chromophore which in turn resuét dontraction and expansion of filft

%l The samples of each compound, before the expetémeave been annealed some hours
at 5C above their glass transition temperaturg) ($ee Table 1), in order to remove solvent
residues and to obtain a stabilization of the filthe annealing process was monitored by
ellipsometry and continued until the achievementaastable film thickness. The samples
cooled to room temperature exhibit an isotropicgehas after their preparation by the spin
coating technique as characterised by polarizirtgcalpmicroscopy. Particular attention has
been paid to avoid a smectic crystallization whidhibits the photomechanical effects and
can be induced by the annealing process abayeah@refore before the ellipsometric
measurement the isotropic structure of sampleleabsence of birefringent islands has been

checked through the polarising microscope.
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Materials

The monomer 4s-methacryloyloxy-hexyloxy-4’-ethoxyazobenzenevigA) was
synthesized as previously reported [24]. THF wasipd and dried according to the reported
procedures® and stored under nitrogen. Allyl 2-bromoisobutgréBIB), 1,1,4,7,10,10-
hexamethyltriethylenetetraminélfMTETA ), copper bromide and all the other reagents and

solvents were purchased from Aldrich and used @sved.

The trifunctional initiator 1,3,5-(2’-bromo-2’-mejlpropionate)benzendBMPB) was

prepared as previously descrid&d*

Synthesis of polymeric derivatives by ATRP

A typical ATRP experimental procedure carried out glass vials for
homopolymerization ofM6A using ABIB as monofunctional initiator (0BMPB as
trifunctional initiator), HMTETA as the ligand, Cu(l)Br as catalyst in dry THRGA/THF
1/20 g/ml] is described as follows: every mixtukgjA/ABIB /HMTETA /CuBr = 50/1/1/1 or
M6A/BMPB/HMTETA /CuBr = 150/1/1/1by mol] was introduced into sevVenals under
nitrogen atmosphere, submitted to several freeae-tycles, and heated at 60°C. To
terminate the polymerization reaction, the vialgev&ozen in liquid nitrogen after known
reaction times, ranging from 2 to 24 h. The obtdipeduct was purified by precipitation in a
large excess of cold methanol and the coagulateymeo [Poly(M6A)-2 through
Poly(M6A)-24] filtered off, redissolved in CHgl precipitated again with cold methanol and
finally dried at 50°C under vacuum for one day tmstant weight. Relevant data for the
synthesized derivatives are reported @ble 1. All the products were characterized bylRT-
'H- and'*C-NMR. As an example, the spectroscopic data fdy(RtBA)-24, obtained after
24 h of reaction, are here reported.

'H-NMR (CDCl): 7.80 (m, 4H, 2- and 2'-H), 6.90 (m, 4H, 3- arieH3, 5,85 (m, 1H,
CH,=CH-CH,-0) 5,30 (m, 2H, E,=CH-CH,), 4,60 (m, 2H, Ch=CH-CH,), 4.10-3.80 (m,
6H, CH-0), 2.20 (s, 2H CHC-Br terminal units), 1.95 (m, 3H, GHC-Br), 1.90-0.80 (m,
8H, aliph spacer C§I5H, main chain Ckland CH and6H, -C(CH),-COO-) ppm.
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3C-NMR (CDCE): 178.2 and 177.3 (CO repeating unit), 161.7 abit.@ (arom 4-C
and 4’-C), 147.6 (arom 1-C and 1'-C), 132.8 (©E8H-CH,-), 125.0 (arom 2-C and 2'-C),
118,8 CH,=CH-CH,-), 115.3 (arom 3-C and 3'-C), 68.4 (¢BH,-O-), 66.0 (CH=CH-CH,-
), 65.3 (CH-CH,-0), 64.1 (COOCH,-), 58.5 C(CHs)-Br), 55.0 (main chairC-CH,), 45.8
and 45.5 (main chai@H,-C), 42.2 C(CHs),-CHy), 35.7 CH,-C(CHs)-Br), 27.5 (CCH3)-Br),
29.8, 28.8, 26.6, 26.4 (aliph spacer L/H23.0 (CCH3)-CH,), 19.3 and 17.0 (main chain
CHj3), 15.4 CH3-CH,) ppm.

FT-IR (KBr): 3068 {ci arom), 2977 and 2866:dy aliph), 1724 co ester), 1598
(ve=c arom), 1392y(cy CHa), 1145, 1113v(c.o ether), 8398c 1,4-disubst. arom ring) cf
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Chapter 3

Chirality in Azopolymers

Introduction

Azobenzene containing polymeric systems are wetlwkn for their photochromic
properties related to th#ans—cis—transphotoisomerization of the azo—chromophore, and
have been proposed for reversible data storagealsigodulation and switching!. The
induction of helical polymers has been the sulpéattensive research not only because of its
potential applications in chiroptical switching, veesible optical storagd®®, chiral
amplification "! and chiral discriminatio®, but also its possible occurrence at the early
stages of lifel®. Optically active polymers containing a chiral gpoand an azobenzene
chromophore show a well-pronounced circular didmo{CD) signal in the absorption region
of azobenzene, demonstrating that the chiral cémtieices a predominant helical screw sense
in the polymer both as film and in solutiéhi 2, Recently, the fascinating possibility of
inducing circular birefringence (optical activity) nonchiral azobenzene-containing polymers
by using circularly polarised light (CPL) has albeen reported. The phenomenon was
observed for the first time by Nikolova and co-wenk in switches obtained by direct
irradiation of films of liquid-crystalline (LC) cysazobenzene polyestels' . Upon
illumination with CPL at 488 nm, the films are prded with an unusually strong optical
activity: right circularly polarisedr{CPL) radiation induces right-hand rotation of threlje
beam polarisation, the reverse being observed lsithcircularly polarised [(CPL) pump
light. In a first reporf'®, the authors suggested that the observed effectbmaryitiated by a
transfer of angular momentum from the CPL to thebanzene chromophores and that the
observed phenomena are related to the presendeCobrdering (smectic-A phase) in the
polymer films prior to irradiation. Analogous reulhave been found for an amorphous
cyanoazobenzene methylmethacrylate copolymer puskioordered by illumination with
linearly polarised light (LP}*. In a further work, Nikolova et al. discovered af$etluced
rotation of the azimuth of elliptically polarisetght (EPL) on passing through films of

photobirefringent azopolymef&®. The EPL propagating through the sample was faond
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induce an optical axis that gradually rotates altvegpropagation direction, thus inducing a
chiral orientation of the azobenzene chromophoriéls the same sense of rotation as that of
the input light electric vector. The whole film asses a chiral structure similar to that found
in cholesteric liquid crystals with large pitch. & hontrol of chirality with CPL on films of a
smectic-A liquid-crystalline nitroazobenzene polyheerylate has also been achieved by
Natansohn and coworkef€!. The authors found that, by irradiation with CRI5a4 nm, the
initially achiral films became chiral and showedosty CD signals. The CD spectra of two
different films, one irradiated with-CPL and the other withCPL, exhibited opposite signs
and were virtually mirror images of each other. dontrast, the amorphous films (not
annealed) did not show any induced circular anigytrthus pointing out the essential role of
the LC arrangement and suggesting that the originallar polarisation of the incoming light
is made elliptical by the first layers of the smecdomains of the film. In this way, on the
basis of the model proposed by Nikolova et'8i.the EPL radiation that propagates into the
film produces a progressive rotation of the optiaais of each LC domain, resulting in a
supramolecular helical arrangement of the smeatioains to form an organization similar to

a twisted grain boundary (TGB) phase.

According to Kim™®, chirality can be induced also in amorphous epoased side-
chain azopolymers by illumination with one handdeLEIn this context, Giorgini reported
the first example of chiroptical switching only wit- or I-CPL of amorphous thin films of
chiral polymethacrylates containing azoaromaticeties in the side-chain, in the absence of
preliminar alignment with LP light®?Y. Hore et al. reported the observation of a selecti
circular Bragg reflection in CD spectra of a nemalassy thin film (100 nm thick) of a side-
chain LC azopolymer irradiated with CPL, which wassigned to the structure produced by
superposition of the forward-propagating wave ahd back-reflected wavé?. More
recently, Tejedor et al. discussed the influence@ftructures and detected a circular Bragg
reflection in thin films (200 nm) of achiral glassgmatic azopolymeré® ¥ but not in a
homologous smectic on&® irradiated with CPL of opposite sign. Although see
mechanisms of photoinduced chirality process ie sidain azobenzene containing polymers
have been proposed, the model based on a heliealg@ment of aggregated chromophores in

the side-chaiff?, appears more realistic.

To induce chirality in soft matters, two differestructural levels must be mainly
considered: at molecular and supramolecular IéMa. first one is provided by the chirality
of molecules, which is of configurational and canfational origin. The second level of
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chirality arises from the organization of moleculash formation of a chiral superstructure
by means of long-range positional and orientatiomalers of molecule¥®. As above
described, several research groups have contritiatdee experimental findings on chirality
induced by CPL (or EPL) stimuli in achiral polynsyistems with azobenzene side chains, but
studies of liquid-crystalline polymers containinglaral group of one absolute configuration
and an azobenzene chromophore in the side-chatabkiito demonstrate CPL-induced
chirality have not been reporteBurthermore, from all these investigations it appehat
polymeric samples with a well-defined structure aeeded for a better understanding of the
structure-properties correlation; hence, derivatigls a carefully selected molecular mass and

low polydispersity are required.

This goal can easily be achieved by use of a cletrpolymerisation procedure such
as atom transfer radical polymerization (ATR#)which gives the possibility also to obtain

polymeric derivatives with structure of the staafhed type.

Herein, we report a comparison between the diftebehaviour of several linear and
star shaped liquid crystalline polymers under iaidn with CPL aimed at a better
understanding of the role played by the macromdéecstructure in the photoinduction of

chiral supramolecular arrangement.

In particular three groups of LC polymers, chiratlaachiral, have been synthesized
and investigated:

1) a linear one, polyR)-4-[6-(2-methacryloyloxypropanoyloxy) hexyloxy)]-4
ethoxyazobenzene] Polg¢ML6A]-14, and four related three-arms branched
macromolecular derivatives with controlled averageecular weight, starfj-4-[6-
(2-methacryloyloxypropanoyloxy)hexyloxy)]-4’-ethcagobenzene] Staf-ML6A |-

2 through Starfp)-ML6A ]-24, obtained by ATRP of the novel chiral monor{fer4-
[6-(2-methacryloyloxypropanoyloxy)hexyloxy)]-4 -aikyazobenzene §-ML6A],
containing the intrinsically chiral L-lactic acidesidue suitable to affect the
supramolecular organization of the liquid crystahge. With the aim to investigate the
structure-property relationships of these systdimsy have been compared with the
analogue polydisperse linear derivative P@AVILEA ]-AIBN (Scheme 1) obtained
by AIBN free radical polymerization

2) two homopolymers, a linear one, polymethacryloyloxy-hexyloxy-4'-

ethoxyazobenzene) {PoMb6A]-24} "' and a related three-arms branched
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macromolecular derivative, star@methacryloyloxy-hexyloxy-4'-
ethoxyazobenzene) {StaMpA]-24} *® obtained by ATRP of monomer o
methacryloyloxy-hexyloxy-4'-ethoxyazobenzend6A) in the presence of allyl 2-
bromoisobutyrate, or 1,3,5-(2’-bromo-2’-methylpropato)benzene, as the mono- or
trifunctional initiator, respectively. These polyneematerials display LC behaviour
and give glassy nematic thin films.

3) linear and star shaped polymeric derivatives ofesdvmethacrylic monomersdy¢
ML6A-C, (S,9-MLL6A-C (S,S,$MLLL6A-C , (9-ML2A-C, (S,3-MLL2A-C ]
bearing in the side chains the 4-cyano-4'oxy azebea chromophore, with different
alikylic spacer between the polymerizable group #m& azoaromatic chromophore

containing one, two or three residues of L-lactitlas chiral centers.

The structures of the investigated polymeric deives are reported in Figure 1.
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Synthesis of monomer and polymers

Synthesis of (S)-4-[6-(2-Methacryloyloxypropanoyigkexyloxy)]-4'-
ethoxyazobenzene [(S)-ML6A] and its polymeric datives

This monomer and its polymeric derivatives weretlsgsized for the first time
following the synthetic route described bel6i:

The key intermediate4-(6-hydroxyhexyloxy)-4'-ethoxyazobenzeneHGA) was
prepared under milder conditions and in higherdgethan those reported in the literatlife
31l (see Experimental Section). The direct esterificatdf methacryloyl-L-lactic acidML )
with  H6A in the presence of N,N-diisopropyl-carbodiimideDIRC) and 4-
(diphenylamino)piridinium 4-toluensulfonat®RPTS) as coupling agent and condensation

activator, respectivel§?, gave §-ML6A with a total yield of 28% (Scheme 1).

e
o
o
o
o
o
N\‘
N

H

Br e on
@ KOH, K ML, DIPC, DPTS
“  EtOH CH,CI,

<
o1 @

%

©2;2©0

&
/
H6A (S)-ML6A
Scheme 1: Synthetic procedure f6f-L6A .

(9-ML6A was then homopolymerised in three different wayss, by free radical
polymerisation using AIBN as thermal initiator, abg ATRP polymerisation using allyl 2-
bromo 2-methylpropionate ABiB) as monofunctional initiator or 1,3,5-(2’-bromo-2’-
methylpropionato)benzen8IPB) as trifunctional initiator, thus affording lineand three-
arms star shaped polymers, respectively. The netestant data of the synthesis are reported
in Table 1.
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Scheme 2: Synthetic procedures and chemical stescof the §-ML6A polymers

Poly[(S-ML6A ]-AIBN, prepared by AIBN free radical polymerizatiocunder long
polymerization time, was obtained in a quite higkld/ (85 %), with average molecular
weight appreciably high and molecular weight dmition typical of a free radical
polymerization process (Table 1). The polymers tsgsised by ATRP show low values of
polydispersity index M, /M, ) in accordance to this potyisation method (Table 1). In the
'H-NMR spectra of the samples obtained by ATRP igeass related to the aliphatic and
aromatic protons of the initiators are overlappedhbse of the repeating units in the case of
the star derivatives (see Experimental). For examiile star shaped sample obtained at

shorter reaction times {Staf§-ML6A ]-2} displays the resonances of the methylene and
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methyl groups bonded to the quaternary carbon &eaning the terminal Br atom at 1.9 and

2.3 ppm, respectively.

Table 1. Relevant synthetic data and characteoizati

Samples Reaction Yield® M, o Mpsed® Mo/ M, [0]o® [@]s°9
time (h) (%)
(S-ML6A ; - - ; ; 40 171
Poly[(S9-ML6A J-AIBN 72 85 , 15400 154 269  -1153
Poly[(9-ML6A]-14 14 37 26700 13900 119 276  -1183
Star[§-ML6A -2 2 10 7800 8000 122 268  -114.8
Star[§)-ML6A ]-4 4 14 10900 11400 120 270  -115.7
Star[©-ML6A]-8 8 35 18700 19000 116 278  -119.1
Star[(©-ML6A |-24 24 48 35600 27600 115 285  -122.1

[a] Calculated as (g of polymer / g of monomer)0.1fb] "M, ;, calculated by equation [c] Determined by
SEC in THF at 25°C. [d] Molar optical rotation, calated as (i]p>>*M/100), whereM represents the molecular
weight of one repeating unit of Polg¢(ML6A ] or of Star[§)-ML6A].

The living character of the polymerization is comfed by**C-NMR spectra, which

display signals related to the quaternary carbomabonded to Br at 58.0 ppm and to the

methyl and methylene carbon atoms of the growirgjrclend-group at 27.5 and 38.9 ppm,

respectively.
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Figure 2. Evolution of Ln([MJ[M],) (m) and of the number average molecular weight deterdnby SEC in
THF at 25°C &) and calculated value®) versus time in the ATRP o5-ML6A in THF for Star[)-ML6A]

series.
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An analysis of the yields and of the molecular w&sgof the star polymers obtained
with different polymerisation times shows that tf@ymerisation rates followed an effective
first-order kinetics. Figure 1 shows a linear relaship between In([M][M]:) (where [M}
and [M}; are the initial and at t time monomer concentregjaespectively) and the reaction
time, indicating a clear first-order kinetics ofetlpolymerization rate with respect to the
monomer concentration, a relatively constant cotmagan of the growing species throughout

the process, also at relatively high conversions fbroving the living character of the process.

The plot of the number average molecular weighttled resulting star-shaped
polymers as determined by SECM,sed against monomer conversion (determined by
collecting the unreacted monomer from the polynaidan mixture) is also shown in Figure
1. The theoretical values ofM, ( M), that are valid only in the absence of chain

termination and transfer reactions, may be caledlat the following equatiof®!:

“Mn,tn = Conversion -Niig-wLea / Mewpe) - MWg-miea + MWavips

where Mig.mea and Mgwpg are the initial amounts in moles of monomer and
trifunctional initiator, respectively, anbWs.mea and MWavps their respective molecular
weights. As reported in Figure 1, calculated angeexnental (by SEC) values are coincident
only at low values of monomer conversion but, &dbnversion increases, they diverge to an
increasing extent. Such a behaviour, previouslpnted for star-shaped chiral photochromic
polymethacrylate§*, cannot be ascribed to termination reactions taiace under the real
polymerisation conditions, as proved by the low aihdost constant values &fi,/ M, (in
the range 1.15-1.22), reported in Table 1, but e particular molecular structure of
multiarms polymers. It is well known, in fact, theair polymers have a smaller hydrodynamic
volume with respect to that of linear polystyrehesing the same polymerization degree. As
a consequence, SEC analysis gives underestimatbstutar weight values for star-shaped
polymers when measured with reference to the usaalbpted linear polystyrene standards
35,38 Anyway, the approximately linear correlation beem M, secand time is indicative of
the living character of the ATRP process and SE&lyars proves to be useful to confirm that
a steady increment of the average molecular weigtit conversion has taken place, as
shown by the chromatograms reported in Figure 2cdnclusion, all the instrumental
characterization techniques confirm that three-astas polymers with € symmetry and
varying molecular size have been successfully obthiEach chain contains a bromine atom
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as end group which could be replaced through aetyaof reactions leading either to end-
functionalized polymers or used as the initiatinig $or the polymerization of a different
monomer to obtain novel interesting star-shapedkbmpolymers as well as linear block
copolymers starting, e.g., from PoI$[{ML6A ]-14.

Star[(S)-ML6A]-24

Star[(S)-ML6A]-8

Star[(S)-ML6A]-4

Star[(S)-ML6A]-2

T T T — T T T —T T 1
2,0 25 3,0 3,5 4,0 4,5 5,0 55 6,0

log(MW)

Figure 3. Normalized molecular weight distributiafsStar[©)-ML6A | polymers as determined by SEC in THF
at 25°C.
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Synthesis of 4»-methacryloyloxy-hexyloxy-4'-ethoxyazobenzene (M6A)

and its polymeric derivatives

The syntehsis dfI6A and its polymeric derivatives is reported in Chap@

Synthesis of monomers and polymeric derivatives rbea the

chromophore 4’-cyano-4-oxy-azobenzene

These monomers and their polymeric derivatives wgnghesized following the same
synthetic pathway as forSF-ML6A starting with the azoic alcohol 4’-cyano-4-hydroxy
azobenzene. The structural formula of the monoraead their polymeric derivatives are

reported in Figure 3.

The azoic alcohols 4-(6-hydroxyhexyloxy)-4’-cyarmehenzene H6A-C) and 4-(2-
hydroxyethoxy)-4’-cyano-azobenzend2A-C) were prepared by etherification under basic
condition of with respectrively 6-chlorohexanol a@ebromoethanol with 4-hydroxy-4'-

cyanoazobenzene.

During the esterification of these alcohol witB)-ML some transestherification
reactions can occur. In this way it has been pssidsynthesize in one pot three different
monomers bearing one, two or three acid lacticdues between the azoaromatic moieties
and the methacrylic polymerizable group. These amamgs were then separated by

chromatography on silica gel, using dichloromethaseluent with a yield from 34% to 20%.

In fact during this synthesis of the monomer 4-(6H
methacryloyloxypropanoyloxy]hexyloxy})-4'cyanoazaimene [§)-ML6A-C] also the two
different  optically  active and the achiral monomer 4-(6-{(9-2-[(9-
methacryloyloxypropanoyloxy]propanoyloxy}thexyloxgjeyanoazobenzene §6)-MLL6A-

Cl, 4-(6-[(9-2-{(9-2-[(9-2-methacryloyloxypropanoyloxy]propanoyloxy}-
propanoyloxy]hexyloxy)-4'cyanoazobenzen& 5, $MLLL6A-C ] and the achiral one &-
methacryloyloxy-hexyloxy-4’-cyanoazobenzel®A-C . were synthesized and then isolated
(Scheme 3)
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Scheme 3: Synthesis &){ML6A-C and related monomeric derivatives

The new monomer 4-{2-8)-methacryloyloxypropanoyloxy]ethyloxy})-
4’cyanoazobenzend_2A -C) also the monomer was synthesized in the sameusiayg 2-
bromo ethanol. Also 4-(2-8)-2-[(9-
methacryloyloxypropanoyloxy]propanoyloxy}ethyloxgjeyanoazobenzene M_LL2A -C)

and the achiral monomer #Hnethacryloyloxy-ethoxy-4’-cyanoazobenzen®2@-C) were

<. 4 <

synthesized and isolated. (Scheme 4).
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The FT-IR,*H- and®C-NMR characterizations are in agreement with tkeeeted

structures.

Figure 4:'H-NMR of ML6A-C (a), Poly(ML6A-C) (b) and Star(ML64) (c). Starred signals are due to solvent
resonance. The signal relative to the resonantkeoterminal allylic CH-O at 4.6 ppm in Poly(ML6A-C) are
marked with #.

As an example in Figure 4 are reportedtHeNMR spectra of linear Polyfj-ML6A-
C], of the three arm star polymer St&ML6A-C ] and the monomer§-ML6A-C . In the
'H-NMR spectra of §-ML6A-C (Figure 4a) at 7.9 ppm the signal of the two aritna
protons in 2- and 2’- can be observed, while theaBd 3- protons resonate at 7.8 and 7.0
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ppm respectively. At 6.2 and 5.6 are present thpads of the diasterotopic protons of the
methacrylic methylene. The quarted of the CH ofdb lactic residue can be observed at
5.1 ppm and the two GHD groups show two triplet at 4.3 and 4.1 ppm. A@m is present
the singlet of the methacylic GHand the aliphatic protons of the gldf the alkyl chain
resonate between 1.8 and 1.4 ppm. The singleeaiityl of the lactic acid residue resonates

at 1.65 ppm.

Figure 5:"*C-NMR of ML6A-C (high panel). In the lower secti@me reported magnifications of the signal of
CH (69 ppm, left panel) and GKiL7 ppm, right panel) of the residues of L-laetaid for ML6A-C (a), MLL6A-
C (b), MLLL6A-C (c).

In Figure 5 is reported th€C-NMR spectrum of $-ML6A-C : at 171.3 ppm is
observed the signal of the carbonyl of the L-laatesidue, well separated from the
methacrylic carbonyl at 163 ppm. Between 155 ar@l @dm are the aromatic carbons, the -
CN and the two vinylic carbons, at 135.7 and 1Zéspectively. At 69.2 and 17.7 ppm are
respectively the signals of the CH and {3 the lactic residue. At 68.6 and 65.6 ppm aee th
two methylenic carbons in to the ether and ester oxygen respectively. Betvaizand 20



Chirality 91

ppm are present the signal of the other, ®Hthe aliphatic chain and finally at 18.9 ppm is

the signal of the methacrylic methyl.

The monomers with different numbers of L-lactictanvere easily characterized by
13C-NMR spectroscopy. In Figure 5 magnification oé thpectral zones of tHeC-NMR
spectra of §-ML6A-C, (S,3-MLL6A-C and §,S,$MLLL6A-C between 70-60 and 20-10

ppm are shown.

In the spectra of§)-ML6A-C only one signal at 69.2 ppm due to the CH of ttid a
lactic residue is visible while in the spectra ${f§-MLL6A-C and §,S,$MLLL6A-C two
and three signal can be observed respectivelysigmal of the CH of the lactic acid residue
has the same behavior: frol§-ML6A-C to (S,S,$MLLLEA-C the number of signal at 17
ppm passes from one to three.

These monomers have been homopolymerized dddil§ as monofunctional initiator
andBMPB as a trifunctional one using the same procedyrerted for §-ML6A .

The relevant data about the structural charactesizaf these polymeric derivatives

are reported in Table 2.

Table 2: Structural characterization of the polyimderivatives

Sample Mn,GPC a) Mn}H_NMR b) Mw/mn a) Yn,GPC c)
Poly[ML2A -C] 9700 10700 1,21 23,8
Poly[MLL2A -C] 20700 - 1,18 43,1
Poly[ML6A -C] 18100 15600 1,18 39,0
StarML6A -C] 31400 - 1,15 22,6
Poly[MLL6A -C] 17000 16400 1,19 31,8
StarMLL6A -C] 27000 = ---e- 1,14 13,1
Poly[MLLL6A -C] 22300 23000 1,22 35,9

a) Determinated by GPC in THF at 25°C with a colupenogel MXM

b) Determinated byH-NMR spectroscopy by integration of the terninaitsi signals

c) Average polymerisation degree (Xn) for linearcnamolecules and for each branch of the star shaped
derivatives calculated by Mn values.

Due to the presence of several chiral centers ensomgle absolute conformation in
the synthesized systems, polarimetric measurenvers done, in order to verify the optical
activity and the influence of the molecular struetwon the chirality of the synthesized
derivatives Table 3.
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From these datas it can be easily observed howuhwer of the L-lactic residues has
an high influence on their optical activity: froome to two L-lactic units the value of the
molar rotation @]p%°) is seven time greater in the case of monomers wishort alkylic
spacer and twenty times in the case of a six caatems chain. When the number of L-lactic

unit pass to three the value of§* increase of only a 25% Table 3.

Table 3: specific and molar rotation of the sinthed derivatives

Campione [a]p?° [P]p>°2

(9-ML2A -C -7,10 -28,9
(S,3-MLL2A -C -44.3 -211,0
(S-ML6A -C 2,32 -10,7
(S,9-MLL6A -C -37,3 -200,0
(S,S,$MLLL6BA -C -43,5 -264,0
Poly[(S-ML2A -C] 29,0 -118,0
Poly[(S,3-MLL2A -C] 52,8 -253,2
Poly[(9-MLBA -C] 23,4 -108,3
Star[(§)-ML6A -C] 24,5 -113,4
Poly[(S,S-MLL6A -C] -43,3 -232,1
Star[(S,9-MLL6A -C] -47,0 -252,0
Poly[(S,S,$MLLL6A -C] 61,2 -371,5

Molar rotation, calculated asof,?> « M/100), where M is the molecular weight of thepeting units in the
polymeric derivatives

A comparison between the monomeric and polymerstesys with the same number
of chiral residues shows that the systems with @rtshliphatic spacer displays higher
rotations. This behave can be attributed to thadrigtiffness of the lateral chain that impart

higher conformational rigidity.

All the polymeric derivatives displays an highetatmn than their correspondent
monomeric derivatives due to the presence of oddenacromolecular conformation that
increase the conformational chirality.Finally ngrsficant differences between linear and star
polymers are observed.The optical purity of thetlsgsized derivatives was not measured
because previous studi€§>% on similar compounds had demonstrate that thetiemagric
excess of the synthesized monomers was greater9tfan Because of our compounds are
synthesized from enantiomeric pure L-lactic acithveinalogous reactions, we can reasonably

deduce that these monomers and polymers havernteatical purity.
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Characterization and photoinduction of chirality

Polymeric derivatives of (S)-ML6A

POM, DSC and XRD characterization.

With the aim to study their LC properties, all thelymeric derivatives have been
characterized by differential scanning calorime{fySC), polarized optical microscopy
(POM) and X-ray diffraction (XRD). Phase-transitimperatures determined by DSC are
summarized in Table 4: all the samples display @atihg a glass-transition temperaturg) (
and a liquid-crystal-phase with a consequent ipatadion temperatureT(). The high

enthalpy of isotropization, about 9,6 3, ¢s related to the presence of a typical smedtasp.

In all cases, on cooling, the latter transitiongvela modest degree of supercooling (4-
5°C) and a stable frozen liquid-crystal mesophasedhieved and maintained at room

temperature.

Table 4: Thermal transitiof’s and mesomorphism determined by DSC, POM and XRDBhef polymeric
derivatives of §)-ML6A

Samples Thermal transition °C

Poly[(S-ML6A ]-AIBN G 53 SmA, 129 I
Poly[(S-ML6A ]-14 G 56 SmAy 129 |
Star[(S-ML6A ]-2 G 48 SmA. 114 |
Star[(S)-ML6A -4 G 49 SMA/ 117 I
Star[(S-ML6A ]-8 G 59 SMA/ 132 I
Star[(S-ML6A ]-24 G 61 SmAy, 133 I

[a] Obtained from the second heating DSC thermelleciyr nitrogen atmosphere (10°C/min).

XRD studies were carried out at variable tempeeaton some representative
compounds such as PoIg[{ML6A ]-14, Star[§)-ML6A ]-2 and Star[f)-ML6A ]-24. Firstly,
X-ray patterns were recorded at room temperatur¢ghenabove samples annealed for two
hours 40°C above th&y in order to develop the mesophase. Patterns wsecetaken at
variable temperatures on virgin and unannealed kmminally, these compounds were
mechanically aligned with the aim to obtain oriehpatterns. The diffractograms of PogK
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ML6A ]-14 under these several physical conditions aperted in Figure 7. In all cases the
diffractograms are qualitatively very similar: all them display a sharp Bragg reflection in
the low-angle region and a diffuse, broad maximanthie high-angle region. This kind of
pattern is characteristic of a liquid crystal phasth a layered structure and confirms that the
mesophase order exists at room temperature anihbte sat high temperatures. The high-
angle diffuse halo corresponds roughly to a meatadce of 4.4 A and is associated to the
liquid-like lateral interactions of the azoaromatn@sogenic groups. The measured spacing,
deduced by applying Bragg’s law to the low-angléeation, is very close to 16 A in all
cases, regardless the compound examined, the iworsdivf temperature and the thermal
treatment. The predicted length of the mesogenidetyocalculated from Dreiding
stereomodels, assuming a fully-extended conformaifche hydrocarbon chains, is 31 A (33
A including the methacrylate group). Therefore,afipears that the observed low-angle
maximum corresponds to the second ordigszX reflection and the actual layer spacing is
close to 32 A, which is comparable to the valueeetgd for a SmA arrangement of the
mesogenic monomers. The fact that the first ordgy;)(reflection is not visible must arise
from the presence of a perioiR in the projection of the electron density pm@fdlong the
normal to the layers. This phenomenon has beerrideddor other side-chain LC polymers
and is accounted for by the confinement of the pelyc backbones in a thin sublayer layer
perpendicular to the director, so that the polyméackbones produce an electron density
maximum comparable to that of the mesogenic c8fedhese features are consistent with a
fully-interdigitated smectic A (Sm#y) mesophase (Figure 8). The absence of significant
differences in layer periodicity by changing the cnmanolecular shape or the average
molecular weight indicates that the same structomadlel is valid for all the samples, both
with a linear polymeric backbone and a star-likaagement.
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(a) (b)

Figure 6: Xray diffraction pattern of the SmA mesophase ofyffS)-ML6A]- 14 recorded at room temperati
after heating at 135°C (a) and oriente-ray diffraction patten of the SmA mesophase of PoS)-ML6A -14
recorded at room temperature (b). The sample watamécally aligned in the direction of thick arr

Table 5 Spacingdetermined by applying Bragg's law to the srangle reflection observed in the patte in
the smectic A mesophase of P(S)-ML6A ]-14, Star[§)-ML6A ]-2 and Star[§)-ML6A ]-24 measured by XRD
at variable temperatures.

Sample Conditions Measuredyo; Layer spacing (A}’
spacing (A}

Poly[(S-ML6A]-14 25°C, Virgin 15.5 31.0
25°C, Annealed 16.5 33.0
25°C, Aligned 16.3 32.6
75°C 15.8 31.6
Star[§-ML6A ]-2 25°C, Annealed 16.5 33.0
Star[(9-ML6A ]-24 25°C, Virgin 15.8 31.6
25°C, Annealed 16.5 33.0
25°C, Aligned 16.1 32.2
75°C 15.7 31.4

[a] The spacing was measured with an estimaccuracy of + 0.5A

Finally, mechanicall-aligned samples of Pol{§-ML6A ]-14 and Sta(S)-ML6A ]-24
were obtained by shearing the samples on the agpilfall with a metal rod at a temperat
at which the mesophase is fluid. Oriented patterae obtened when the samples submit
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to this treatment were irradiated at room tempeealiable 5). In the resulting patterns the
low-angle reflection appears as a pair of sharpssaligned along the direction perpendicular
to the shearing, whereas the high-angle halo bes@npair of diffuse crescents centred in the

shearing direction.

These features indicate that the smectic planesodemted along the stretching
direction with the mesogenic units oriented perpauidr to that direction. This behaviour is
common for side-chain LC polymers. An accurate ysigalof the nature of this mesophase
was achieved by the observation of their typicdioap texture by POM in analogy with
previous studies on similar azo-polyni&fs All the samples, during the heating-cooling
process, show textures that indicate the presefeeaocrodomains with a SmA phase, as
shown for example for poly§-ML6A ]-14 in Figure 8. In particular, the thin film slbw
cooled from the isotropic melt at 128°C shows snubps of birefringent mesophases
separating from the melt that develop after singaaind annealing at 110°C for 48 hours into
cylindrical LC domains on an homeotropic backgro@Rdjure 8a and b). A polymeric film
after isotropization and annealing at 120°C dewlapypical cylindrical conicofocal texture

like as a SmA phase (Figure 8 c, d, e).

R R R R
0] 6] (0] 0]

16 A

32A

Buioeds 1ake| ani)

uonosjyal Jopio pliodes — JekeT JleH

4,5 A

Figure 7. Smectic layer spacings of a fully intgidited side-chain chromophoric configuration deieed by
XRD (R = chromophoric moieties located in the sitlain outside the layer).
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e) f)

Figure 8: POM microphotographs of POHML6A ]-14 (sample prepared between two glasses) (a2&t'C
upon cooling from the isotropic liquid, (b) thinrfi annealed for 48h at 110°C after isotropizatiod ahear and
(c) thin film annealed for 24h at 120°C after isgization (d, e) thin film annealed for 24h at 90a€er
isotropization, (e) thin film after pressure: horrepic aligment is induced.
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UV-Vis Spectra and chiroptical properties in solah.

The UV-Vis absorption spectra (Figure 10 and Ta&)léen CHCE solution of all the
investigated linear and star polymers, as welhasttonomer)-ML6A , exhibit, in the 250—
550 nm spectral region, two bands related to ther’nand n—n* electronic transitions of the
trans-azobenzene chromophore with maxima centered at @d6unm ¢ [ 1500 Lithol*Gm
) and 360 nm g 0 28000 Lol*em?), respectively’®?, appearing, within the limits of
experimental error, qualitatively and quantitativeldependent from molecular structure and

polymerization degree.
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Figure 9. CD (up) and. UV-vis (bottom) spectraQtL6A (O0) and Poly[§)-ML6A ]-14 (---) in CHCL.

The UV spectra do not exhibit any variation on pagdrom the monomer to the
polymer, indicating the substantial absence oftedstatic dipole-dipole interactions between
neighbouring aromatic moieties, the symmetry of absorption band at 360 nm providing
evidence that the azoaromatic chromophores arentesbe isolated in solution. The
monomer and all high molecular weight samples @trdins configuration are optically active
in chloroform solution at the sodium D-line (Tab®. Indeed, the macromolecules
investigated display molar optical rotatory powfark,> for repeating unit constantly around
-28, seven times larger than that §-ML6A ([a]p> = —4.0), thus suggesting that the

macromolecules are characterized by a appreciabl®menational chirality

The CD spectrum ofgj-ML6A in chloroform solution (Figure 9) displays one wea

positive dichroic absorption with maximum at 360 (s =~ +0,35 L mol™ cm™), strictly
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related to the UV-Vis absorption maximum connectgth the —T1t* electronic transition.
Similarly, the CD spectra of the polymeric sampglesolution exhibit in the spectral region
related to ther—T1t* electronic transition only one positive dichrdiand centred at about
350-360 nm ¢ ~ +0,2 L mol™ cm?), in close correspondence with the UV absorption
(Figure 10), and related to isolated chromophoiesa similar manner as the monomeric
compound, with no influence by the average moleculeight value and macromolecular

shape, in agreement with the specific optical cotapowers (Table 1).

These behaviours are different from what reportedhe literature for chiral rigid
methacrylic amorphous polymers that exhibit anease of optical activity on increasing the
molecular weight® or passing from linear to star-shaped structtifésThe contribution to
the overall optical activity in solution by the dormational dissymmetry of liquid crystal
polymeric derivatives, characterized by longer #exiible aliphatic spacer between the main
chain and the azoaromatic chromophore, appearsfanerof limited extent, as suggested also

by the specific optical rotatory power at the sodiD line.
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UV-Vis spectra and chiroptical properties in thimr.

The UV-Vis spectra and chiroptical properties af #ynthesized polymers have been
investigated also in the solid state, as thin filonepared by casting from dichloromethane
solution over clean slides of fused silica. By isjpon with POM, the virgin films at room
temperature appear optically isotropic: neither argefringence nor scattering being

observed.

The main UV-Vis data of relevant polymeric sampes collected in Table 6 and the
absorption spectra of Pol¢ML6A ]-14 in the solid state are reported as an exanmple
Figure 10a: in addition to the typical»n* and n-n* electronic transitions of the
azoaromatic chromophore centered at around 357448dnm, respectively, an additional
band at around 248 nm, associated withsthet* transition of the single aromatic ring, is
present.

The absorption band of the—n* transition in the virgin films appears broaderthwi
respect to the spectra in solution, with two adddil shoulders at 340 and 380 nm, related
respectively to the formation of H- (blue shift)dadtlike (red shift) aggregatéd' imposed by
the structural constraints of the macromoleculestha solid state. The relatively high
absorbance of the transition at 340 nm indicatgh leoncentration of H aggregates in the

amorphous solid state.

In order to develop the mesophase, a thermal texdtoonsisting of a heating above
the clearing point temperature;Tor 5 minutes followed by annealing for 15 mirsit a

temperature reduced by a factor of about 04,64 Ti) has been carried out.

The annealed film of Polyfj-ML6A ]-14 displays broader, less intense absorption
bands (Figure 11a and Table 6) and produces LC itgnas observed by POM. The main
absorption band is characterized by a small batleocic shift of ther—n* azoaromatic
absorption maximum to 362 nm. In addition, the $thexs related to the H- and J-aggregates

located around 340 and 380 nm, increase relatimdlyportance.

This can be related to development of aggregatdsttaus to more ordered dipolar
intra- and inter-chain interactions that the chrphmres experience in the SmAphase
(Figure 8) compared to the solution and the amarplsolid state.
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Table 6: UV-Vis data of the investigated compoumasCHCL; solution and as thin films after different
treatments.

Sampl es (00 jrowE FaggEb ) Fagglab ) n—map]
(9-ML6A solution I 360 - - 440

Poly[(S-ML6A]-14 solution Ll 360 - - 440

Star[S)-ML6A ]-24 solution Ll 360 . - 440

Poly[(S-ML6A ]-14 virgin film 248 357 340 380 440
Poly[(S-ML6A ]-14 annealed film 248 362 340 385 440
Poly[(S-ML6A]-14 irradiated film 248 360 345 385 440
Star[(9-ML6A ]-24 virgin film 248 360 340 378 440
Star[(§-ML6A ]-24 annealed film 248 360 340 380 440
Star[(§-ML6A ]-24 irradiated film 248 360 344 385 440

[a] Wavelenght of maximum absorbance in nm. [b]Btier. [c] Not observed due to solvent cut-off.

In particular, the decrease in absorbance ofether* transition can be attributed to
the aggregation of the azobenzene fragments pasgexsvated anisotroffy *®, while the
n—n* band at 248 nm of the single aromatic ring, ndtuenced by orientation, remains
substantially unaffected. Finally, the increasal$orbance at wavelengths over 400 nm can
be mainly associated with the light scattering ttuthe formation of the birefringent domains

of liquid-crystal phase after annealing.

By comparing several CD spectra recorded at diftefém positions and rotated
around the light beam direction it was also conéidnthat the contribution of linear dichroism

and linear birefringence to the CD spectra of thigmeric films is negligible.

The CD spectrum of a fresh film of PoIg[{ML6A ]-14 (a) exhibits two relatively
intense dichroic signals of opposite sign and simihtensity, connected to the—n*
electronic transition®f the azoaromatic chromopheyesgith a crossover point around 335
nm, close to the UV maximum absorption. This bebawiis typical of exciton splitting
determined by cooperative dipole-dipole interaciobetween neighbouring side chain
azobenzene chromophores arranged in a mutual clgeaimetry of one prevailing
handedne&s > 4" %8l gjgnificantly, the CD spectrum of the same sanipldilute solution
(Figure 9) displays only one weak positive dichrgignal at 360 nm, indicative of the

absence in solution of chiral chromophore aggregate
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The thermal annealing strongly affects the chiegitproperties of the film (a). Upon
prolonged heating a strong enhancement of CD siga#iks place, and the ellipticity values

become much more intense than those observed lefosaling.

The crossover point of the couplétsthe solid state appears blue-shifted with respe
to the UV maximum absorbance (ellipticity = 0 atward 335 nm against UMynax at 360 nm).
As the negative band appears of higher intensity] elose to the electronic transition
wavelength associated to chiral H-aggregates (3d)) the CD spectrum can be interpreted
as originated from the overlapping of a excitoritlgd CD band given by the H-aggregates
with a negative CD band having its maximum at 385 ©orresponding to the maximum
absorbance of J-aggregated chromophores, diffgreatisitive to the chiral geometry of the

material®®

The UV-Vis and CD spectra of star polymers of corapke thickness appear
essentially similar to those of Pol§(ML6A ]-14, as shown for example in Figure 10b for
Star[(§-ML6A ]-24. The star shaped polymers as native filmswal as in the LC state,
exhibit CD couplets with crossover points centeae®40 and 332 nm, respectively, of the
same sign and shape as the related linear deegatbwut always less intense at equal film

thickness.

CD [mDeg]

Abs
Abs

a) b)
Figure 10. CD (up) and UV-Vis (bottom) spectra dhim film of Poly[(S-ML6A ]-14 (a) and Starf)-ML6A |-
24 (b) in the virgin state) and after isotropisation and annealing at 90%CL®minutes (- - -).

From the CD spectra it can be clearly seen howdhiag affects the chirality of the
system: the films of Staiff-ML6A ]-24 always exhibit a lower optical rotation powaan

those of Poly[§-ML6A ]-14, thus suggesting that chirality is relatedatcertain way to the
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main chain conformational order and/or to supracwbe liquid crystalline organization. A
less ordered LC phase in the star-shaped derigatwald be supposed as originated by the
stiffness of the rigid central unit that createsedts in the LC supramolecular conformation.
In any case, the above findings suggest that sinsibmformational arrangements with a
prevailing chirality are assumed both in the amorghand particularly in the LC phase,

regardless the molecular structure.

It is generally accepted that chirality is inducedhese materials as a consequence of
chiral interchromophoric interactions, however shrange chromophoric aggregates in liquid
crystal arrangements could not be the only resptesif the remarkable amplification of
chirality that is observed. Examples of amorphoaspalymeric systems, in which the
chirality is related to the presence of chromopb@ggregated in a mutual chiral arrangement
are reported in the literature, but these systespsay lower optical rotation valu&¥: 3 2!

In the present case, the presence of exciton csupled surprisingly high ellipticity
(up to 9000 mdegim at 361 nm, Figure 10a) are quite noticeable fooamal smectic A
phase with uniaxial symmetry and hence lacking rof kind of supramolecular chirality.
Consequently, the high chiroptical properties obsercould suggest the presence of a chiral
liquid crystal phase similar to a planar twist-grbioundary (TGB) phase or Sm-A* phases,
reported only when chiral mesogens with high hélisésting power are preselt: 5% but
POM observation of thick films, as mentioned abotlearly suggests the presence of a
normal smectic A phase. In the SmA phase, wherehhemophoric molecules are arranged
perpendicular to the layer planes, the mesogenietias cannot adopt a supramolecular helix
structure perpendicular to the layers. It can amigur parallel to the layers and only for
systems with a strong twisting power. Thereforéehcal superstructure is only possible if
screw dislocations punctuate the layers, giving testhe so-called twisted grain boundary A
phase (TGBAJ™ 2. In the present case the formation of this padicmesophase appears
highly improbable. Moreover, thin films of chiraingctic A liquid crystals possessing high
chirality due to the Surface Electroclinic Effe®HC) that induce in the film a chiral smectic
C phase are reported in literature: the polar autton between the glass wall and the LC
material induces a polarization resulting in a @hreorientation of the LC director near the
surfacé® % Further information regarding the molecular arranget in these thin film
(100-200 nm) by XRD and polarized optical microscqpexture analysis) could not be
obtained so far, as thicker film samples are reguand the behavior could be different when
compared to the thin films here investigated.
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Photoinduced switching of supramolecular chirality.

Annealed thin films of Poly®)-ML6A]-14 and Star[p-ML6A]-24 of thickness
about 140 nm in the glassy liquid crystal state ewgradiated withr-CPL andI-CPL,
respectively, with an Arlaser (power = 20 mW/cfhat 488 nm for 30 min. The UV-Vis
spectra of irradiated polymers result similar tosd of annealed corresponding films (Table 6
and Figure 11). These results suggest that thdadipaoaromatic aggregations (H- and J-

aggregates) in the liquid crystalline phase rersalmstantially unaffected by CPL irradiation.

Upon irradiation of Polyfp)-ML6A ]-14 with r-CPL, the CD spectrum displays a net
inversion of sign as well as a relevant amplificatof chirality, particularly evident for the
dichroic bands associated with the>n* azoaromatic electronic transition (see e.g.Figure
11).

According to the chiral exciton coupling ruféd, this behaviour suggests thaCPL
induces a right-handed screw sense of coupled beiging azobenzene chromophores. The
CD spectra of this polymer after a cycle of illumtiion withr-CPL andl-CPL are presented
in Figure 12. In all cases, no linear dichroism waserved before and after irradiation by
comparing several CD spectra recorded at diffeaagtes around the incident light beam.

Similar results, but with lower ellipticity valuesyere also obtained from SteB[{
ML6A ]-24 (Figure 12). One negative Cotton effect, with same crossover wavelength (333
nm) as the non-irradiated film (334 nm) which ches@lternatively sign in the 250-600 nm
spectral region was obtained with both the investig polymers. The observed effects are
reversible: when the handedness of the pump beanswached from right to left and the
irradiation performed on the same illuminated ragior 30 min, similar and opposite CD
spectra of Polyfp)-ML6A ]-14 and Star[)-ML6A ]-24 were obtained (Figure 12).

The resulting spectra actually appear as mirrogasaf each other both for linear and
star-shaped samples. Again, the CD spectra ofitiearl polymer display higher ellipticity

values than the CD spectra of the star one.
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Figure 11: CD (up) and UV-Vis (bottom) spectra dghan film of Poly[(S)-ML6A ]-14 in the virgin state{), in
smectic phase (---) and after irradiation wit@PL at 488 nm for 30 minutes ().

The irradiation withl-CPL of another annealed film of pol§¢ML6A ]-14 afforded
also an induced optical activity of similar magdieuto that observed after the irradiation with

r-CPL, but of opposite sign.

CD[mDeg]

1
600

Figure 12: CD spectra of films of Pol§¢(ML6A ]-14 irradiated withr-CPL (—) or I-CPL (---) and Starfg)-
ML6A ]-24 irradiated withr-CPL (---*) orI-CPL (- . - ) for 30 minutes after isotropizatiordaamnealing at 90°C

for 15 minutes.

As a first conclusion, the photoinduced experimeniggest that-CPL induces right-
handed supramolecular chirality of the materialsctvitan be erased and reinscribed With

CPL, as reported elsewhere for other smectic, achizopolymers” 24 However, the
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induced circular anisotropy has to be erased itatter case by heating the irradiated samples

to the isotropization temperature.

The observed phenomena appear to be related tanthestion of chirality by
irradiation with CPL of achiral azobenzene-contagnpolymers reported by NikoloV&: *°!
Natansohit”) Sourissealr®, and Tejedof® 2% even though the measured absolute ellipticity
of our samples, normalised to film thickness, icohsiderably higher magnitude. Indeed, in
our case, an intrinsic chirality of the samplesatedl to optical activity of the L-lactic acid
residue interposed between the azo chromophoreshangolymer backbone is present, and
the chiral geometry of the mesogenic aggregategshen annealed films gives rise to
thermodynamically stable and unusual chiral LC pkasvith a predominant helical

%0 These

conformation, as previously reported when chiralsogens are preséfit.
observations reveal that the photoinduced chirailityliquid-crystal polymers is more

efficiently achieved when dissymmetric groups ahidat LC phases are present.

The mechanism of reversible chiroptical inversiaduced by CPL radiation is not
well understood. In any case, for the investiggtelymers, it appears related to a preliminary
chiral supramolecular ordering of the azobenzeneeties, as demonstrated in our
experiments. In fact, no reproducible circular atrigpies can be photoinduced in the native
films (not annealed), pointing out the essentiéd af the liquid crystalline arrangement. This
also indicates that orientational preorganizatian required to obtain a controlled
photomodulation of chiralit{}”

Moreover, the photoinduced change of chiropticalpperties does not perturb the
texture of the investigated polymeric films as shdwy POM analysis of the irradiated area,

before and after application of CPL (see Suppotirigrmation).

Natansohn reported the photoinduction of a singkaral supramolecular structure by
illumination of a achiral azopolymer with CP{’! The results were attributed to ability of the
chiral CPL propagating through the film to producerogressive rotation of the optical axis
of each LC domain, resulting finally in a suprancol@r helical arrangement of the smectic
domains to form an organization similar to a TGBgh

In the case of the investigated polymers, it isso@able to hypothize that the LC
phase in the annealed films assumes a helical mgbeaular structure with a prevailing twist
sense due to the thermodynamically favoured chiriaraction between neighbouring L-
lactic-azoaromatic moieties, thus conferring a pilevg chirality to the material. Thus, the

CPL should be able to alter this interaction betwd#ee chromophores and consequently the
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chiral supramolecular structure, so as to revelngenhacroscopic chirality of the mater
without modifying the observable LC texture (Figr®). This phenaenon would therefor
resemble the enantioselective CPL photochemicahdtion of optically active compoun:
from prochiral starting materid®” °® and the CPL photoresolution of photochemic

interconvertible enantiome!*® ¢!

Figure 13 Optical microscopy images of a smectic thin film Poly[(S-ML6A]-14 before (a) and after
irradiation withl-CPL for 30 minutes (k

In fact, it is known that chiral CP electromagnetadiation is able to induc
enantioselective conversi® and tends to align the azobenzsite groups along directio
close to the light propagatid** ®? It is possible that transfer of angular momentuomfithe
CPL to the mediumas occurs when a CP photon is absorbed, indugescassion of th
chromophores witla sense of rotation congruent with the sense o€®le. This would mean
thatI-CPL induces a leftranded organisation of the azobenzene moleculesieatr-CPL
induces a righttanded oneln this way, the sign of the CD signals associated with
confamational aggregation of neighbouring chromophortas be inverted, as we hga
recently observed on the dimeric model derivatiy&-dimethylglutaric acid bisS)-3-[1-(4'-
nitro-4-azobenzene)pyrrolidine ester, corresponding tosthallest section of theolymeric
chain where sidehain interchromophore interactions are rele!*® its CD spectrum show
an exciton couplet of strong amplitude which suggésat the chiral interactions betwee
couple of chromophores in solution are already irtget and that the optical activity of the
materials should be substantially relate relatively short chain sections with chromophc

aggregates having conformational dissymmetry ofpyegailing screw sen:

These observations are also supported by recatiestaf photoinduced chirality on
a Bx liquid crystalline phase of beshagd twin dimeric compound, where t\
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alkoxyazobenzene groups are linked together by #&mmthylene spacer, which
spontaneously segregate in chiral domains of tleegwssible dimeric conformers (racemic
form).[*® Selectiver- or I-CPL irradiation, as a method of photoresolutionenéntiomers,
interconverts the two native domains producing r@anéomeric excess of one of them and as
a result a macroscopically measurable CD chiraétgted to the preferential screw sense of
the irradiating CPL.

All the aforementioned CD effects persist for asieone month at room temperature
and are well reproducible. Clearly, for technol@diapplications, the switching time would

also be important.
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Polymeric derivatives of M6A: photoinduction of afaility in
achiral azopolymer and photo transition

The formula of the investigated are reported inuFegl4. The detailed synthesis of
these polymeric systems and their spectroscopiermal and liquid crystalline
characterization are described in detail in Chapter

The chiroptical properties of the films after irraibn with r-CPL and/or I-CPL were

investigated in detail by CD spectroscopy and tliwpendence on the macromolecular
structure discussed.

Figure 14. Structural formulas of the investiggtetymeric samples
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UV-Vis properties

The UV-Vis absorption spectra in CHCQolution (Figure 15) of all the investigated
polymers, as well as the monomd6A, exhibit, in the 250-650 nm spectral region, two
bands related to the+st* andr—nr* electronic transitions of the azobenzene chronoopin
trans-configuration with maxima centered at about 360(am 28000 L mof cm®) and 440
nm € = 1500 L mol* cm™), respectively*?, qualitatively and quantitatively independent by
branching within the limits of the experimentalarrThe symmetry of the absorption band at
360 nm provides evidence that the azoaromatic chpbiwres in solution are essentially

isolated.
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Figure 15: UV-Vis spectra of PolY[6A]-24 in solution ), and in the solid state as casted)(annealed),
and finally irradiated with I-CPL-() thin films. The UV-Vis spectra of Star[M6A]-24 der the above
conditions are superimposable.

The UV-Vis spectra of thin films of the synthesizpdlymers prepared by casting
from dichloromethane solution over clean slidesugkd silica have also been investigated in
the 200-600 nm spectral range (Figure 15): theylays the typicalr—n* and n-n*
electronic transitions of the azoaromatic isolatktbmophore centered at around 360 nm and
440 nm, respectively, and an additional band cedtat 248, nm associated with ther*

transition of the single aromatic ring.

The absorption band of the->n* azoaromatic transition becomes broader in thedijl

with two additional shoulders at 340 and 380 nrtateel respectively to the formation of H-
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aggregates (blue shifty and J-like (red shift) aggtes!*? imposed by the structural

constraints of the macromolecules in the solicestat

By inspection with POM, the virgin films at roommeerature appear optically
isotropic, without any birefringence and scatteriig order to develop the mesophase, a
thermal treatment has been made consisting ofrigeatiove the clearing point temperature
(T;) for 5 minutes followed by annealing for 15 mirsit lower temperature {heaindTi Of
about 0.7). This treatment allows to obtain thespnee of a glassy nematic liquid crystalline

phase, as confirmed by POM.

The UV-Vis spectra of annealed films result similay the spectra of the
corresponding as prepared casted films (Figurewli#),a broadening of the long-wavelength
side and a minor presence of H-aggregates (ba®dGinm). This can be related to more
ordered dipolar intra- and inter-chain interactighat the chromophores experience in the
nematic phase compared to those in solution antderamorphous solid state. In particular,
the decrease in the—1* band can be interpreted as being due to aggmuaif the
azobenzene fragment, which possesses elevatedrapisf® *®, while thet—T* band at
248 nm of the single aromatic ring, not influend®dorientation, remains unchanged. The
absorbance at longer wavelengths never reaches tiesdoehaviour being associated with
light scattering due to the formation of the bimrefent domains of liquid-crystal phase upon

annealing.

The UV-Vis spectrum of PoliI6A]-24 in thin film after annealing and illumination
with I-CPL with an Ar+ laser (power = 20 mW @&nat 488 nm for 30 min is presented in
Figure 15 The irradiation does not change the shape of thetgpn of the annealed sample,
similar UV spectra being obtained by irradiatiorthwi-CPL as well as from StaBA]-24
samples. These results suggest that the dipolaar@matic aggregations (H- and J-
aggregation) in the nematic liquid crystalline phasmain substantially unaffected GyL

irradiation.
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Chiroptical properties and photoinduced switching supramolecular

chirality

Whereas the UV-Vis spectra of irradiated polymersult similar to the spectra of
corresponding annealed films (Figure 15), the eelafD spectra, silent before irradiation,
now show the presence of high chirality. No lindexhroism was observed before and after
irradiation by comparing several CD spectra readrde different angles around the light

beam.

The CD spectra of Poly[6A]-24 in the glassy nematic phase irradiated wiPi-
with an Af" laser (power = 20 mW/cfhat 488 nm for 30 min, exhibit an high, asymmetric
exciton couplet centred around 335 nm which doésstitctly coincide with the maxima of
the UV-Vis absorption bands (Figure 16). The pusitband appears of higher intensity and
displays a shoulder around 366 nm associated Wwéhetectronic transitions of the isolated
azobenzene moieties. The crossover point of thipleb is close to the electronic transition
associated to chiral H-aggregates (340 nm) andntiergreted as originating from the
overlapping of the exciton splitting CD band (H-ezgpates) with a positive CD band having
its maximum at 380 nm, corresponding to the maximalssorbance of the J-aggregated

chromophore&?!.

Moreover, the CD spectrum of the irradiated filrhew a sharp negative band at 492
nm due to a Bragg selective reflection of a helieajanization®®?%, This behaviour is
similar to the selective reflection of a chiral regema mesophase with a helix pitch due to
induced cholesteric mesopha&e®! Recent calculations by Takezoe etl.of the shape of
a Bragg reflection of a helix pitch larger than then thickness, reported that a reflection at
492 nm means an helix pitch of 312 nm, much latigan the film thickness of our samples,
which is around 200 nm. Under this condition, oalybroad reflection should be seen.
However, Tejedor et al*!! observed a photoinduced iridescent green refleatioa glassy

nematic azopolymer filmed over a planar wedge cell.
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Figure 16: UV-Vis spectra (bottom) and CD (up) wéadiated films of Poly6A]-24 (—), and Staff16A]-24
(—) irradiated with r-CPL (straight line) or I-CPL4gshed line).

In order to confirm this result and investigate di@nge in the macroscopic optical
properties and optical textures of POIA]-24 irradiated with CPL, a #am cell with an
aligning layer for planar orientation was filledttwithe polymer. A portion of the cell was

irradiated and the other part masked in order todaphotoisomerization.

After irradiation the initial orientation of the m@&genic units is vanished and, aligning
the polarizer along the alignment direction, a Irigelective reflection, related to the sharp
signal at 492 nm, can clearly be seen (Figure Tfis is a further confirmation of induced

helical organization of the chromophd®.

Therefore, the presence of high ellipticity valwasl of selective Bragg reflections
demonstrate the presence of a supramolecular ithiwath a prevalent handedness similar to

a chiral nematic phase.
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A B

Figure 17: POM textures of a planzgl filled with Poly[M6A]-24. The right part has been irradiated with r-
CPL for 30 minutes. (A) Crossed polarizers paraladl perpendicular to the alignment director: thadiated
zone exhibits a colour while the non irradiatedezandark. (B) Crossed polarizers rotated of 43hwespect to
the mesogen director: two different colours aré\gible.

According to the chiral exciton coupling rulé% * the CD spectrum of Poly[6A]-
24 suggests that I-CPL induces left-handed screwsesef the supramolecular azobenzenic
structure. When the handedness of the pump beanmswitshed from left to right and the
irradiation was maintained for 30 min, a similart lmpposite CD spectrum was obtained
(Figure 16). The resulting CD spectra are the mimtages of each other. Also, the sign of
the selective reflection, in accordance with theaah behaviour of ideal helices, changes sign
switching between a positive reflection after iredidn with I-CPL and a negative value for
irradiation with r-CPL. This suggests that the iotaversion of two enantiomeric

supramolecular structures can be easily obtainezhbgging the CPL handedness.

The CD spectra of the irradiated nematic 34&# |-24 display similar behaviour, but
lower ellipticity values than the CD spectra ofadrated Poly/6A]-24 of same thickness
(Figure 16) In fact, the integrated area valuesthe CD spectra indicatihat the exciton

couplet of the star polymer is abdhe 2/3 of that one of the linear polymer.

The aboveobserved difference appears to be due to the diftestructure of the
polymeric samples and not to differences in theisthLC phase as demonstrated by XRD. It
thus appears that the branching of the macromaealiain acts as a defect in the liquid
crystalline phases, leading to a less ordered Ickingaramolecular structure with lower
chirality. Anyway, the position of the exciton cdefs and the position and intensities of the
reflection at 492 nm are unaffected by the molacstiaictures of both the star and the linear

polymer.
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4-oxy-4’cyano-azobenzene containing polymers

UV-Vis analysis in solution:

Absorption spectra of the monomers and polymersritggathe 4-cyano-4’oxy-
azobenzene chromophore (Figure 18) are all simdarong them, and, within the
experimental error, no significant differences cha found between monomeric and

polymeric derivatives.

Anyway due to the different dipolar moment and agagion of the chromophore the
UV-Vis spectra is slightly different from the syste containing the 4-ethoxy-4'oxy

azobenzene chromophore.

In fact the UV-Vis spectra of all the synthesizemmpounds display in the spectral
region between 240-550 nm three different absanpbiand centred at 250, 365 and 440 nm
due respectively to the — =n* transition of the single aromatic rings£ 16000), to thet —

n* (¢ = 32700 = 365nm) and m~» x* transition of theransazoaromatic chromophore .

According to Rau’s classification of azoaromatisteynsi®! the chromophore 4-oxy-
4’cyano-azobenzene and the 4-ethoxy-4’-oxy azobembelong both to the azobenzene-type
class, in fact they have similar UV-Vis spectra. ¥&m observe only a small redshift of the
— 7t* electronic transition of the azoaromatic chromaygh(from 360 to 365 nm in the 4-
cyano-4’-oxy azobenzene) and a substantial increfs®lar absorbance for all transitions of
the azoaromatic chromophore (the value &br 1 — =* transition increases from 27000 to
32700 L mot' cmi* and the n— * from 1500 to 2000 L ma! cm™).
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Figure 18: UV-Vis spectra of§-ML6A -C (—) and Poly[§)-ML6A -C] (—).
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Thermal and liquid crystalline characterization

All the polymeric derivatives were investigated aingh DSC, POM and XRD
spectroscopy in order to estabilish their LC prtipsr

Sa

Heat Flow (Endo Up)
o
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'2 T T T T T T
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Figure 19: Thermogram of Pol@-ML6A -C] under nitrogen atmosphere, at a heating and mgatate of
10°C/min. G = glassy state, & Smectic A phase, | = isotropic phase.

In Figure 19 is shown as an example the first ogoland the second heating of
Poly[(S-ML6A-C ]: a glass transition at 39°C, a smectic A phadentified by POM and

XRD analysis) and an isotropization temperaturE08°C are present.

In Table 7 are reported the transition temperaamcbthe enthalpiead') of the liquid

crystalline — isotropic transitions.

All the polymeric systems display on heating a glasnsition and a isotropization
temperature, except for PolfS-MLL2A-C ] which seems to be totally amorphous (Figure

20).
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Table 7: Thermal transitiot of the polymeric derivatives

Sample 3 (°C) Phase [°C) AH' (3 ¢
Poly[M2A-C] ™ 105 N 158 -
Poly[M6A-C] 56 SmA 163 -
Poly[(9-ML2A-C] 69 87 0,8
Poly[(S,3-MLL2A-C ] 82 - -
Poly[(9-ML6A-C ] 39 SmA 108 5,2
Star[(9-ML6A-C ] 40 SmA 118 4,9
Poly[(S,9-MLL6A-C ] 40 71 3,0
Star[S,3-MLL6A-C ] 44 82 2,7
Poly[(S,S,$MLLL6A-C ] 51 76 2,8
a) Obtained from the secon heating DSC thermal cychdtrogen atmosphere (10°C/min)
b) Ref:[23]
Poly[MLLL6A-C]
I — __ StarMLLBA-C]
ig - e Poly[MLLBA-C]
g ______________ T \\ita_f%%-_clw
R
g R S L PolyMLEAC]
e _ PobmMLLzACl
- T o Poly[ML2A-C]

Temperature (°C)

Figure 20: DSC traces of the second heating optgmeric derivatives
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The nature of the mesophase of Poly and BiaBA-C | was determinate by POM
analysis (Figure 21) and XRD measurement and wextifced as a normal smectic A (SmA)

phase with no interdigitation.

C D

Figure 21: POM microphotograph (sample preparedidsen two glasses, 100x) of Po§{ML6A -C] (A and
C) and Star[p)-ML6A-C] (B and D) upon cooling from the isotropic liquid and B) and after annealing at
90°C for four hours (C and D).

It was not possible to determinate the nature efrttesophase of the other polymers:
the existence of a mesophase is proved by thern@dyss but these systems seemed to be
amorphous both at POM and for XRD analysis. Thesafly systems studied in depth up to

now are the polymers &iL6A-C .

Moreover it is possible to find some trends in skeility of the different mesophases
in relation with the number of chiral center prasenthe chain and the lengh of the alkyl

spacer.
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Short alkyl spacer and high number of chiral centeads to less stable mesophz
(lower T; and AH'), while longer spacer and less chiral centers keachorestable liquid

crystalline phase¥”.

In literatureare reported the transition temperature of simaleniral polymers witl
high Ti: Poly[M2A-C] (nematic), and PolM6A-C] (smectic A)?%. Poly[(9-ML2A-C],
even if has a longer alkylic spacer and tshould have aTbetween the two former achit
derivatives has a lower isotropization temperatarel a very lowAH'. Furthermore
Poly[(S,9-MLL2A-C ] with two L-lactic acid residues in the lateral chain is amoysh the

Ti is lowered under thegI

The sane trend can be observed for the polymers witt-carbon alkyl spacer:
increasing the number of-lactic residues passing from PdAW$A-C] to Poly [S,S,¥
MLLL6A-C ]the stability of the LC phases ant the isotropa@atemperature is dramatice
lowered of about 100°C.

The loss of stability with an increase of the numidfechiral center can be explainec
terms of elastic energy associates to the chanigése alignment director among the sin
liquid crystalline grain as reported in literaturg Colling °®!. The equilibrium state in tt
non-<chiral systems is a uniform director in the wholendin: every deviation from th
condition lead to the deviaton from the equilibrigtate of a sprin

Because of the anisotropy of the systems the fneegg ¢ the free crystal can k
expressed as the sum of several terms, with eacthesfe associated with a differ
deformation of the lattice. The most important terare three: splay, twist and bend
(Figure 22).

bt

7]

Figure 22 elastic deformation of a LCttice a) splay, b) twist, c) bending)
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If there is a rotation of the director in the LCndain, the free energy for volume unit
will be higher respect to the case of non distoded, due to the twisting term, implying that

a LC spontaneously relax to a non-twisted stap@dssible.

If the chiral centers are present a spyralizatibthe lattice is introduced and thus the
twisting deformation cannot be avoided and the &eergy of the lattice is higher respect to
the analogue anchiral phase, while the isotrop@sptresult unaffected. In this contest the
introduction of several chiral center leads to sslof stability both in terms of temperature
and enthalpies of isotropization.

Finally it can be observed how the macromolecuéongetry plays an important role
on the thermal characteristic of the polymers: bnaa polymer displays always higher
transition temperatures but lower enthalpies, ihdue to a higher stiffness and a lower order
respect to the linear derivatives.
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Chirooptical properties in solution

The chiroptical properties have been studied fer plolymers of $-ML6A-C, in

order to make a comparison between these andrthiaispolymer of §)-ML6A .

Anyway the CD spectra of both the monomer and thignperic derivatives (Figure
23) in chloroformic solution are mostly silent, wiismall positive dichoric band centred on
the absorption maxima of the—zn* electronic transition of the azoaromatic chromaoih
suggesting that the conformational chirality obsdrby polarimetric measurement (Table 3)
of the macromolecular derivatives is not relatedatachiral mutual organisation of the

chromophoric units.
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Figure 23. CD (up) and UV-Vis (bottom) spectra &-KL6A-C (—) and of Poly[§-ML6A-C] (—) in
chloroformic solution
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Photomodulation of chiroptical properties in thinlms

Thin films of Poly[§)-ML6A-C | have been spin coated from chloroformic solutién
the polymer onto clean slides of fused silica idevrto study their chiroptical properties in the
solid state. By inspection with POM, the virginnig at room temperature appear optically

isotropic: no birefringence neither scattering @served.

The main UV-Vis data of the polymeric materials amdlected in Table 8 and the
absorption spectra of PolfML6A-C] in the solid state are reported as an example in
Figure 24 in addition to the typical>n* and n—=* electronic transitions of the azoaromatic
chromophore centered at around 357 and 440 nmgctggly, an additional band at around

248 nm, associated with the>n* transition of the single aromatic ring, is presen

The absorption band of the-n* transition of the azoaromatic chromophore in virgin
films appears broader with respect to the speatisoiution, with an additional shoulders at
380 nm, related to the formation of J-like (redft3higgregate&™ imposed by the structural
constraints of the macromolecules in the solidestahile the presence of H-like aggregates

in the virgin film should be quite irrelevant (nleasilder around 320-330 nm).

In order to develop the mesophase, a thermal texdtoonsisting of a heating above
the clearing point temperature;Tor 5 minutes followed by annealing for 15 miraits a

temperature reduced by a factor of about 04,64 Ti) has been carried out.

The annealed film of Polyfj-ML6A-C] displays broader, less intense absorption
bands (Figure 24 and Table 8) and produces LC dwmas observed by POM. The main
absorption band is characterized by a bathochrshift of ther—n* azoaromatic absorption
maximum to 372 nm. In addition, the shoulder relaie the J-aggregates, around 390 nm,
increases and another additional shoulder relaietie presence of H-aggregate appears at
326 nm.

This can be related to development of aggregated thns to more ordered
chromophoric dipolar intra- and inter-chain intdéiags in the SmA phase compared to the

solution and the amorphous solid state.

As observed previously for the similar derivativafs(S)-ML6A ** an homeotropic

alignment of the azoaromatic moieties can be olesemwn fact while ther—z* transition of
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the azoaromatic chromophores, which is highly argic, decrease in intensities the

transition of the single aromatic ring at 254 nnmaéns unvaried by the relative orientation.

Also the chiroptical proprieties change with theriraatments. While the as-casted
film display only a small positive CD band at 374n,nthe annealed film display an
asymmetric CD couplet with a crossover point cetteat 335 nm, related to the presence of
chiral H-like aggregates. The asymmetry of the Cé@nd could be explained as the
superimposition of a positive CD band related ® phesence of J-aggregates centred at 400

nm.

It is possible to photomodulate the chiropticalgedies of this polymer by irradiation

with circularly polarised light (CP) (Table 8, Figu24 and Figure 25).
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Figure 24 CD (up) and UV-Vis (bottom) spectra ahtfilm of Poly[(S)-ML6A-C] in the virgin state{-), after
annealing () and after irradiation withCP ¢ - )

In the UV-Vis spectra after irradiation with CP tamount of H-aggregates decrease

in importance, while the shoulder of J-aggregatesains still visible.

123



124  Chirality

The positive CD couplet associated to timesn* transition of the azoaromatic
chromophores is enhanced in intensities: the maxirmiensities of the CD band from the
pristine 37 mDeg rise to 300 mDeg. Moreover a matide blushift can be observed both in
CD an UV spectra. After irradiation the shoulder380 nm is almost disappeared and the
band is more symmetrical, also the maximum of tRel@nd is blueshifted of 10 nm from
393 to 383 nm.

Table 8. UV-Vis data of the investigated compoummasCHCL solution and as thin films after different
treatments.

Samples (ool ymowlal Haggab  Faggab ) n—wah]

(9-ML6A -C solution I 366 - - 440

Poly[(9-ML6A] solution e 364 - - 440

Poly[(S)-ML6A -C] virgin film 255 354 - 390 440

Poly[(S-ML6A -C]  annealed film 255 372 326 490 440

Poly[(S-ML6A -C] irradiated film 254 359 - 390 440
(I-CP)

Poly[(9-ML6A -C] irradiated film 254 359 - 390 440
(r-CP)

Poly[(S-ML6A -C] irradiated film 254 359 - 390 440

(r+l-CP)

[a] Wavelenght of maximum absorbance in nm. [b]Bder. [c] Not observed due to solvent cut-off.

With the increase of the CD band related tosther* transition also a sharp band at
494 nm appears. This band is similar to the onerabd in the irradiated polymers of M6A.
Anyway this is the first time that this kind of lghis observed in a smectic LC polymer.

As expected by changing the sign of the CP ligbb éihe sign of the band is switched
(Figure 25).
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Figure 25. CD (up) and UV-Qr/Tis (bottom) spectra laihtfilm of Poly[(S)-ML6A-C] after irradiation withl-CP
( ),r-CP (- - -) and-CP after a previous irradiation witkCP (. . .)
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126 Chirality

Conclusion

We sinthesized seval similar polymeric derivatival, monodisperse, with similar
average molecular weight and all bearing an azoationthromophore of the azobenzene
type in Rau’s classificatiofi* and the same two alkylic spacer. Despite the aimnilolecular
structure these polymers exhibit different chirogtiproperties both in terms of magnitude of
the signal o the CD band and in terms of photoieduchiroptical properties. As a matter of
fact no simple correlation can be found betweenemdbr structure, LC phase and
photoinduced chiroptical properties. As an examplesome spectra a sharp CD artifact
appears at 494 nm after irradiation with CPL. Amding studied polymers, it appeared two
times in a nematic and in a smectic A polymers\y{@®6A) and Poly[§)-ML6A -C], while
did not occur in an another similar smectic A potyr(Poly[S)-ML6A ].

But besides this not yet understood behavior atleerds have been clearly identified
by using monodisperse and well defined polymetswas highlighted how that the
macromolecular chain plays an important role on therooptical and photoinduced

chiroptical properties.

This work thus has to be considered as a newrsggobint for the study of chirality in
polymeric systems, as for the first time strongudtire properties correlation has been

showed and understood.
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Experimental Section

Physico-chemical measurements:

'H- and B®C-NMR spectra were obtained at room temperature 5di9% CDC}
solutions, using a Varian NMR Gemini 300 spectr@neChemical shifts are given in ppm
from tetramethylsilane (TMS) as the internal refiee 'H-NMR spectra were run at 300
MHz by using the following experimental conditior34,000 data points, 4.5-kHz spectral
width, 2.6-s acquisition time, 128 transienfc-NMR spectra were recorded at 75.5 MHz,
under full proton decoupling, by using the follogiexperimental conditions: 24,000 data
points, 20-kHz spectral width, 0.6-s acquisitiomei 64,000 transients. FT-IR spectra were
carried out on a Perkin-Elmer 1750 spectrophotometpiipped with an Epson Endeavour Il
data station, on sample prepared as KBr pelletsMi$vabsorption spectra were recorded at
25°C in the 700-250 nm spectral region with a ReBdmer Lambda 19 spectrophotometer
on CHC} solutions by using cell path lengths of 0.1 cm.an€mtrations in azobenzene
chromophore of about 3-fOmol-L* were used. Optical activity measurements were
accomplished at 25°C on CHGlolutions (c= 0.250 g dr¥) with a Perkin Elmer 341 digital
polarimeter, equipped with a Toshiba sodium buing a cell path length of 1 dm. Specific
{[ a]p>} and molar {[®]p*>} rotation values at the sodium D line are exprdsaedeg-ditg
L.cn? and deg-di-mol*-dL, respectively. Circular dichroism (CD) speatrere carried out at
25°C on CH( solutions on a Jasco 810 A dichrograph, usingstimae path lengths and
solution concentrations as for the UV-Vis measumsds values, expressed as L-mam’
were calculated from the following expressida:= [0]/3300, where the molar ellipticityd]
in deg-crA-dmol* refers to one azobenzene chromophore. Numbergeenalecular weights
of the polymers (M, ) and their polydispersity indexesM./ M, ) were determined in THF
solution by SEC using HPLC Lab Flow 2000 apparaggsiipped with an injector Rheodyne
7725i, a Phenomenex Phenogel 5-micron MXL columd anUV-VIS detector Linear
Instrument model UVIS-200, working at 254 nm. Cadiibn curve for MXL column was
obtained by using monodisperse polystyrene stasdardthe range 800-35000. Phase-
transition temperatures values were determinedflgrential scanning calorimetry (DSC) on
a TA Instrument DSC 2920 Modulated apparatus atagitng/cooling rate of 10°K/min under
nitrogen atmosphere on samples weighing 5-9 mgvalues were measured as the midpoint

in the heat capacity increase and the other thetmaasitions were taken as the maximum of
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128 Chirality

the transition peak. Texture observation of theitgcrystalline behaviour was carried out
with an Zeiss Axioscope?2 polarising microscope pped with a Nikon Coolpix E995 digital
camera through crossed polarisers fitted with akdm THMS 600 hot stage. X-ray
diffraction (XRD) studies were carried out using’emhole camera (Anton-Paar) operating
with a point focused Ni-filtered Cu d&beam. The samples were held in Lindemann glass
capillaries (1 mm diameter) and heated, when nacgswith a variable-temperature
attachment. The diffraction patterns were colleaad flat photographic film perpendicular
to the x-ray beam.

Polymer film preparation, characterization and irchation with circularly polarized
light:

Thin films were prepared by casting solutions @& HC polymers in dichloromethane
(0.4 mg into 200l of solvent) onto clean fused silica slides anbdsaquently dried at 30 °C
under vacuum during 24 h. The film thickness, messiboy a Tencor P-10 profilometer, was
in the range 150-300 nm, so as to give UV-Vis gpeuatith maximum absorbance values
between 0.7 and 1.5, depending on the procedurditcors. The obtained films were then
heated above the clearing temperaturg for 5 min and annealed for 15 min at lower
temperature (JhneaiingTi around 0.7). Then, the samples were placed ontal imeck at 25°C
for 30 min in order to get a glassy liquid crystedl phase. Annealed films were irradiated for
30 min with I-CPL or r-CPL, respectively, by 488 nm lightf an Af laser (power 20
mW/cnf). The UV-vis and CD spectra of the native andhef itluminated films were carried
out under the same instrumental conditions as #h&ted solutions after having left the
samples in the dark at room temperature for 30 mnirorder to exclude any optical effect
(linear dichroism and linear birefringence) dueatasotropy of orientation in the ordered
systems, the polymeric films of both native anddrated samples were placed in a rotating
holder around the probe beam and UV-Vis and CDtspeecorded every 60 degrees without

observing any difference in the spectra.

Materials:

(9-(-)-Methacryloyl-L-lactic ML) acid {[0]p® = -28.0 (c = 1, EtOH) was
synthesized as previously report&¥ Methacryloyl chloride (Aldrich) was distilled under
inert atmosphere, in the presence of traces ofdi2iért-butyl-p-cresol as polymerization

inhibitor just before use. 4-Dimethylaminopyridimu 4-toluenesulphonateDPTS) was
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prepared from 4-dimethylaminopyridine and 4-tolugpkonic acid as described?. 4-
Hydroxy-4'-(ethoxy)-azobenzene was synthesised mwiqusly described® 3% 2-2'-
azobisisobutyronitrile AIBN) was crystallised by methanol before use. THF @kCl,
were purified and dried according to the reporteatedures®” and stored under nitrogen.
The trifunctional initiator 1,3,5-(2’-bromo-2’-mejlpropionato)benzene BMPB) was
prepared as previously descriféd ©®  (+)-L-Lactic acid (Aldrich), 1,3-
diisopropylcarbodiimide [IPC, Aldrich), 4-dimethylaminopyridine (Aldrich), the
monofunctional initiator allyl 2-bromine 2-methytpionate ABIB) (Aldrich), 1,1,4,7,10,10-
hexamethyltriethylenetetraminelfMTETA ), copper bromide and all the other reagents and

solvents (Aldrich) were used as received.

Synthesis of 4-(6-hydroxyhexyloxy)-4’-ethoxyazobene [H6A]:

This intermediate was prepared by following a défeé method than that report€t
31 6-Chlorine hexanol (6,9 ml, 0,0496 mol) was addezbwise under vigorous stirring to a
solution of 4-hydroxy-4'-(ethoxy)-azobenzene (® 248 mol), KOH (0,6 g, 0,011 mol) and
Kl (1,64 g, 0,0099 mol) in 96% ethanol (80 ml) eflux. The reaction was followed by TLC
(eluent CHCI:EtOAc= 4:1 v/v) until the total conversion of 4drpxy-4'-(ethoxy)-
azobenzene (48h) was observed. The precipitateerialavas filtered off, the solvent volume
reduced to 15 ml under vacuum, then aq 1% NaOHaedded under vigorous stirring. The
solid formed was filtered and crystallized twicetlwiabsolute ethanol to give a orange

crystalline material (77% yield).

FT-IR: 3308 ¢on), 3069 ¢cn, arom.), 2978 and 2864y, aliph.), 1600 and 1517
(ve=c, arom.), 1150 and 111ido ether), 845 and 8154y 1,4 disubst. arom. ring) ¢h

'H-NMR (CDCh): 7.90 (d, 4H, arom. 2-H and 2’-H), 6.90 (d, 4Hora. 3-H and 3'-
H), 4.15 (m, 4H, CECH,-O and CH-CH,-0), 3.65 (t, 2H, ChOH), 1.85-1.40 (m, 12H,
CH>-CH,-CH,-CH,, CHs-CH>-O and QH ppm.
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Synthesis of (S)-4-[6-(2-methacryloyloxypropanoyokexyloxy)]-4'-
ethoxyazobenzene [(S)-ML6A]

The monomer)-ML6A was prepared by esterification of methacryloylakctic acid
(ML) with H6A in the presence of N,N-diisopropylcarbodiimidelfC) and DPTS, as
coupling agent and condensation activator, respsgi”, the reaction being described in
detail as follows: a solution &fiL (2,0 g, 0,0126 mol), 2,6-dert-butyl-p-cresol (0.05 g) as
polymerisation inhibitor an¢H6A (4,34 g, 0,0126 mol) in 50 ml of anhydrous £, was
placed in a 100 mL three necked round-bottomedeVelkspt under dry nitrogen atmosphere,
thenDPTS (3,64 g, 0,0126 mol) anBIPC (2,60 ml, 0,0168 mol) were successively added
under magnetic stirring.. The reaction mixture \edsat room temperature for 72 h, the solid
N,N-diisopropylurea, thus formed, filtered off amide liquid phase washed with several
portions of ag 1M HCI, ag 5% N@Os; and water, in that order. After drying the orgalaiger
on anhydrous N&O, and evaporation of the solvent under vacuum, thdecproduct was
purified by column chromatography on silica gel-@Z3D mesh) by using CEIl, as eluent
and finally crystallized from methanol to give pui®-ML6A as a red-orange crystalline
material in 41% vyield.

FT-IR: 3067 {cn, arom.), 2993 and 2864, aliph.), 1738 ¥c-o lactic ester), 1720
(vc=0 methacrylic ester), 1638 d-c methacrylic), 1600 and 151%c(c, arom.), 1150 and
1112 @c.o ether), 845 and 81544 1,4 disubst. arom. ring) ¢

'H-NMR (CDCk): 7.90 (d, 4H, arom. 2-H and 2'-H), 6.90 (d, 4Hora. 3-H and 3'-
H), 6.20 and 5.60 (dd, 2H, G#), 5.1 (m, 1H, CHCHz), 4.10 (m, 2H, CH-CH,-O and 4H,
CHy-CH»-0), 2.05 (s, 3H, CEHC=), 1.85-1.40 (m, 14H, G#CH,-CH,-CH,, CHs-CH,-O and
CH-CHs) ppm.

13C-NMR (CDCH): 176,9 (CO methacrylic), 171.1 (CO lactic esté§1.7 and 161.6
(arom 4-C and 4’-C), 147.7 (arom 1-C and 1'-C), .13@C=CH,), 127.0 (¢,=C), 125.0
(arom 2-C and 2'-C), 115.3 (arom 3-C and 3'-C),66@CH-CHs), 68.7 (CH-CH,-O-), 65.9
(CH3-CH»-0O-), 64.4 (COO-El,-), 29.8, 29.1, 26.4 and 26.3 (aliph spacer)CHB.9 (C-GH53),
17.7 ((H3-CH), 15.4 (B3-CH,) ppm.
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Polymerization of monomer (S)-MLG6A

Several homopolymeric samples with different averagiolecular weights,
polydispersity values and molecular structure was&ined from $-ML6A through three
different synthetic methods as described belowttdlproducts were characterized by FT-IR,
'H and™C NMR.

Synthesis of linear Poly[§)-ML6A]-AIBN: The reaction mixture [0.2 g ofS(-
ML6A, 2 % wt. of 2,2’-azoisobutyronitrileA(BN ) as free radical initiator in 3 mL of dry
THF] was introduced into a glass vial under nitrogémosphere, submitted to several freeze—
thaw cycles and heated at 60 °C for 72 h. The pehaation was then stopped by pouring the
mixture into a large excess (100 mL) of methanot the coagulated polymer filtered off.
The solid product was redissolved in £Hp, precipitated again into methanol and finally

dried at 50 °C under vacuum for several days tetzon weight.

Synthesis of linear Poly[§)-ML6A]-14 by ATRP: The homopolymerization of§-
ML6A was carried out in glass vials usiddBIB as the linear monofunctional initiator,
HMTETA as the ligand, Cu(l)Br as catalyst and dry THFsalsent [§-ML6A /THF 1/15
g/ml]. The reaction mixture §-ML6A /ABIB/HMTETA /CuBr = 50:1:1:1 by mol] was
introduced into a glass vial under nitrogen atmesphsubmitted to several freeze-thaw
cycles and heated at 60°C. To stop the polymeamataction, the vial was frozen after 14
hours reaction timesvith liquid nitrogen and the obtained linear pobmpurified by
precipitation in a large excess of methanol (10Q.rihe final purification of the product was

made in the same way as above.

Synthesis of Star[§)-ML6AJs by ATRP: All homopolymerizations of §-ML6A
were carried out in several glass vials udMPB as the three arm star-shaped trifunctional
initiator, HMTETA as the ligand, and Cu(l)Br as catalyst in dry TK$-ML6A /THF 1/15
g/mL]. The mixture [§-ML6A /BMPB/HMTETA /CuBr = 150:1:3:3 by mol] was introduced
into each vial under nitrogen atmosphere, submitteseveral freeze-thaw cycles and heated
at 60°C. To stop the polymerization reaction, each viasvirozen in liquid nitrogen after
known reaction times, ranging from 2 to 24 h, dmel @abtained polymeric products (St&f(
MLG6A ]-2 through Star[§)-ML6A ]-24) were purified in the same way as above.
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As an example, the spectroscopic data for SSaNIL6A ]-8, obtained after 8 h of

reaction, are here reported:

FT-IR: 3069 {cu, arom.), 2980 and 28654y, aliph.), 1733\{c=o lactic ester anéc-o
main chain methacrylic ester), 1598 and 15&Zd, arom.), 1150 and 1111d, ether), 844
and 815 §cy 1,4 disubst. arom. ring) ¢

'H-NMR (CDCL): 7.90 (d, 4H, arom. 2-H and 2’-H), 6.90 (m, 3kom core and 4H,
3- and 3'-H), 5.10-4.90 (m, 1H, GBHj3), 4.10-3.80 (m, 2H, CHCH,-O and 4H, CH-CH,-
0), 2.20 (CH-C-Br), 1.95 (m, 3H, CgC-Br), 1.85-0.90 (m, 19H, aliph spacer £ Hs-
CHx-O, CH-CH;, backbone Ckland CHand 18H, C(CH3)2-COO) ppm.

13C-NMR (CDCE): 176,9 (CO methacrylic repeating unit), 171.1 (@@tic ester),
167.8 (CO core), 161.7 and 161.6 (arom 4-C and)4163.1 (C-O arom core), 147.6 (arom
1-C and 1'-C), 125.0 (arom 2-C and 2'-C), 115.3ofar3-C and 3'-C), 113.1 (arom-&
core), 70,0 (BG1-CHg), 68.7 (CH-CH,-O-), 65.7 (CH-CH,-O-), 64.4 (COO-El,-), 58.0
(C(CH3)-Br), 54.2 (main chain €€H,), 46.2 and 45.9 (main chainHg-C), 42.2 (GCHs),-
CHy,), 38.9 (H,-C(CHg)-Br), 27.5 (C(Mt3)-Br), 29.8, 29.1, 26.5 and 26.4 (aliph spacer)CH
23.2 (C(QH3)>-CHy), 19.9 and 17.7 (main chain @H17.7 (GH3-CH), 15.4 (GH3-CH,) ppm.
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Synthesis of monomers and polymeric derivatives rbea the

chromophore 4’-cyano-4-oxy-azobenzene

Synthesis of 4-(2-hydroxyethyl)-4’-cyanoazobenz@d2A-C]:

OH
OH J/
0
Br
N N KOH, KI
N EtOH N
HO N
CN
CN
H2A-C

This intermediate was prepared by following the sanethod used for simildt6A.
2-Bromo ethanol (3,6 ml, 0,0496 mol) was added wisp under vigorous stirring to a
solution of 4-hydroxy-4'-(ciano)-azobenzene (4 1392 mol), KOH (0,6 g, 0,011 mol) and
Kl (1,64 g, 0,0099 mol) in 96% ethanol (80 ml) eflux. The reaction was followed by TLC
(eluent CHCI,:EtOAc= 4:1 v/v) until the total conversion of 4drgxy-4'-(ciano)-
azobenzene (48h) was observed. The precipitateerialavas filtered off, the solvent volume
reduced to 15 ml under vacuum, then aq 1% NaOHaedded under vigorous stirring. The
solid formed was filtered and crystallized twicetlwiabsolute ethanol to give a orange

crystalline material (65% yield).

FT-IR: 3300 {on), 3093 {cnh, arom.), 2959 and 2881dy, aliph.), 2226 {cy nitrile)
1600 and 1500vE=c, arom.), 1150 and 1113, ether), 842 and 8154y 1,4 disubst. arom.
ring) cm™.

'H-NMR (CDCk): 7,9 (d, 4H, 2-H e 2'-H), 7,8 (d, 2H, 3-H), 7(d, 2H, 3-H), 4,6 (m,
1H, OH), 4,1 (t, 2H, CbCH,-0), 3,9 (M, 2H, Chi-OH) ppm.
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Synyhesis of 4-  {2-[(S)-2-methcryloyloxyipropanoyloxy]ethyloyy4'-
cyanoazobenzene [(S)-ML2A-C] and 4-{2S)-2-[(S)-2-methacryloyloxypropanoyloxy]
propanoilooxyethyloxy)-4’-cyanoazobenzene [(S,S)-MLL2A-C]
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OH O 0}

7 S i o

0 0]
DPTS, DIPC, CH,Cl, 3
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s |

e
;
©
©

o)
CN (S)-ML
CN
H2A-C
M2A-C ML2A-C MLL2A-C
8% 28% 14%

In a 150 ml three neck flask with magnetic stirnender nitrogen flow, 0,96 g of
H2A-C (0,00362 mol), 0,57 g. of L-methacryloyl lacticas[(S)-ML ] (0,00362 mol), 1,05 g
of DPTS (0,00362 mol) e 0.2 g di 2,6-di-ter-buthbgracresole (polimerization inhibitor) and
11 ml of anhydrous C¥LI, are introduced. To this solution under vigorousiaty 0,73 ml of
N,N-di-isopropyl carbodimmide (DIPC) (0,00471 mafe added.

The clear solution is left at room temperature urslering and nitrogen atmosphere
for 72 hours, then the formed urea is filtred dffie liquid phase is washed with HCI 0,1 M,
NaCO; 5% and distilled water, then anidrified with J$&, and the solvent evaporated under

vacuum.

(9-ML2A-C is therefore purified by chromatogrphy on silie (20-230 mesh) using
CHCl, as eluent and finally crystallized from methanadld 28%). From these reaction also
M2A-C (yeald 8%) and$,3-MLL2A-C (yeald 14%) are obtained.
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(9-ML2A-C

FT-IR (ATR): 3093 ¢cn arom.), 2959 and 288%dy aliph.), 2226 \cn), 1745 Vc-o0
hester of lactic acid residue), 1724{o hester of methacrylic residue), 163&{: vinylic),
1600 and 1500ve=c arom.), 1404\ CHs), 1151 and 1110v¢E.o ethere), 850, 842 and 811
(3ch 1,4 disubst. Arom. ring) cih

'H-NMR (CDCk): 7,9 (d, 4H, 2-H and 2'-H), 7,8 (d, 2H, 3'-H),07(d, 2H, 3-H), 6,2
and 5,6 (dd, 2H, B,=C), 5,1 (q, 1H, CH), 4,5 (m, 2H, GHD-Az0), 4,3 (t, 2H, CHO-CO-),
2,0 (s, 3H, CHmethacrylic), 1,6 (m, 6H, CHppm.

¥C-NMR (CDCE) (ppm): 171,0 (CH-0-0), 162,1 (C-©-0), 155,0, 147,4, 133,5,
125,8, 123,4, 118,8, 115,2 113,5 (arom. and —CRp,11 (CH=C), 126,9 (¢H,=C), 69,2
(CH-CHs), 68,6 (CH-CH,-0O-), 63,4 (COO-El,-), 18,4 (C-G3), 17,2 (GHs-CH) ppm.

(S,9-MLL2A-C

FT-IR (ATR): 3093 Ycn arom.), 2959 and 2881 dy aliph.), 2226 \icn), 1745 Vc-o
hester of lactic acid residue), 17264{o hester of methacrylic residue), 163&{: vinylic),
1600 and 1500vg=c arom.), 1404\cy CHs), 1151 and 1110v¢.o ether), 851, 844 and 810
(5ch 1,4 disubst. Arom. ring) cth

'H-NMR (CDCk): 7,9 (d, 4H, 2-H and 2'-H), 7,8 (d, 2H, 3'-H),07(d, 2H, 3-H), 6,2
and 5,6 (dd, 2H, B,=C), 5,1 (m, 2H, CH), 4,5 (m, 2H, GHD-Az0), 4,3 (t, 2H, CKHO-CO-),
2,0 (s, 3H, CHmethacrylic), 1,6 (m, 6H, CHlppm

13C-NMR (CDCE): 170,6 and 170,5 (CH@O), 162,0 (C-©-0), 155,0, 1474,
133,5, 125,8, 123,4, 118,8, 115,2 113,5 (arom.-a@N), 135,7 (ChH=C), 126,9 (G,=C),
69,3 and 68,8 (B-CHs), 68,6 (CH-CH,-O-), 63,4 (COO-El-), 18,4 (C-G13), 17,1 and 17,0
(CHz-CH) ppm.
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Synthesis of 4-(6-hydroxyhexyloxy)-4’-cyanoazobemz$H6A-C]:

OH

OH

H6A-C

This intermediate was prepared by following the sanethod used for simildt6A.
6-Chlorine hexanol (6,9 ml, 0,0496 mol) was addeapdise under vigorous stirring to a
solution of 4-hydroxy-4'-(cyano)-azobenzene (5,92248 mol), KOH (0,6 g, 0,011 mol)
and Kl (1,64 g, 0,0099 mol) in 96% ethanol (80 atlyeflux. The reaction was followed by
TLC (eluent CHCI;:EtOAc= 4:1 v/v) until the total conversion of 4drpxy-4'-(cyano)-
azobenzene (48h) was observed. The precipitategrialavas filtered off, the solvent volume
reduced to 15 ml under vacuum, then aq 1% NaOHasdded under vigorous stirring. The
solid formed was filtered and crystallized twicettwiabsolute ethanol to give a orange

crystalline material (87% yield).

FT-IR: 3300 ¢on), 3093 ¢cn, arom.), 2959 and 2881d, aliph.), 2226 {cn) 1600
and 1500c-c, arom.), 1150 and 1113d, ether), 842 and 81B4y 1,4 disubst. arom. ring)
cm™.

'H-NMR (CDCL): 7.90 (d, 4H, arom. 2-H and 2-H), 7.80 (d, 2Hom. 3'-H), 7.10
(d, 2H, 3-H) 4.15 (t, 2H, CHO-C), 3.65 (t, 2H, ChHOH), 1.85-1.40 (m, 8H, CHCH,-CH,-
CH,) ppm.
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Syntesis of 4-{6-[(S)-methacryloyloxypropanoyloxgpyloxy})-4'cyanoazobenzene
[(S)-MLBA-C,] 4-(6-{(S)-2-[(S)-methacryloyloxy pr@moyloxy]propanoyloxy}thexyloxy)-

4’'cyanoazobenzene [(S,S)-MLL6A-C] 4-(6-[(S)-2-{(SKS)-2-methacryloyloxy
propanoyloxy]propanoyloxy}-propanoyloxy]hexyloxy)e#anoazobenzene [(S,S,S)-
MLLL6A-C]

D e T

o) 0 (0] (@]

OH % 022- 0284 :2<

§ <, X
? DpTS,:.pC, EHich <N> o
A .

s

o

o

°§%‘
3
3

o
(S)-ML

CN CN
HBA-C CN <>
CN
MBA-C ML6A-C MLL6A-C MLLLBA-C
5% 14% 9% 5%

The new monomer§-ML6A-C has been synthesized &-KL2A-C using the
intermediateH6A-C instead oH2A-C.

3,40 g ofHB6A-C (0,0107 mol), 1,69 g dfiL (0,0107 mol), 3,12 g of DPTS (0,0107
mol), 0.2 g of 2,6-di-ter-butyl-paracresol (polynzation inhibitor), 95 ml of dry CkCl, and
2,15 ml of DIPC (0,014 mol) were used.

After chromatographic separation and crystallizatioom methanol 0,7 g ofY-
ML6A-C (yeald 14%) 0,2 g o¥6A-C (5%), 0,5 g oMLL6A-C (9%), 0,3 g oMLLLGA-
C (5%) have been obtained.
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(S-MLBA-C

FT-IR (ATR): 3090 Ycy arom.), 2960 and 288®dy aliph.), 2226 \icn), 1743 Vc=0
lactic ester), 1722v¢-0 methacrylic ester), 163%{-c vinylic), 1600 and 1500v¢=c arom.),

1404 @cny CHg), 1151 e 1110vc.o ether), 850, 842 and 81&(; 1,4 disubst. arom. ring) ¢m
1

'H-NMR (CDCh): 7,9 (d, 4H, 2-H and 2’-H), 7,8 (d, 2H, 3'-H),07(d, 2H, 3-H), 6,2
and 5,6 (dd, 2H, CkVinilico), 5,1 (g, 1H, CH), 4,3 (t, 2H, CHO-AZO), 4,1 (t, 2H, CH-O-
CO) 2,0 (s, 3H, Ckimetacrilico), 1,4-1,8 (m, 8H, GHaliph. and 3H, Ch) ppm

13C-NMR (CDCH): 171,3 (CH-©-0), 163,0 (C-©-0), 155,1, 147,1, 133,5, 1258,
123,4, 119,0, 115,2 113,5 (arom. and —CN), 135HL£C), 126,8 (G1,=C), 69,2 (&-CH),
68,6 (CH-CH,-0-), 65,5 (COO-E,-), 29,3, 28,8, 25,9 e 258 (GHliph. spacer), 18,9 (C-
CHg), 17,7 (GH3-CH) ppm

(S,3-MLL6A-C

FT-IR (ATR): 3090 Ycy arom.), 2960 and 288@dy aliph.), 2226 \icn), 1743 Vc-0
lactic ester), 1722v¢-0 methacrylic ester), 163%{-c vinylic), 1600 and 1500vE=c arom.),

1404 @cy CHg), 1151 e 1110vc.o ether), 850, 842 and 81&(; 1,4 disubst. arom. ring) ¢m
1

'H-NMR (CDCh): 7,9 (d, 4H, 2-H and 2’-H), 7,8 (d, 2H, 3'-H),07(d, 2H, 3-H), 6,2
and 5,6 (dd, 2H, Ckvinylic), 5,1 (m, 2H, CH), 4,3 (t, 2H, GHD-AZO), 4,1 (t, 2H, CH-O-
CO), 2,0 (s, 3H, Cgimethacrylic), 1,4-1,8 (m, 8H, GHhliph. and 6H, Ck) ppm.

3C-.NMR (CDCE): 170,7 and 170,6 (CH®@-0), 163,0 (C-©-0), 155,1, 147,1,
133,5, 125,8, 123,4, 119,0, 115,2 113,5 (arom.-a®N), 135,8 (CH=C), 127,0 (¢,=C),
69,6 and 69,4_(B-CHjs), 68,6 (CH-CH,-O-), 65,5 (COO-€El,-), 29,3, 28,8, 25,9 and 25,8
(CH;alkylic spacer), 18,9 (C4d3), 17,2 and 17,1 (8s-CH) ppm.
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(S,S,$MLLLBA-C

FT-IR (ATR): 3090 ¢cy arom.), 2960 and 2880dy aliph.), 2226 \cn), 1743 Vc-0
lactic ester), 1722v¢-0 methacrylic ester), 163%{-c vinylic), 1600 and 1500v¢=c arom.),
1404 @cq CHg), 1151 and 1110v¢.o etereo), 850, 842 and 81dc(; 1,4 disubst. arom. ring)
cm’,

'H-NMR (CDCh): 7,9 (d, 4H, 2-H and 2'-H), 7,8 (d, 2H, 3'-H),07(d, 2H, 3-H), 6,2
and 5,6 (dd, 2H, CkVinylic), 5,1 (m, 3H, CH), 4,3 (t, 2H, GHDO-AZ0O), 4,1 (t, 2H, CHO-
CO), 2,0 (s, 3H, Cklmethacrylic), 1,4-1,8 (m, 8H, GHhiliph. and 9H, Ck) ppm.

3C-.NMR (CDCE): 170,6, 170,3 and 170,0 (CH3E0), 163,0 (C-©-0), 155,1,
147,1, 133,5, 125,8, 123,4, 119,0, 115,2 113,5nfarand —CN), 135,7 (CHC), 127,0
(CH,=C) , 69,5, 69,1 and 68,8 K=CHs), 68,4 (CH-CH,-O-), 65,6 (COO-Ei,-), 29,3, 28,8,
25,9 and 25,8 (Ckhliph. spacer), 18,4 (CH3), 17,1, 17,0 and 16,9 K3-CH) ppm
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Synthesys of polymeric derivatives of (S)-ML2A-G,$)-MLL2A-C, (S)-ML6A-C,
(S,S)-MLL6A-C and (S,S,S)-MLLL6A-C

Linear and star shaped polymers have been syn#tkag&zpreviously described for the

polymeric derivatives of)-ML6A .

The catalytic system used was CHEBVITETA and the initiator used wekBIB for

linear derivatives and BMPB for star shaped polgneusing a molar ratio
MonomerABIB/CuBrHMTETA = 50/1/1/1 or MonomeBMPB/CuBrHMTETA =
150/1/1/1, dry THF as solvent and a monomer comagoih of 0.2 M.
The quantities used are reported in Table 9.
Table 9. synthesis of the polymeric derivatives
Sample Monomer Initiator CuBr HMTETA  THF
[9 (mol)] [mg, (mol)]  [mg (mol)]  [pl(moh]  (ml)
Poly[(S-ML2A -C] 0,150 ABIiB 1,5 0,91 2,0 Lea
(3,68 10% (7,36 109) (7,36 10°) (7,36 10P) ’
Poly[(S,3-MLL2A -C] 0,200 ABIB 1,7 1,2 2,27 -
(4,17 10% (8,34 109) (8,34 10°) (8,34 10F) ’
Poly[(S-ML6A -C] 0,300 ABIB 2,7 1,85 3,52 303
(6,47 10% (1,29 10°) (1,2910) (1,29 10°) ’
Poly[(S,3-MLL6A -C] 0,250 ABiB 1,9 1,15 2,54 5 33
(4,67 10% (9,34 109) 9,34 10°) (9,34 10P) ’
Poly[(S,S,$MLLL6A - 0,150 ABiB 1,0 0,61 1,34 Lo
C] (2,47 10% (4,94 109 (494109 (4,94 10F) ’
Star[(§-ML6A -C] 0,200 BMPB 2,2 1,21 2,67
(4,91 109 (3,27 10°) (9,821¢°) (9,82 10°) 245
Star[(S,9-MLL6A -C] 0,250 BMPB 1,8 1,15 2,54 5 33
(4,67 109 (3,11 10°) (9,34 1°) (9,34 10°) '

The polymeric derivatives were characterized bylRT*H- and*C-NMR, UV-Vis

spectroscopy, GPC and DSC.
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Poly[(S-ML2A-C]

FT-IR (ATR): 3093 ¥cn arom.), 2959 and 288¥dy aliph.), 2226 ¥cn), 1745 Qc-0
lactic ester), 1732ve=c methacrylic ester), 1598 and 14984 arom.), 1403 \(cy CHy),
1151 and 1110v¢.o ether), 845 and 8184 1,4 disubst. arom. ring) ¢

'H-NMR (CDCk): 7,9 (m, 4H, 2-H and 2-H), 7,8 (m, 2H, 3'-H),9%(m, 2H, 3-H),
5,9 (m, 1H, CH=CH-CH,-0), 5,3 (m, 2H, CKH=CH-CH,), 5,1-4,9 (m, 1H, CH), 4,6-4,4 (m,
2H, CH-0O-AZO and m, 2H, CkECH-CH,), 4,4-4,2 (m, 2H, CHO-CO), 2,2-1,8 (m, 2H,
CH; main chain), 1,6-0,9 (m, 6H, CH-Gldnd CH) ppm,.

13C-NMR (CDC}): 170,5 (CH-®-0), 161,9 (C-©-O), 154,7, 147,43, 133,5, 125,7,
123,4, 118,8, 115,2 and 113,9 (arom. and —CN), 60:6CHs), 66,2 (CH-CH»-O-), 63,2
(COO-CH2-), 54,5 (GCH; main chain), 45,9 and 45,5 Ki-C main chain), 42,2 ((CHx).-
CHy), 34,5 (GH,C(CHz)Br), 28,3 (GCHs)Br), 20,0 (C-CG3), 17,2 (GH3-CH) ppm.

Poly[(S,3-MLL2A-C ]

FT-IR (ATR): 3093 ¢cn arom.), 2959 and 2881 dy aliph.), 2226 \icn), 1745 Vc-o
lactic ester), 1732ve=0 methacrylic ester), 1598 and 14984 arom.), 1403 \(cy CHy),
1151 and 1110v¢.o ether), 845 and 8184 1,4 disubst. arom. ring) ¢

'H-NMR (CDCk): 8,0-7,8 (m, 4H, 2-H and 2'-H), 7,8-7,6 (m, 2H;HB, 7,0-6,9 (m,
2H, 3-H), 5,9 (m, 1H, Ck#CH-CH,-0O), 5,2-5,0 (m, 2H, CH), 5,0-4,8 (m, 1H, CH and2H,
CH,=CH-CH,), 4,6-4,3 (m, 2H, CHO-AZO and m, 2H, CkCH-CHy), 4,2-4,1 (m, 2H,
CH,-0-CO), 2,2-1,8 (m, 2H CHmain chain), 1,6-0,9 (m, 9H, CH-GHCH; main chain)
ppm.

¥C-NMR (CDCE): 170,5 and 170,3 (CH@-O), 161,9 (C-©-0), 154,7, 147,43,
133,5, 125,7, 123,4, 118,8, 115,2 113,9 (arom. a@N), 69,6 and 69,5 (&-CHs), 66,2
(CH2-CH»-0O-), 63,2 (COO-Ei,-), 54,5 (CCH, main chain), 45,9 and 45,5 KixC main
chian), 42,2 (QCHs),-CH,), 34,5 (GH,C(CHg)Br), 28,3 (GCHs)Br), 20,0 (C-G13), 17,3 e
17,2 (H3-CH) ppm.
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Poly[(S)-ML6A-C]

FT-IR (ATR): 3093 ¥cy arom.), 2959 and 2881dy aliph.), 2226 \{cn), 1745 Qc-0
lactic ester), 1732ve-=0 methacrylic ester), 1598 and 1498-{ arom.), 1403 \(cy CHy),
1151 and 1110v¢.o ether), 845 and 8154 1,4 disubst. arom. ring) chn

'H-NMR (CDCL): 8,0-7.8 (m, 4H, 2-H and 2'-H), 7,8-7,7 (m, 2H;H, 7,0-6,9 (m,
2H, 3-H), 5,9 (m, 1H, CkCH-CH,-0), 5,3 (m, 2H, Ch=CH-CH,), 5,0-4,8 (m, 1H, CH),
4,5 (m, 2H, CH=CH-CH,), 4,2-4,0 (m, 2H, CHO-AZO), 4,0-3,8 (m, 2H, CHO-CO), 2,2-
0,9 (m, 16H, CHaliph. spacer, CH-CH CHz and CH main chain) ppm.

3C-NMR (CDCE): 170,1 (CH-®-0), 162,8 (C-©-0), 154,9, 146,9, 133,4, 125,7,
123,2, 118,8, 115,1 and 113,9 (arom. and —CN), 69:8CHs), 68,4 (CH-CH»-O-), 65,6
(COO-CHy-), 54,5 (GCH,; main chain), 45,9 and 45,5 Kig-C main chian), 42,2 ((CHx).-
CH,), 34,5 (H,C(CHs)Br), 30,5, 28,2, 28,6 and 25,9 (gHliph. spacer), 28,3 (CHs)Br),
20,0 (C-QH5), 17,1 (GH5-CH) ppm.

Star[(S-ML6A-C ]

FT-IR (ATR): 3093 Ycy arom.), 2959 and 2881 dy aliph.), 2226 \icn), 1745 Vc-o0
lactic ester), 1732ve=0 methacrylic ester), 1598 and 149%.{ arom.), 1403 \(cy CHy),
1151 and 1110v¢.o ether), 845 and 8154 1,4 disubst. arom. ring) ¢

'H-NMR (CDCk): 7,9 (m, 4H, 2-H and 2™-H), 7,7 (m, 2H, 3"-H),9(m, 2H, 3-H and
arom. initiator ring), 5,0 (m, 1H, CH), 4,1 (m, 2BH,-O-AZ0O), 3,9 (m, 2H, CHO-CO),
2,2-0,9 (m, 16H, CHKlaliph. spacer, CH-C4l CH; and CH main chain, and 18H, C(Gh3-

COO from initiator residue) ppm.

3C-NMR (CDCE): 171,3 (CH-®-0), 162,8 (C-©-0), 154,9, 147,0, 133,5, 125,8,
123,4, 119,0, 115,2 113,5 (arom. and —CN), 69R-(Hs), 68.6 (CH-CH,-O-), 65.5 (COO-
CH»-), 57,5 (GQCH3)-Br), 54.2 (CCH, mian chain), 46.2 and 45.9 Kig-C main chain), 42,6
(C(CH3),-CHy), 34,5 (H,C(CHg)Br), 29,3, 28,8, 25,9 e 25,8 (GHuliph. spacer), 28,4
(C(CH3)Br), 19,7 (C-GH3), 18.9 (C-GH3), 17.7 (GH3-CH) ppm.
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Poly[(S,3-MLL6A-C ]

FT-IR (ATR): 3093 ¥cn arom.), 2959 and 288¥dy aliph.), 2226 ¥cn), 1745 Qc-0
lactic ester), 1732ve=c methacrylic ester), 1598 and 14984 arom.), 1403 \(cy CHy),
1151 and 1110v¢.o ether), 845 and 8184 1,4 disubst. arom. ring) ¢

'H-NMR (CDCL): 8,0-7.8 (m, 4H, 2-H and 2'-H), 7,8-7,7 (m, 28%H), 7,0-6,9 (m,
2H, 3-H), 5,9 (m, 1H, CH#¥CH-CH,-0), 5,2-5,0 (m, 1H, CH and m, 2HHg=CH-CH,), 5,0-
4,9 (m, 1H, CH), 4,5 (m, 2H, GHCH-CH,), 4,2-3,9 (m, 2H, CHO-AZO and m, 2H, Cht
0-CO), 2,2-0,9 (m, 19H, CHhliph. spacer, CH-C§l CHs; and CH main chain) ppm.

3C-NMR (CDCk): 170,2 and 170,1 (CH-O), 162,8 (C-©-0), 154,9, 146,9,
133,4, 125,7, 123,2, 118,8, 115,1, 113,9 (arom.-a@MN), 69,5 and 69,1 (€CHs), 68,4
(CH,-CH»-0O-), 65,6 (COO-Ei,-), 54,5 (CCH, main chain), 45,9 and 45,5 KixC main
chain), 42,2 (QCHs),-CHy,), 34,5 (H,C(CHy)Br), 30,5, 28,2, 28,6 e 25,9 (GHdliph. spacer),
28,3 (QCH3)Br), 20,0 (C-G3), 17,1 and 16,9 (85-CH) ppm.

Star[S,3-MLL6A-C |

FT-IR (ATR): 3093 Ycn arom.), 2959 and 2881 dy aliph.), 2226 \icn), 1745 Vc-o
lactic ester), 1732ve=c methacrylic ester), 1598 and 149%.{ arom.), 1403 \(cy CHy),
1151 and 1110v¢.o ether), 845 and 8154y 1,4 disubst. arom. ring) ¢h

'H-NMR (CDCL): 8,0-7.8 (m, 4H, 2-H and 2'-H), 7,8-7,7 (m, 2B%H), 7,0-6,9 (m,
2H, 3-H), 5,2-5,1 (m, 1H, CH), 5,1-4,9 (m, 1H, CH)2-3,9 (m, 2H, CRO-AZO and m, 2H,
CH,-0-CO), 2,2-0,9 (m, 19H, Cthliph. spacer, CH-C§ CH; e CH main chain).

¥C-NMR (CDCk): 171,4 and 171,3 (CH®@O), 162,8 (C-©-0), 154,9, 147,0,
133,5,, 125,8, 123,4, 119,0, 115,2 and 113,5 (aeomd —CN), 69,5 and 69,3 KISCHs), 68.6
(CH,-CH»-0O-), 65.5 (COO-Ei2-), 57,5 (GCH5)-Br), 54.2 (GCH; main chain), 46.2 and 45.9
(CH,-C main chain), 42,6_((CHs)>-CH,), 34,5 (4H,C(CHg)Br), 29,3, 28,8, 25,9 and 25,8
(CH; aliph. spacer), 28,4 (CH3)Br), 19,7 (C-GH3), 18.9 (C-GH3), 17,8 and 17,7 (83-CH)
ppm.
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Poly[(S,S,$MLLLEA-C ]

FT-IR (ATR): 3093 ¥cy arom.), 2959 and 2881dy aliph.), 2226 \cn), 1745 Qc-0
lactic ester), 1732ve-=0 methacrylic ester), 1598 and 1498-{ arom.), 1403 \(cy CHy),
1151 and 1110v¢.o ether), 845 and 8154 1,4 disubst. arom. ring) chn

'H-NMR (CDCk): 8,0-7.8 (m, 4H, 2-H and 2'-H), 7,8-7,7 (m, 2B%H), 7,0-6,9 (m,
2H, 3-H), 5,9 (m, 1H, C#¥CH-CH,-0), 5,3-5,1 (m, 1H, CH, m 1H, CH and m, 2H,
CH,=CH-CH), 5,1-4,9 (m, 1H, CH), 4,5 (m, 2H, GHCH-CH,), 4,2-4,1 (m, 2H, CHO-
AZ0O), 4,1-3,9 (m, 2H, CKHO-CO), 2,2-0,9 (m, 22H, CHaliph. spacer, CH-C§l CH; and

CH; main chain) ppm.

3C-.NMR (CDCk): 170,5, 170,2 and 170,1 (CH3EO), 162,8 (C-©-0), 1549,
146,9, 133,4, 125,7, 123,2, 118,8, 115,1, 113,6nfaland —CN), 69,6, 69,5 and 69,1HC
CHjy), 68,4 (CH-CH,-0O-), 65,6 (COO-€El,-), 54,5 (CCH, main chain), 45,9 and 45,5 K-
C mian chian), 42,2_((CH;),-CHy), 34,5 (H,C(CHs)Br), 30,5, 28,2, 28,6 and 25,9 (¢H
aliph. spacer), 28,3 (CHs)Br), 20,0 (C-GH3), 17,2, 17,1 and 16,9 Hz-CH) ppm.
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Chapter 4

Cholesteric polymers

Introduction

The Bragg reflection of cholesteric liquid crystdlas been object of an enormous
number of studies and thus this kind of systemsdoapplications in several devices: from
photonic systems to laser to thermometers. Theestaic or chiral nematic (N*) phase can
be induced in nematic liquid crystal by doping watlsmall amount of chiral molecules that
can force a twisting of the nematic director andsthnduce the phase transition. The
efficiency of the chiral doping is express by tlogation power [f), a parameter typical of
each substance that is influenced by several fdig®rthe matrix interaction, temperature,

and the structure of the chiral residue.

In literature is reported a plethora of these conmuois, the more efficient are based on
chiral spyro compound and asymmetrical bisnaphéalan their use, despite their efficiency,
is limited by their complex synthesis and purifioat Natural chiral compounds, due to their
relative low cost and optical purity are thereforere applicable if real applications are seek.

When the axes of the induced helix are normal ¢ostirface (planar alignment) these

systems are able to reflect a specific wavelengthdg reflection):
A=nPsen@

wheren is the average refractive index, P the helix pasahe light tilt angle. If the
helix pass is of the magnitude of visible lightdbghases will result highly colored (Figure

1).

White Light Colored Light
hobs = Navg XP

Planar =
QOrientation -

Selective Reflection
White Light - &, .

Figure 1: planar alignment and selective reflection
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The helix pass is inverse proportion to the corredion (c), twisting powerf) and
the enantiomeric excess (ee) of the chiral moiety:

1

P=——-——
p-ee-c

Is therefore possible to modulate the helix pasadiiyng on these parametéfs

In the case of liquid crystals polymers a chirainaéic phase can be obtained in two
ways!?:
1) By adding to a nematic polymer a small amount a¥ Ilmolecular weight chiral
doping
2) By copolymerization of mesogenic and chiral mona€igure 2)

@) (b)
M ;

) ) ') @ - gregiosemc

\ Chiral-photochromic
group
'Uv
(d) (e)
E f E E % f (b) § I

D Mesogenic group
() | Mesogenic and
non mesogenic
o Photochromic groups

@R | Vesogenic and
. non mesogenic

Chiral groups
Figure 2 Structures of chiral nematic copolymers

The presence in the same structure of photochrayrocips, as the azoaromatic

mesogen, and chiral centers allows the photomddulaf the Bragg reflectioli’.

In literature are reported also photochromic chelés copolymers containing
nematogenic monomers and comonomer that bring enséme lateral chain chiral and
photochromic groups. The mesogen monomer induceeh®tic phase that is doped by the
chiral co-unit and the photochromic group (e.g.aaamatic group) if opportunely irradiated

can modify its geometry and thus can modify thestiwg power of the chiral center.

With irradiation with UV lighttrans-cis isomerization in azoaromatic units can be
induced with the consequent change of shape franesogenic rod-shapdhns isomer to

bended non planais form and thus destabilization of the supramolecaotder. (Figure 3).
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) ) _ trans or E azobenzene ) _ Cis or Z azobenzene *-
Figure 3: isomerization of an azoaromatic moietg im LC matrix

Thus a progressive untwisting of the helix can bdggmed with consequent shift of
the Bragg reflection.

This phenomenon is totally reversible and in the diae back isomerization will bring
the system to the initial thermodynamic stable oanfition. Photoinduced untwisting of the
helix and thermally induced twisting to the prigticondition is thus possibl&

100 -
90
80 <
704
60 =

50

Transmittance / %

40

30

20+ i
T T T T T T

L)
500 600 T00 800
A/ nm

Figure 4. Shift of the Bragg reflection in the tmedynamically stable state (1), after 10 minutegrrafdiation
with UV light(2) and after 30 minutes (3).

Anyway, even if the photochromic groups can undesgtackisomerization for
allowing the system to relax to the twisted confation is necessary that the temperature is

above the glass transition, otherwise the systdnozen into a metastable state.
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The aim of this work is to synthesize a materideédb change reversibly its color by
irradiation and to store the information until tteenperature reaches a threshold value, then

the information is erased and the pristine confitjon restored.

The use of photochromic cholesteric polymer isdfae favorable: by irradiation a
photoinduced phase transition between the highlgred LC phase (N*) and amorphous
phase can be achieved with a huge change in thé&/ig\spectra of the material that is
conserved until the temperature is below the di@sssition of the polymer. By tailoring the
glass transition we can tune the trigger tempeeaturwhich the system will relax to the
thermodynamically stable LC state (N*) with re-é&dishment of the previous UV-Vis

characteristic.

This kind of materials could be used for the fadiimn of “smart” label for the
certification of the thermal history of a produictfact the possibility of such a certification is
highly desirable as a quality warren for severaldpicts in which this certification can be an

additional value: from drugs to high quality food.

Nowadays some products of this kind are already,useat they are based on thermal
sensitive dyes that undergo chemical transformatiabove a certain temperature. These
materials are themselves sensitive to the temperatod the trigger temperature cannot be

tailored easily. Thus their applicability is widdignited in a small range of temperature.

For the synthesis of this new material we choose ahoaromatic moiety as the
photochromic unit, as is enough robust againstqutegradation and its photochemistry can
be exploited for passing from the mesogdnans isomer to the non mesogerais isomer

with a huge impact on the stability of the LC phase

We used a cholesterol residue as chiral unit ase mesogenic, readily available an

quite cheap, thus could be potentially used alsmmmercial application.

Finally we choose to synthesize these polymers BRP, as this techniques allows us
to tailor easily the molecular weight, the polydisgity and the geometry of the
macromolecules and thus allow us to tune precigbly glass transition temperature,

overcoming the limitation of a non tunable trigtemperature as in the case of dyes.

The structure of the synthesized monomers and polynare reported below in

Scheme 3.
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AIBN n=0,83 m=0,17 Pol6MA -co-CAE)-7-(83:17)
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HMTETA n=0,68 m=0,32 Pol6MA -co-CAE)-7-(68:32)
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Polyf16MA )-1 R=H
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poliCME)-1

m=0
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n=1
n=0,98
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POIyA6MA )-AIBN-3
POIY6MA -co-CAE)-AIBN-3-(98:2)
POIY6MA -co-CAE)-AIBN-3-(90:10)

Scheme 1: synthesis of the polymeric derivatives
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Monomers synthesis

The photochromic azoaromatic monomers 3-methyl-def§loyloxyhexyloxy)-4'-
(ethoxy)-azobenzene AGMA) and 3-methyl-4-(6-methacryloyloxyhexyloxy)-4’-(ethg-
azobenzeneM6MA) were synthesized following the three steps prooedeported in

literature™ (Scheme 1).

NH, H OH R

HCI / NaNO2 KOH, Kl o
O

Y
5
s

H6MA
(0]

-/

R=H AG6MA
(0]

R=CH; MG6MA W

Scheme 1: synthesis of the photochromic monomers

The first step is the azocoupling reaction of tlezadnium salt of 4-ethoxy aniline with
o-cresol obtaining the azoic alcohol 3-methyl-4-loydr-4’-(ethoxy)-azobenzen®¥A ) that is
etherificated with 6-chlorohexanol to give the kemtermediate 3-methyl-4-(6-
hydroxyhexyloxy)-4’-(ethoxy)-azobenzene with a totgeld of 40%. This compound is
esterificated with acryloyl or methacryloyl chloeido give the desired monomex6MA or
M6MA respectively with a yield of 85-90% in both cases.

The monomers 6-acryloyl-oxyhexanoyl-1-cholesterGIAE) and 6-methacryloyl-
hexanoyl-1-cholesterolQME) were synthesized following the two steps procedeported
in literature!® Scheme 2.
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HO Br

TEA, DMAP
L
B~~~
cl o
0,
R=H  CAE
R=CH, CME

Scheme 2: Synthesis of the cholesterol containiogamersCAE andCME.

The first step is the esterification of commergialailable cholesterol with 6-bromo-
hexanoyl chloride in presence of TEA and DMAP twegithe intermediate 6-bromo-
hexanoyl-1-cholesterolOBrE) that is esterificated with acryl or methacrylicichin basic
condition in presence of tetrabutylammoniumsulfake phase transfer catalyst to give
respectively CAE or CME with a yield of 68% and 88%

'H-NMR and FT-IR characterizations of the monomensl antermediates are in

agreement with the expected structures and literatatd®’.
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Synthesis of the polymeric derivatives

In order to have a good correlation structure-prige and a fine tuning of the glass
transition several homopolymers and copolymershef four prepared monomer€AE,
CME, A6MA andM6MA ) were synthesized by ATRP with different moleculgight and
composition (Scheme 1).

Due to the different reactivity of the acrylic amethacrylic monomers in an ATRP
polymerization different catalysts are neededhindase of methacrylic monomers, due to the
high reactivity of the methacrylic residue, a medliwactive catalyst can be used, as
CuBr/PMDETA to achieve both a good control over plodymerization and short times. The
polymerization of the acrylic monomers instead ilntdd condition is more complicated: the
low activityt” @ and low concentration make the choice of a higltjve ligand necessary to

have reasonable polymerization times with a sroalf bver the polymerization control.

In this contest the polymerizations of the acrgpionomers were carried out using two
differents molar ratio monomer: initiator: CuBrgdind = 50: 1: 1: 1 and 100: 1: 1: 1 varying
the concentration of monomer in solution and thdivilg of the catalyst and the
polymerization time (Table 1). This enabled to defithe right conditions for the
polymerization of all the macromoleculars derivasivof interst usingABIiB as initiator,
MesTREN as ligand and a monomekBiB: CuBr: MesTREN= 50: 1. 1. 1 molar ratio at

80°C in dry anisole for seven days.

In order to have a full view over some acrylic pobric derivatives were synthesized
by free radical polymerization with AIBN as initatcarrying on the polymerization for 72
hours at 60°C in dry THF as solvent (Table 1 anldeSe 1).

In order to investigate the correlation between tila@sition temperatures and the
structure and composition of the macromoleculesri#s of analogous methacrylic homo and
copolymers was synthesized using the more actitbangylic monomer$16AM andCME.
Due to their higher activity the ATRP polymerizatsowere carried in shorter times (24
hours), lower temperature using ABIB as initiatGyBr as catalyst and HMTETA as ligand
with a ratio 50: 1: 1: ¥,

The relevant synthetic data for the polymeric datires are gathered in Table 1.
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Table 1: synthesis of the polymeric derivatives

%ABMA %CAE b) 0 b)
Sample feed feed — = _
P 1H(-NM|%a) 1H(-N|\/|F)Qa) Mn.GPC Xn,GPC Mw/Mn
Poly(A6MA )- AIBN- 3 © (188) (8) 2900 7.1 1,46
PolyA6MA -co-CAE)-AIBN-3-(98:2) ® (gg) (52’) 2900 7,0 1,44
Poly(AaMA-co{:Ae!E)-AlsN-s-(gozlo) (gg) (ig) 4400 10.4 136
%A6MA %CAE d) o) b)
feed feed = > _
lH(_NM%a) 1H(-NM|%3) Myiu-nur Xntu-nur  My/My
POly(A6MA )-3-(50:1:1:1)" (188) (8) 5700 13,3 1,25
POly(A6MA )-3-(100:1:1:1) (188) (8) 9300 222 1,20
Poly(A6MA )-7 " (188) (8) 23600 57,1 1,53
POly(A6MA -co-CAE)-7-(96:4)" o) ®) 34800 83,2 1,41
Poly(A6MA -co-CAE)-7-(83:17)" (gg) (ig) 11800 26,7 1,48
Poly(A6MA -Co-CAE)-7-(68:32)" (‘gg) (gg) 18200 39,5 1,24
Poly(CAE)-7" (8) (igg) 17300 30,8 1,21
%M6MA %CME d) 0) b)
feed feed = > S
H(_NM%a) 1H(-NMF)Qa) Mn,lH—NMR Xn,lH—NMR Mw/Mn
Poly(M6MA )-1” (188) (8) 14300 33,3 1,25
Poly(MBMA -co-CME )-1-(95:5)" (gg) (2) 45300 105 1,26
Poly(M6MA -co-CME)-1-(81:19) (gg) (ig) 32000 70,3 1,18
Poly(M6MA -co-CME )-1-(58:42)) (gg) (22) 37300 76,9 1,14
Poly(CME)-1" (8) (188) 13600 24,0 1,20

a) Determinated byH-NMR spectroscopy by integration of the signab&0 ppm of the vinylic proton of
the cholesterol derivatives and the aromatic pr@tat 6.90 ppm of the azoaromatic residue.
b) Determinated by GPC in THF at 25°C on a MXL column

C) Average polymerization degree calculatedds (;_yur or crc) — PM1)/PMy

d) Determinated byH-NMR spectroscopy by integration by integratiortteé terminal units

e) 2% w/w of AIBN respect to the monomeAGMA]=0,24 M, 72 h, 60°C

f) [A6MA]:[ABIB]:[CuBr]:[Me ¢(TREN]=50:1:1:1, A6MA]=0,24M, 72 h, 70°C
g) [AB6MA]:[ABIB]:[CuBr]:[Me ¢TREN]=100:1:1:1, A6MA]=0,48M, 72 h, 70°C
h) [mon]:[ABIB]:[CuBr]:[Me ¢TREN]=50:1:1:1, [mon]=0,24M, 7 days, 80°C

i)  [mon]:[ABIB]:[CuBr]:[HMTETA]=50:1:1:1, [mon]=0,18M,24 h, 60°C

157



158 Cholesteric Polymers

The polymerization is confirmed bY4-NMR spectroscopy by the broadening of the
signals and the disappearance of the signalswveltiithe double bond of the monomers and
by FT-IR spectroscopy by the disappearance of theatwon of the vinyl bond and by the
shift of the carbonyl signal around 1740 tnThe living character of the polymerization is
confirmed by the presence in thé-NMR spectra of the signals of the terminal ufiitstiator

and methylenic protons bound to the terminal braw@itom at 2.3ppm).

Also *C-NMR spectra shows in the methacrylic polymerssigeal of the quaternary
carbon bond to the terminal bromine atom at 5415 ppd in the acrylic derivatives at 42.0
ppm the signal of the analogue tertiary carbon. édver by'*H-NMR spectroscopy it is
possible to calculate the molar composition of ¢tsun the macromolecular chain by relative
integration of the 3’- proton of the azoaromatisidee at 6.90 ppm and the vinylic proton at
5.30 ppm of the cholesterol residue. The data ci@tein Table 1 show how the composition
is in good agreement with the feed compositiontfier methacrylic copolymers while in the

acrylic copolymers there is an enrichment of theaaamatic comonomeAGMA ).

'H-NMR spectroscopy, by integration of the signafstiee terminal units (allylic
protons of the initiator) compared to the one @ tbpeating unitéM,, :; ), can also give
information on the average molecular weight of theacromolecules. The average
macromolecular weight values obtained by GPC chtogmaphy using polystyrene standard
resulted to be lower than the ones obtainedHNMR. This apparent discrepance can be
explained with the lower hydrodynamic volume ofypoérs with big side chains moieties as
already observed for similar derivativés

The average molecular weights of the polymers abthiby classical FRP cannot be
calculated by H-NMR spectroscopy and in Table lreported only the values determinate
by GPC.

However, the thermal characteristics of these pelgn(Table 2) suggest that their

molecular weights are similar or even higher thasé of the polymers obtained by ATRP.

The analysis of the polydispersities (Table 1) attkat the methacrylic polymers are
monodisperseM,, /M, < 1,26 while the acrylic polymers have a boarder disttitn with a
M,, /M, in the range 1,21 - 1,53, similar to the ones oleidiby FRP. This behavior could be
related to the loss of control during the polymatian because of the use of active ligand and

too long polymerization time8.
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Thermal analysis and optical characterization

In order to investigate the thermal characteristcghe synthesized polymers and to
establish direct correlation between structure, mmsition and the thermal properties, the
polymeric derivatives have been studied by diffeegénscanning calorimetry (DSC) and

polarized optical microscopy (POM). The principasults are gathered in Table 2.

Table 2: thermal characteristic of the polymericdsives

Sample LC transition

Poly(A6MA) ¥ G 25 N 102 |
Poly(A6MA )-AIBN-3 G 11 S 64 N 81 |
Poly(A6MA -co-CAE)-AIBN-3-(98:2) G 17 S 59 N* 81 |
Poly(A6MA -co-CAE)-AIBN-3-(90:10) G 2 S 56 N* 73 |
Poly(A6MA )-3-(50:1:1:1) G 3 S 66 N 81 I
Poly(A6MA )-3-(100:1:1:1) G 9 S 69 N 81 |
Poly(A6MA )-7 G 3 S 66 N 85 |
Poly(A6MA -co-CAE)-7-(96:4) G 3 S 62 N+ 83 |
Poly(A6MA -co-CAE)-7-(83:17) G 6 S 59 N+ 82 |
Poly(A6MA -co-CAE)-7-(68:32) G 4 N* 71 |
Poly(CAE) P G 28 N* 180 |
Poly(CAE)-7 G 27 N* 157 |
Poly(M6MA )-1 G 44 N 88 |
Poly(M6MA -co-CME )-1-(95:5) G 50 N* 90 |
Poly(M6MA -co-CME)-1-(81:19) G 41 N* 89 |
Poly(M6MA -co-CME)-1-(58:42) G 48 N* 121 |
Poly(CME) ® G 39 N* 168 |
Poly(CME)-1 G 48 N* 144 |

a) Rif. "% i7,= 48000,M,,/M,= 2,7
b) Rif.™ i7,= 150000

An analysis of the data collected in Table 2 shewsmilar behavior between the

acrylic polymers synthesized by FRP and ATRP.

In literature™ is reported that the azoic homopolymer PABNIA) (M, = 48000
g/mol) synthesized by FRP exhibit only a nema\l} ghase. Considering that our polymers
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have lower molecular weights and they have twoeddfit LC phase is reasonable to think
that these polymers are able to self organize iremodered phases such as smectic ones (S)

at lower temperature than the nematic phase.

These behavior is confirmed by POM analysis onscell PolyA6MA)-7 after
annealing for 2 hours at 40 and 75°C in order teetig the LC phase (Figure 5).

a) b)
Figure 5. POM microphotograph, 32x magnificatior, Roly(A6MA)-7 at 40°C (a) and at 75°C (b) after

isotropization

The acrylic copolymers at different molar contehtleiral comonomersGAE) show
similar thermal properties, ong &nd two different phase transitions: a chiral niéerahase
(N*) can be easily identified by the iridescent gyrereflection. The nature of the phase at
lower temperature require a more detailed XRD aislput POM observations suggest the
presence of a smectic A phase. The thermal stalfithe N* phase is increased with the
increase of the chiral comonomer until up to 703 olyA6MA -co-CAE)-7-(68:32) where
it is the only stable phase as in the homopolynody(EAE)-7 (Table 2).

It should be underlined that only a 2% amount afatitounit is enough to induce the

N* phase.

As expected the glass transition temperaturg (T the methacrylic polymers are
higher than those of the acrylic derivatives. Aseaample we can compare P&ABMA -co-
CAE)-7-(83:17) and Polyi6MA -co-CME)-1-(81:19), and notice that the latter has an

higher Ty of 35°C at similar molecular weights.

The homopolymer PolZAE)-7 has only a N* phase as well as PGIME)-1 (Figure
6).
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®

Figure 6: POM microphotograph, 3

-." :._.:,_‘ b *. '_ AR g
2x magnificatiohPoly(CME)-1 at 90°C after isotropization

Also the methacrylic comonom@&@ME can induce chiral nematic phases (N*) in its
copolymers, without affecting the glass transitiom.order to have a big difference in the
transition temperatures the molar fraction of dhix@units should be as high as 50%. In fact
Poly(M6MA -co-CME )-1-(58:42) has aT40°C higher than the other polymeric derivatives
of the same series. However, PA@ME)-1 has a Tonly 20°C lower than that reported in

literature for the same derivatives with 10 timahkr molecular weigHt®.

The observed N* phase (Figure 7) is characterized typical Bragg reflection at the

same wavelength (477nm) of similar acrylic and raeytic derivatives reported in literature

[ that have &maxat 475 and 482 nm respectively.

o =

Figure 7. POM microphotograph, 32x magnificatiohPoly(M6MA -co-CME)-1 at 80°C after isotropization

As an example in Figure 8 is reported the UV-Viecta in transmission of a 8,én
thick film of Poly(M6MA -co-CME)-1-(58:42) after an annealing of one hour at 1005C
develop the N* phase. The spectra of the homopalyPoéy(MEMA )-1 has been subctrated
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to highlight the position of the Bragg reflectidn.this way a reflection band at 477, partially

overlapping thec—=* transition of the azoaromatic units can be cheaden.

100 H
90;
80:

70:

60 —

T (%) ] \
40 477 nm

30 +
20 +

10 H

0 T T T T T T T 1
500 600 700 800

A (nm)

Figure 8. UV-Vis spectra of a 8,8 um thick film Bbly(M6MA -co-CME)-1-(58:42) in N* phase without the
contribution of the azoaromatic counits

As explained above the wavelength of the Braggecéfhtn depends on the
composition of the polymers and if is of the samavaength of the visible light highly
colored materials are produced.

Figure 9. 8,8 um film of PolMi6MA -co-CME)-1-(58:42) in N* mesophase (a) isotropic phase (b)

It is useful to show the visual difference of thepect (from bright green to dull
yellow) of the material due to isotropization (Rig® a and b). The isotropic state can be

frozen by a rapid cooling of the system below the T

The presence of the Bragg reflection gives a bragiptearance to the material (Figure
9a) useful for the fabrication of a device ablewdence macroscopically the thermal history

of the material itself.

An example of a smart label is depicted below:8u8) cell filled with PolyM6MA -
co-CME)-1-(58:42) is annealed to develop the N* greensph@igure 10a). The cell is then
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heated above the clearing point and the Braggatedie is lost (Figure 10b). The cell is then
quenched below thegaind the amorphous state is frozen (Figure 10c)andot relax in the

thermodynamic favorite LC state until the tempematarise over the glass transition. (Figure

10d)
a) b) c)

Figure 10. Smart label
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UV-Vis analysis and photochromic properties

The UV-Vis spectra in chloroform solution of the meanersA6MA andM6MA and
of their polymeric derivatives (Figure 11 and TaB)eexhibit in the region 250-600 nm two
absorption bands. The first one, centered at 363snrelated to the—n* transition of the
azoaromatic chromophore, the second one, centeoettca450 nm and partially overlapped
to the former one, is related to thesn* transition of the azoaromatic chromoph8&ré

As an example in Figure 11 is reported the UV-\iscra of PolyA6MA )-7.

0,0

| ! | ! | ! | ! |
300 400 500 600 700
A (nm)
Figure 11. UV-Vis spectra of POKk6MA)-7 in CHCL: (O ) all transisomers of the azoaromatic units, (---) after
irradiation at 366 nm in order to reach a prombtettans-cis isomerization of azoaromatic chromophor&J)i(
after seven days in the dark at room temperature..

The values of the molar absorbance, collected ibleTd, does not evidence any
hypochromic effect by passing from the monomerstite polymeric derivatives and
suggesting that the chromophoric units in solutewa essentially isolated and no dipolar
interactions are present. No differences are obsegither in the copolymers varying the

molar fraction ofCME.
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Table 3. UV-Vis spectra in CHg3olution

Sample Amar) €0

AGMA 363 31700
Poly(AMA )-7 362 31200
M6MA 362 29400
Poly(MEMA )-1 362 31200
Poly(MEMA -co-CME )-1-(95:5) 362 31000

Poly(M6MA -co-CME)-1-(81:19) 362 28600
Poly(M6MA -co-CME)-1-(58:42) 363 29300

a) wavelenght of the maximum absorbance.
b) Molar absorbitivity express in L-miblcnt and calculated for azoaromatic repeating units.

The photochromic behavior of the synthesized com@suhave been studied by
irradiation in solution of Pol6MA )-7 and Polyf16MA )-1 with UV light (366 nm) at 25°C
for six hours to promote theans-cis photoisomerization (Figure 11).

In particular a strong decrease and blueshift eftthn* band and an increase of the
n—n* band are observed (typical of tioes isomer). The backisomerization id achieved by
leaving the samples for seven days in the darkcitk&ans isomerization takes place and

UV-Vis spectra of théransisomer is restored (Figure 11).

The photochromic behave has been tested also irsdli@ state, by irradiation of

several 8,8um cells filled with the polymeric derivatives.

In these cases the macroscopic differences aredumtto the different absorption

spectra of thdrans and cis azoaromatic isomers but are due to the photoirdiydese

transition between LC and isotropic phases.

a) b) c)

Figure 12. Smart label for the certification ofriimal history
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In Figure 12 is shown a LC cell in the N* green ghda), the LC order and thus also
the relative Bragg reflection can be suppressedrhagiation with UV light (366nm) below
the Ty as the population afis isomers increase the LC phase is destroyed. WieJV
irradiation is stopped the chromophores thermadgkbisomerize to the more stalifans
isomer but the system is frozen in an amorphoushasédble state and cannot relax to the

chiral nematic phase until the temperature arige the T,

When the temperature arises above theh€ system is able to restore the pristine

configuration and the information photoinscribedbst.

In particular the same behavior observed thern{&igure 10) can be easily induced

only by irradiation with UV light at room temperagu

These materials therefore act as the desired datzet: they could be printed and
photomodulated over the packaging of the produdtfg@g that until this labels are yellow
the temperature has always been below the thresbol¢ when the temperature rises above
the glass transition (that can be tuned precisglgdsign of the macromolecular structure) the

system relax to the stable LC state with a big gkan the visual aspect.
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Chiroptical properties

Also a CD characterization of these materials lrmenbdone. In chloroform solution

all the polymeric derivatives are CD silent andstimo chiral conformations are present.

The solid state is more interesting for a CD char@@ation. Thin films of 150-200 nm
spin coated on quartz slide shows a particular €@abior dependent on the thermal history

of the samples.

In Figure 13 are reported the CD and UV-Vis speofra thin film of PolyM6MA -
co-CME). The CD spectra of the native film is CD silent lafter a thermal annealing above
the Ty strong CD bands arise. The former ones can bectag irradiation with UV light
(366 nm) in a fully reversible way by a subsequedting above theqI’

1000

0 (mdeg)

-1000

-2000

T T T T T
200 300 400 500 600 700
A (nm)

Figure 13. CD (up) and UV-Vis (down) spectra 02@ nm thick film of Poly6A-co-CME)-1-(58:42) as
casted film{-), after annealing at 100°C for 2 hours)(and after irradiation at 366 nm for 4 hours)(
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In particulary, in correspondence of the>n* electronic transition of the azoaromatic
chromophore the presence of a positive CD bancepashtat 414 nm, a negative one at 364

nm (with a shoulder at 383nm), a positive band1& 8m and a negative band at 200 nm are

observed.

It is well known that chromophoric aggregation ufhce the absorption of
azoaromatic chromophor&4!, in this case (Figure 13) the chromophores caneagde in the
following modes:

- H aggregate withy,x around 300 nm

- Face-face dimers withpa= 340-350 nm

- Isolated chromophores with,a,= 363 nm

- J aggregates withna= 370-390 nm

It is clear that a substantial variation in the raggtion in the LC and native and

isotropic state occurs and are observed both iCth@nd UV-Vis spectra.

This suggest that the chirab-units can induce the aggregation of the azoaromatic
units in ordinate chiral superstructure even im tilim, but this chiral induction observed in
the annealed films is not due to a circular Bragftection, typical of chiral nematic phases,
because of the small thickness of the film thagven thinner than the helix itself (around

480-500 nm).

In fact a strong circular reflection is observedyan the CD spectra of a thick films

(Figure 14).

2000

1500

1000

0 (mdeg)

500

T T T T
500 600 700
A (nm)

Figure 14. CD spectra of POMBMA -co-CME)-1-(58:42) after annealing at 100°C of a film @00 nm ()
and 8,8 micron-).



Chiolesteric Polymers 169

In particular, a huge reflection band is presenthim CD spectra of a thick film (8,8
um) in correspondence of the selective reflectiogeoled in the UV-Vis spectra due to the
circular Bragg reflection of a chiral nematic phaset present in the CD spectra of the 200
nm thin film (Figure 14).

These phenomena has been observed in literétidréand described theoretically in
cholesteric systems doped with different chiraltsibiut in this case the optical activity is at
least one order of magnitude higher. This suggestpresence of dichroic effects due to the
formation of partial helix highly ordered even Hhirt film, with the axes perpendicular to the
support. Anyway the presence of other chiral LCgaisastabilized by the surface effect as a

blue phases or similar cannot be exclud&#"

Anyway, for our knowledge, this is the first obssien of strong CD effects in a

chiral nematic polymeric system with a thinknessdothan the helix pitch.

Finally, by irradiation at 366 nm theans-cis isomerization is induced and the CD

spectra become silent due to the destruction ofhival aggregation as observed above.

169



170 Cholesteric Polymers

Conclusion

A series of new polymers has been synthesized go@izing by ATRP mesogenic

counits bringing an azoaromatic residue and a shalie chiral one.

These materials exhibit a chiral nematic phasetand an intense Bragg reflection
gives an iridescent and bright appearance to tHibhs of these derivatives. The
photochromic properties of the azoaromatic resicale then be exploited to photoinduce
belowe the glass transition an adiabatic isotrdjmmeof the material. The Bragg reflection is
therefore erased and the new metastable isotrtgiee cGannot relax to the chiral nemati phase
until the temperature reaches a trigger value. Tihenchiral nematic phase and thus the

Bragg reflection are restored.

These material therefore act as smart label, @racertify that the temperature did not

reach the trigger value after the irradiation Wit light.

Moreover due to the high control allowed by ATRRypterization, these polymeric
derivatives have tunable thermal characteristit &laws the fabrication of tailor made label

for a huge variety of products.
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Experimental part:

Synthesis of acrylic polymers

Homopolymeric and copolymeric derivativesABMA andCAE were synthesized by
ATRP using as initiator allyl 2-bromo-2-methylpropate ABIB), CuBr as catalyst and
tris[2-(dimethylamino)-ethyllamineMesTREN) as ligand. In all the polymerization molar

ratio [monomer]: [initiator]: [CuBr]: [ligand] = 501: 1: 1, dry anisole as solvent and a total
monomer concentration of 0,24M have been used.

O

A Br
o . o ABIB “ Br
N \\/ﬁ\o - -
o ()
N (0]

/N N P\

I\
MegTREN

CuBr

n=1 m=0 PolyA6MA )-7

n=0,96 m=0,04 PolyA6BMA -co-CAE)-7-(96:4)
n=0,83 m=0,17 Poly6MA -co-CAE)-7-(83:17)
n=0,63 m=0,32 PoIB6MA -co-CAE)-7-(63:32)
n=0 m=1 PolyCAE)-7

The polymerization procedure is as follow: the antoof reagent and solvent have
been introduced under nitrogen flow in a vial aedled. The oxygen have been removed
with three freeze pump cycle and then CuBr haven eeoduced under vigorous nitrogen
flow in the vial. Another freeze pump cycle had hhéeen performed and the polymerization
had been carried out at 80°C for 186 hours (7 days)
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The obtained derivatives were purified from theideal monomer, CuBr and ligand
by filtration on SiQ using CHCI, as eluent in order to remove the residual monothen
the product were eluted with a mixture &Hp:CH;OH 9:1 (v:v) to separate the polymeric
derivatives. Finally the polymers were precipitateccold hexane, except for POGAE)-7
precipitated in methanol.

The final products after being dried under vacuum characterized by FT-IRH-

13C-NMR spectroscopy.

The more relevant data for the synthesis of thgsiemsis are collected in Table 4

Table 4. Relevant synthetic data of the acryliog/pwrs

Sample A6MA CAE ABIB CuBr MesTREN anisole Yeld®
mg mg ul mg pl ml g (%)]
(mmol) (mmol) (mmol) (mmol) (mmol)
Poly(A6MA )-7 500 - 3,9 3,5 6,6 5 20
(1,22) - (2,44 10) (2,44109) (2,44109)
Poly(A6MA -co-CAE)-7- 500 36 4,1 3,7 6,9 5,3 25
(96:4) (1,22) (640109 (2,5710) (2,5710) (2,57 10)
Poly(A6MA -co-CAE)-7- 400 135 3,9 3,5 6,6, 5 19
(83:17) (9,7510Y) (2,4410Y) (2,4410) (2441079 (2,44109)
Poly(A6MA -co-CAE)-7- 225 304 3,5 3,1 5,4 4,5 8
(63:32) (548109 (548109 (2,1910) (2,1910) (2,19 10)
Poly(CAE)-7 - 500 2,9 2,6 4,9 3,7 11
- (9,01 10Y) (1,8010) (1,8010°) (1,80 109
Poly(A6MA )-3-50:1:1:1 500 - 3,9 3,5 6,6 5 22
1,22 - 2,4410F° 24410 24410
Poly(A6MA )-3-100:1:1:1 1000 - 3,9 3,5 6,6 5 20
2,44 - 244100 24410 24410

a) Calculated as (g of polymer/g of monomer) *.100

b) The two homopolymeric derivatives Pa&@MA)-3-(50:1:1:1) and Pol6MA)-3-(100:1:1:1) were
synthesized in order to define the better polynagion condition

Poly(A6MA)-3-(50:1:1:1): A6MA]=0,24, [A6MA]:[ABIB]:[CuBr]:[ Me TREN]=50:1:1:1, 72 ore a 70°C.
Poly(A6MA)-3-(100:1:1:1): A6MA]=0,48, JA6MA ]:.[ABIB]:[CuBr]:[Me (TREN]=100:1:1:1, 72 ore a 70°C.
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As an example are reported the characterizatidhobf(A6MA )-7, Poly(CAE)-7 and
Poly(A6MA -co-CAE)-7-(83:17).

Poly(A6MA )-7

FT-IR (ATR) (cmi®): 3069 cy arom.), 2935 e 28604y aliph.), 1727 ¥c-o ester),
1598 and 1580vE-c arom.), 1392 dcn CHs), 1142 and 1106vEo ether), 840 and 82%dn
aroma. 1,4 disubst.), 736 arom. 1, 3, 4 trisubst.).

'H-NMR (CDCk): 7.95-7.75 (2H, arom. 2'-H), 7.75-7.56 (2H, arazaH), 7.06-6.85
(2H, arom. 3'-H), 6.85-6.68 (1H, arom. 3-H), 5.39:5 (2H,_ CH=CH ABIB), 4.52 (2H, CH-
O ABIB), 4.22-3.76 (6H, CHKHO), 2.34-2.13 (3H, Cklarom.), 1.93-1.01 (8H, CHalkyl
spacer, 3H, CEHCH,-O, CH, and CH main chain).

13C-NMR (CDCE) (ppm): 175.2 (C=0), 161.2 and 159.7 (arom. 4-€-€), 147.4
and 146.8 (arom. 1-C and 1'-C), 127.8 (arom. 3-G{}5H.24.6 and 123.8 (arom. 2-C, 2’-C),
115.0 (arom. 3'-C), 110.9 (arom. 3-C), 68.4 (-8EH>-0), 64.1 (CH-CH>-0), 63.2 (COO-
CHy-), 42.0 (CH-CH-Br), 29.6, 26.3, 26.1, 25.9 (GHiliph.), 16.7 (CHarom.), 15.1 (€3
CH,-0O).

Poly(CAE)-7

FT-IR (KBr) (cmi'): 2938 e 2867wy aliph.), 1733 ¥c-o hester), 13848¢y CHa),
1167 (co hester).

'H-NMR (CDCL) (8 in ppm dal TMS): 5.36 (1H, CH=), 4.68-4.49 (1H, ©Hand 2H,
CH»-O ABIB), 4.16-3.88 (2H, CKHO), 2.38-2.20 (4H, CHCOO and CHCH=), 2.14-1.05
(32H, CH and CH of cholesterol and alkyl spacer), 1.02 (3H, 19519.91 (3H, 21-Ch),
0.87 (6H, 26 and 27-Cj)i 0.68 (s, 3H, 18-C}).

3C-NMR (CDCE) (ppm): 173.0 (C=0), 140.0 (5-C), 123.0 (6-C), I743-C), 64.5
(COO-CHy), 57.1 and 56.5 (12-C and 9-C), 50.4 (16-C), 4Z6i,-CH-Br), 42.7 (13-C),
40.1-12.2 (CHand CH alkylic spacer and cholesterol, {@iHolesterol).
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Poly(A6MA -co-CAE)-7-(83:17)

FT-IR (ATR) (cm?): 3062 cy arom.), 2931 and 28684y aliph.), 1728 {c-o hester),
1596 and 1578vg-c arom.), 1383 dcy CH3), 1150 and 1107vEo ether) 840 and 82%dn
aroma. 1,4 disubst.), 728 arom. 1, 3, 4 trisubst.).

'H-NMR (CDCL): 7.90-7.76 (2H, arom. 2’-H), 7.76-7.58 (2H, arazaH), 7.83-6.69
(2H, arom. 3-H, 1H, arom. 3-H), 5.31 (1H, CH= chsterol), 5.19 (2H, CH#CH ABIB),
4.66-4.47 (1H, CH-O, 2H, CHO ABIB), 4.25-3.82 (6H, CKHO), 2.52-2.15 (3H, Cklarom.),
2.07-0.49 (32H, CH and CHof cholesterol and alkylic spaceZAE; 15H, -CH of
cholesterol; 11H, Ck CHs;-CH,-O of AGMA).

13C-NMR (CDCE) (ppm): 175.0 and 173.1 (C=0), 161.2 and 159.8nfar 4-C and
4'-C), 147.4 and 146.8 (arom. 1-C and 1'-C), 13&Z CAE), 127.8 (arom. 3-QA6MA),
124.6 and 123.8 (arom. 2-C, 2’-C), 115.0 (aromC}®’-110.9 (arom 3-C(C#)), 74.1 (3-C
CAE), 68.4 (-CH-CH,-O A6MA), 64.1 (CH-CH,-O A6MA), 63.3 (COO-CEl,- A6MA),
57.1 and 56.5 (12-C and 9CAE), 50.3 (16-CCAE), 42.0 (CH-CH-Br), 42.6 (13-CCAE),
42.0 (CH-CH-Br), 29.6, 26.3, 26.1, 25.9 (GHiliph. A6MA), 16.7 (CH arom.A6MA), 15.1
(CH3-CHx-O A6MA), 40.1-12.2 (ChH and CH cholesterol and alkylic spacer, £LH

cholesterol).

In order to have more information also linear podyio derivatives were synthesized
by free radical polymerization using 2% w/w of AIB&$ thermal initiator and dry THF as
solvent in quantity for obtaining a 0,24 M concatiobn of monomer. The polymerization

were carried for 72 hours at 60°C.

The procedure for the purification is the samehasderivatives synthesized by ATRP.
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/\I//O+

|
:

o
w AGMA

n=1 m=0  Polyf6MA)-AIBN-3

n=0,98 m=0,02 Pol}6MA -co-CAE)-AIBN-3-

Table 5. Relevant synthetic data of the polymeeidvétives by FRP

Sample ABMA CAE  AIBN THF Yeld?
mg mg mg ml [g(%)]
(mmol)  (mmol) (mmol)

Poly(A6MA )-AIBN-3 500 - 10 5 24
(1,22) -

Poly(A6MA -co-CAE)-AIBN-3-(98:2) 300 20 64 32 43
(7,31 10Y (3,66 107

Poly(A6MA -co-CAE)-AIBN-3-(83:17) 300 81 76 38 24

(7,31 10Y (1,46 107

a) Calculated as (g of polymer/g of monomer) * 100.
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Synthesis of the methacrylic polymeric derivatives

Homopolymeric and copolymeric derivatives d6MA and CME were synthesized
by ATRP using as initiator allyl 2-bromo 2 methydpionate ABiB), CuBr as catalyst and
1,1,4,7,10,10-hexamethylen, triethylen, tetramindMTETA ) as ligand. In all the
polymerization the molar ratio [monomer]: [initiafo[CuBr]: [ligand] = 50: 1: 1: 1, dry THF
as solvent and a total monomer concentration &M, Wvere used.

O
\/\O Br
ABIB 0
o + o | | \/\O Br
o NN n m
[ _\ 0% qb©°
/ N\ / N\
HMTETA
CuBr
0

B
v
:

0
j MBMA

n=1 m=0 Polyi6 MA )-1

n=0,95 m=0,05 PolY6MA -co-CME)-1-(95:5)
n=0,81 m=0,19 Pol}{6MA -co-CME)-1-(81:19)
n=0,52 m=0,48 Poli{6MA -co-CME)-1-(52:48)
n=0 m=100 polCME)-1

The procedure of the synthesis and purificatiotheke derivatives is the same as the
acrylic derivatives except that the polymerizatiwere carried for 24 hours at 60°C and the

polymers were precipitated in cold methanol.

The final products after being dried under vacuum eharacterized by FT-IRH-
13C-NMR spectroscopy.
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Table 6. Relevant synthetic data of methacryliypwrs

Sample M6MA CME ABIiB CuBr HMTETA THF Yeld®
mg mg pl mg pl [9 (%)]
(mmol) (mmol) (mmol) (mmol) (mmol) mi

Poly(M6MA )-1 500 - 38 34 6,4 6,6 51
(1,18) - (2,36 109) (2,36 10) (2,36 109)

Poly(M6MA -co-CME )-1-(95:5) 500 34 4,0 3,6 6,8 6,9 49

(1,18) (6,0010°9) (2,48109) (2,4810°) (2,4810)

Poly(M6MA -co-CME )-1-(81:19) 400 134 3,8 3,4 5,4 6,4 49
(9,4210Y) (2,3610) (2,3610°9) (2,36 109 (2,36 109)

Poly(M6MA -co-CME)-1-(58:42) 250 336 3,8 3,4 6,4 6,6 36
(5,9010%) (5,9010Y (2,3610) (2,36109) (2,36 109

Poly(CME)-1 - 500 2,8 2,5 4,8 49 25
- (1,76 109 (1,76 10 (1,76 10 (1,76 109

a) Calculated as (g of polymer/g of monomer) * 100.

As an example are reported the characterizatidPobf(M6MA )-1 and Poly{I6MA -
co-CME)-1-(58:42)

Poly(M6MA )-1

FT-IR (ATR) (cmi®): 3071 ¢cn arom.), 2933 and 28584y aliph.), 1727 {c-o hester),
1598 and 1580vt-c arom.), 1392 dcn CHs), 1142 and 1106v€o ether) 840 and 82%dn
aroma. 1,4 disubst.), 7284 arom. 1, 3, 4 trisubst.).

'H-NMR (CDCk): 7.87-7.75 (2H, arom. 2'-H), 7.71-7.59 (2H, arazaH), 7.03-6.84
(2H, arom. 3'-H), 6.84-6.66 (1H, arom 3-H), 5.34:b.(2H, CH=CH ABIB), 4.56-4.43
(CH,-O ABIB), 4.26-3.70 (6H, CHKO), 2.38-2.15 (3H, Cklarom.), 2.13-0.70 (8H, CH
spacer, 3H, CECH,, CH, main chain, 3H, Ckimethacrylic).

3C-NMR (CDCE) (ppm): 177.8 (C=0), 161.1 and 159.6 (arom 4-@ 4&rC), 147.3
e 146.7 (arom 1-C and 1'-C), 127.6 (arom 3-C),.62#hd 123.8 (arom 2-C, 2'-C), 114.9
(arom 3’-C), 110.8 (arom 3-C(G}), 68.3 (-CH-CH,-O), 65.2 (CH-CH,-0), 64.0 (COO-
CHy-), 54.5 (54.5 (@CHs)Br), 45.2 (CH main chain), 29.5, 28.4, 26.2, 26.1 (Caliph.),
19.1 (CHmain chain), 16.8 (Cfarom.), 15.1 (Ei3-CH,-0).
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Poly(M6MA -co-CME )-1-(58:42)

FT-IR (ATR) (cm®): 3060 {cy arom.), 2928 and 28684y aliph.), 1728 {c-o hester),
1596 and 1578vE-c arom.), 1380 dcy CH3), 1150 and 1107v{o ether) 840 and 82%dn
aroma. 1,4 disubst.), 728 arom. 1, 3, 4 trisubst.).

'H-NMR (CDCk): 7.82 (2H, arom. 2'-H), 7.69 (2H, arom. 2-H), £.@H, arom. 3'-
H), 6.70 (1H, arom. 5-H), 4.55 (1H, CH-O, 2H , £68 ABIB), 4.25-3.80 (6H, CKO), 2.26
(3H, CHsarom.), 2.07-0.49 (32H, CH and ¢Hf cholesterol and alkylic spacef6ME; 6H,
CHs; methacrylic; 15H, -Chlof cholesterol; 11H, Cil CH;-CH,-O of M6MA ).

3C-NMR (CDCE) (ppm): 177.8 and 173.0 (C=0), 161.1 and 159.@nfar 4-C and
4'-C), 147.3 and 146.7 (arom. 1-C and 1’-C), 13®&9 CME), 127.6 (arom. 3-G16MA ),
124.6 and 123.8 (arom. 2-C and 2’-C), 114.9 (ar®n&), 110.8 (arom. 3-C(C¥)), 74.1 (3-C
CME), 68.4 (-CH-CH,-O M6MA ), 64.1 (CH-CH,-O M6MA), 54.5 (GCH3)Br), 56.9 and
56.5 (12-C and 9-CME), 50.3 (16-CCME), 42.6 (13-CCME), 29.6, 26.3, 26.1, 25.9 (GH
aliph. M6MA ), 19.1 CH main chain),16.8 (Ckarom.M6MA ), 15.1 (GH3-CH,-O M6MA ),
40.1-12.2 (CHalkylic spacer, Chland CH aliph and CHCME).



Chiolesteric Polymers 179

[1]
[2]
[3]
[4]

[5]

[6]
[7]
[8]
[9]
[10]

[11]
[12]

[13]
[14]

[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

References

R. Eelkema, B. L. Fering®rg. Biomol. Chen2006 4.

V. Shibaev, A. Bobrovsky, N. Boikd&rog. Polym. Sci2003 28, 729.

M. Brehmer, J. Lub, P. V. d. Vitté&ydv. Mater.1998 10, 1874.

N. I. Boiko, V. P. Shibaev, M. Kozlovsky, Polym. Sci., Part B: Polym. PhyZ)05
43, 2352.

A. S. Angeloni, D. Caretti, M. Laus, E. Chigllj G. Galli,Journal of Polymer Science
Part A: Polymer Chemistr003 29 1865

P. J. ShannoriMiacromolecule4983 16, 1677.

J. Xia, K. MatyjaszewskiMacromolecule4997, 30, 7692.

K. Matyjaszewski, J. XiaChem. Rev2001, 101, 2921.

L. Angiolini, T. Benelli, L. Giorgini, E. Salaili, Polymer20035 46, 2424.

S. Angeloni, D. Caretti, M.Laus, E. Chiellifg. Galli, Journal of Polymer Science
Part A: Polymer Chemistr§991 29.

P. J. Shannomacromolecules (Washington, DC, U. $984 17, 1873.

F. Ciardelli, C. Carlini, R. Solaro, A. Altoma O. Pieroni, J. L. Houben, A. Fissi,
Pure Appl. Cheml984 56, 329.

H. H. Jaffé, M. Orchin,Theory and application of ultraviolet spectroscopyiley,
New York,1962

|. Zebger, M. Rutloh, U. Hoffmann, J. Stumpk, W. Siesler, S. Huyvilsted,
Macromolecule2003 36, 9373.

F. D. Saeva, J. J. Wysocki, J. AGhem. Socl971 93, 5928.

|. ChabayChem. Phys. Letl972 17, 283.

F. D. Saeva, J. AnGhem. Socl972 94, 5135.

E. Sackmann, J. VosShem. Phys. Letl972 14, 528.

S. Kurihara, S. Nomiyama, T. Nonalzhem. Mater2001 13, 1992.

H. Stegemeyer, H. Onussétakromol. Chem. Rapid Commur289 10, 571.

J. M. Gilli, M. Kamaye, P. Sixou. Phys1989 50, 2911.

J. M. Gilli, M. Kamaye, P. Sixowlol. Cryst. Lig. Cryst1991, 199 79.

H. Stegemeyer, T. Blumel, K. Hiltrop, H. Oned&sF. Porschl.iq. Cryst.1986 1, 3.

E. Demikhov, H. Stegemeydriq. Cryst.1993 14, 1801.

P. J. ShannomMacromoleculed493816, 1667.

179






Surfaces 181

Chapter 4

Functionalization of surfaces with polymeric
chains

Introduction

Beside the bulk properties of materials (e.g. meah and electrical properties) the
properties of the surfaces are of big interestfabt the possibility of tailoring the surface
properties of a material leaving untouched the erigs of the bulk can give the possibility
for the development of a new generation of hybriaterals that can push the level a step

further of the common technology.

As an example the choice of the material for fadiram of medical prosthesis is
limited by the biocompatibility of the material &$. In this field a huge effort has been made
in the past years (and still continues) for theellg@ment of biocompatible or biomimetic
ceramic materials that can combine good mechamagberties, low specific weight and
avoid rejection when implanted. The biocompatipildf a material is a issue of surface

properties, as the contact between the body anprdsthesis pass through a surface.

With a suitable modification it is possible in priple to tailor the surface nature to
have a biocompatible surface on the topmost ofralmacompatible material that possess the

desired mechanical properties. No compromise angmor

In literature are reported several examples ofaserfmodification for tailoring the
surface properties, in term of wettability or cheahinature with a huge impact on the

properties of the material.

As example Meng Chen and coworkEtsunctionalized a mica surface with poly[2-
(methacryloyloxy) ethyl phosphorylcholine]. Whenstimaterial is immersed in an acqueous
ambient, even under high pressure, the strong higdraf the zwitterionic polymeric layer
can assure an ultra low friction of the surfacehwi values as low as 0.0004 at a pressure

high as 7.5 Gpa, which is even higher of the pmess the hips joint. This extreme
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lubrication is by far the lowest ever reached ihueman made object and even lower the

friction coefficient of synovial joints of the humdbody at physiological pressure.

Another interesting example is the protein resisgafmonfouling) properties of a PEG
coated surface. The use of protein resistant @n=fouling” surfaces is of great interest for a
variety of biomedical devices where the preventdrunwanted adsorption of proteins is

critical to the performance of the devie

Examples of applications in which reducing protedsorption can be beneficial range
from in vitro diagnostics, where adventitious agsimn can compromise the sensitivity of the
diagnostic, to in vivo applications, such as biomaldimplants where protein adsorption can
lead to an undesirable squeal of events that aelnde thrombus formation or fibrosis and
scar tissue formation. Indeed, the importance aftgim resistance in medicine and
biotechnology spans length scales from the macpisdo the molecular: modification of the
macroscale surfaces of clinical diagnosticswithtgireresistant polymers can significantly
increase their analytical sensitivity, while modétion of nanoscale drug-delivery vehicles,
such as polymer micelles and liposomes, and thecutar surfaces of protein pharmaceutics
with this class of polymers can confer long in visioculation times and thereby improve
their efficacy*®.

In this contest Chilkoti and coworkef$ functionalized silicon oxide or gold surfaces
with a dense layer poly[oligo(ethylene glycol)methdate] (POEGMA), a PEG-like
monomer that can be polymerized by radical polyragion, in particular by ATRP. It is well
known that PEG coated surface exhibit a good protesistance, in particular using self
assembled monolayers (SAMs). But comparing theop@idnce of non coated, coated with a
PEG SAM or a brush of POEGMA it can be seen thaptiotein absorption on the latter is by
far the lowest. Chilkoti and coworker then madeaaalytical device using this technology
pushing the detection limit two order of magnitudeier compared to the ones made with

PEG coated materials.

A surface can be functionalized in several waysploysical or chemical absorption of

small molecules or polymeric chains.

There is a plethora of methods suitable for thectionalization of flat surfaces or
nanoparticles. Among them the functionalizatiort thaolve the formation of covalent bonds

between the surface and the functionalizing maaegythe most important.
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These methods relays on the chemistry of the stirfaoup of the material to be
modified. As an example the functionalization ofidis, in particular of silicon oxide, is
based mainly on the formation of a Si-O bond by dbedensation of the surface sylanolic
group (Si-OH) and a alkoxy or chloro silane. Instiiay, with mild condition, the formation
of a well defined SAM can be achieved and new fionetity can be addressed on the
topmost of the surface by using tailor made silanfesr example fluorescent silica
nanoparticles can be synthesized by condensatioa ftiorescent chlorosilane and silica

nanoparticle$’.

The functionalization of gold surface instead pemtevia chemisorption of thiols onto
the gold surface and the formation of relativebé¢ Au-S bond’.

Also polymeric materials can be modified using themistry of the surfaces group,
as an example PVC sheet can be modifiddby reaction of a chlorine atom with
aminothiophenol resulting in an amino functionatizsurface. Other reaction on the amino
group can be used to tailor the surface compositsu and coworkers for example
functionalizated an amino surface with glycidolhtave a surface rich in hydroxyl groups for

a final esterification with an acylic bromide.

In many cases the effect of modification with a Bmmlecule is not effective due to
the very small amount of functionality addressed the surface. In many cases

functionalization with polymeric chains is theredqareferred.

The functionalization of surface with polymeric aigcan be obtained in two ways by
condensation of the macromolecules onto the suffgedting onto) or by the growth from
suitable groups bounded onto the surface (graftiom). Both ways are suitable for the
functionalization of a surface and high graftinqisiées (chains/nf) can be achieved with
both approaches, even if high densities can besgaetlimore easily with the “grafting” from
method.

The huge development of controlled radical polyaaion (CRP) and atom transfer
radical polymerization (ATRP) has made possiblsymothesize new type of materials, with
well controlled molecular weight, morphology leaglito material exhibiting new interesting
properties. In fact ATRP has been used for thehggis of several type of materials once of
difficult and expensive synthesis as block copolggnetar polymers and macromolecular
brushes, a new class of materials with polymerairehthreaded by one end to the surface,

that adopt a stretched conformation instead beaafusteric overcrowding.
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The first step for the functionalization with magrolecules is the formation of a
suitable SAM onto the surface. The nature of theMSéepends on the method to be

employed.

Grafting onto

In this method the surface is modified with a SAMabng a group that can be
condensed easily with the terminal group of a tedéic polymer. Well defined end group are
therefore required and the development of conuloltadical polymerization (CRP) in
particular ATRP and RAFT gave an enormous conteldaot the simplicity of synthesis of
well defined macromoleculéd. A common example is the functionalization of kcen
surface with an azide and then the condensationHugens reaction with an alkyne

terminated polymeric chain.

With this approach anyway dense polymeric layermoabe achieved as increasing
the coverage of the surface the steric hindranedkeomacromolecules tethered to the surface
inhibits the ones in solution to approach the si@fd hus a big kinetic barrier can be found in
this step. A detailed analysis shows how this bais related to the solvatation energy of the
macromolecules: a solvated polymeric chain in &t approach easily the surface if this is
clean. But when certain coverage is reached andptigmeric chains collapse into a
“mushroom” structure covering the whole surface acramolecules in solution should be
desolvated, adsorbed on the surface and shouldsdifinto the polymeric layer until the
terminal group can reach the surface, and finallct. This process requires a huge activation
energy and therefore after a certain coverage thetibnalization is hinhibited. This
limitation can be overcome by functionalizationnfr@a melt. In this case in fact no salvation
energy is involved and the reaction can proceed wery high grafting densities are reached
B In this case the preferred reaction is a cond@msaetween an hydroxide group and an

epoxy ring.
Grafting from

Surface initiated ATRP in particular is a very pisimg technique for surface
modification as provides a good control over thaftgrg densities, the thickness of the
polymeric brush and the possibility of functionalibn with all polymerizable monomers.

Thus, synthesizing a tailored monomer bearing #nget moieties a robust functional layer
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can be easily synthesized. Anyway the classiciTRP has a drawback for the synthesis of
brushes of functional and precious monomer in theds of free initiator, with consequent
loss of polymerizable monomer and the needs oféuarpurification of the residual monomer
for further synthesis. As a matter of fact in lgemre there are only few reports about the
synthesis and the characterization of functionaisbes. In particular almost no study on

azobenzene containing brushes has been made.

It can be seen how the functionalization of sudaméh polymeric chains can lead to
new applications. In this contest our attention i@sused on systems suitable for the
manipulation of liquids by external stimuli; in paular the photomanipulation of liquid
crystals using azoaromatic brushes and the systhasil characterization of adaptative
surfaces, in which the wettability can be autonaiycchanged by the different environmental

conditions.
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Functionalization with azoaromatic polymers: photontrol
and chirality

Introduction

Since the first report in the far 1988 by Ichim¥ the photoaligment of liquid

crystal displays by using a photochromic thin ldyas been object of extensive studies.

This method for the photomanipulation of LC is kn@g surface-assisted LC
photoalignment and is performed by fabricating l&llscusing substrate plates, the surface of
which is modified with photochromic molecul€hanges in chemical structures as well as
orientational directions of photochromic molecules a surface layer trigger the
transformation of LC alignment. This sort of phatthee surface has been calledmmand
surface™ *J emphasizing the fact that the alignment of a largmber of LC molecules is

determined by a photochromic monolayer attachedgobstrate surface.

In this kind of devices the orientation directidntiee molecular axis (director) of LCs
relative to a surface plane of a substrate iscatlii determined by the nature of the
surfacé?. There are two extremes of LC orientation: homedtratignment, where the LC
director is perpendicular to a substrate surfacd,@anar one, which displays the LC director

parallel to a substrate whereas the molecular titrecs randomly distributed.

Homeotropic alignment is readily available by mguti§ the surface with amphiphilic
molecules or long-chain alkyl silylating reageH{‘é On the other hand, a typical method to
yield a homogeneous (unidirectionally parallelgafnent is based on the rubbing treatment

of a polymer thin film covering a substrate.

When a substrate surface is modified with photatiicomolecules to alter the
chemical structures and molecular orientation efuppermost surface (command surface) in
molecular levels, the alignment of nematic LC isntcolled reversibly by alternate

irradiatiorf** 12

There are four modes of the LC alignment controlled command surfaces, as
illustrated in Figure 1. The first one called ‘aftplane alignment’ photocontrol involves the
reversible alignment change between homeotropicpéanrthr modes. When UV actinic light
is linearly polarized to lead to the polarizatidmpchromism of azobenzenes on surfaces, a

planar alignment becomes uniaxial to give a homeges alignment which reverses to the
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homeotropic alignment due to the backward isomBoma Slantwise exposure with
nonpolarized UV light also gives rise to a homogersealignmert®. This is the second type.
The third one is referred to as the ‘in-plane atigmt’ photocontrol which has been achieved
by irradiation with linearly polarized light for pkochromic reactions of surface molecules.
The fourth consists of the control of tilt angldsaa LC director by an appropriate choice of

photoactive molecules at the uppermost surfacesichwhs subjected to slantwise
photoirradiation.

homeaotropic planar

@ ! ==
— 225>

homogenesouws

ﬁ
P E—
hamoganaous MomogemeoUs

@ == U

(o)

, W&

Figure 1: lllustrative representation of surfaceisted photoalignment control of LC molecules teiggd by
photochromic molecules tethered to a substrateaserf(a) Out-of-plane LC photoalignment between
homeotropic and planar modes triggeredttan-cis photoisomerization of photochromic surface molegsule
upon alternate irradiation with nonpolarized light and visible light. (b) Out-of-plane LC photoatigent
between homeotropic and homogeneous modes trigggratiernate irradiation with linearly polarized/Uight
and nonpolarized light. (c) In-plane photoalignmbnmgtirradiation with linearly polarized light. (djilt-angle
generation with slantwise photoirradiation.

In this work we are focused our attention on theclma@ism c), namely in-plane

homogeneous to homogeneous photoreorientation.

The photochromic layer can be of various nature that most used photochromic
groups are azobenzer&s 2 benzospyropyrané¥!, stylbened'” and cynnamatéd®. For
example, the switch between the neutral spyropyaare the charged merocyanine group
induce an homeotropic alignment of the nematicatlimreand the possibility of the switch
between homeotropic and planar alignment of theatienphase in the illuminated zones of
the display.
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Among all of these photochromic units the azobeaza® the most promising ones
for the realization of such a device because af twod thermal and photochemical stability

and thus the possibility to perform several cydesradiation without too high fatigue.

Even if the azobenzene moiety is quite stable tdobhnology did not develop due to
the low stability of the photochromic layer. In fam literature two major deposition
techniques are used. The first is the chemisorptadnmeactive photochromic molecule for the
synthesis of a monolayer of azoaromatic moleculéss technique lead to a well defined
layer but has several drawbacks as the extremaitlyalf the monolayer and the high control
over the reaction condition for obtaining monolagpérthe same density. Moreover also the
photostability of a monolayer is not good enough: fact after several cycles some
azobenzene molecules can be degradated leadinfdiead” area. Is possible to fabricate a
command surface also by spin coating of a thin (tews of nanometers) film of an
azobenzene containing polynt&t, in this case the fabrication is extremely simaotel cheap,
the film is less fragile respect to the chemisorbeoholayer and no photo degradation is
observed even after many cycles of irradiation tlmethe high content of azobenzene.
Anyway other problems arise: the presence of tgpokd defect (e.g disclination) in the
liquid crystal and the dewetting of the casted pwy for partial dissolution of the polymer in
the nematic medig®.

As a matter of fact it was observed that the uaieotiientation of the mesophase fades
away gradually even in the dark, however. This pbip arises from the permeation of low
molecular weight LC molecules into the polymer fitomrelax the photoriented state of the
azobenzene moiety. This suggests that the combmati LCs with azobenzene polymers

plays an essential role in the persistence of fiméginduced in-plane alignment of LCs.

In connection with the elucidation of the workingechanism of the in-plane
photoalignment controlled by linearly polarizednhligrradiation, the experimental results are

summarized as follows:

(1) the in-plane LC photoalignment emerges upomdiation of photochromic
residues localized at the uppermost surfaces wittatly polarized light as a result of the
photoreorientation of the photochromic moieties give optical anisotropy, which is

transferred to nematic LC layers.

(2) photochromic moieties capable of performingithlane photoalignment include

azobenzene, stilbene, cinnamate, and spiropyran.
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(3) larger exposure doses of linearly polarizedhtligare required for the
photoreorientation of LC molecules after cell assgmwvhen compared with those needed for

the generation of optical anisotropy of films obpdchromic polymers in absence of an LC.

(4) the rate of photoreorientation of an LC asslisy photochromic monolayers
attached to a silica plate through silylation isrkedly enhanced by heating the LC cell at

temperatures abovi of the LC.

(5) photoalignment behavior of an LC brought aboyi@zobenzene polymer films is

crucially influenced by the chemical structuresambbenzenes.

It is clear that for making this technology usedubbust photochromic layer should be

made.

In a recent work Seki and coworker reported thet fgynthesis by ATRP of an
mesogenic azopolymeric brustl, showing a big difference in the molecular ori¢iota
between a spin coated film, with homeotropic oaénh after annealing, and a polymeric
brush in which the azobenzene moieties adopt arogeneous alignment. In a further work
Seki Y shows how is possible to induce a high in-plarientation of the azo groups after

irradiation with linearly polarized light.

Here we are describing in detail a synthetic apgroaf polymeric brush of the
monomer 4m-methacryloyloxy-hexyloxy-4'-ethoxyazobenzefi@ that avoid the use of free
initiator, making possible an easy recycle of tba neacted monomer for further sysnthesis,
and the high advantage of the use of these brdsheie fabrication of command surfaces.
Anyway we belive that this approach to this newsslaf polymeric derivatives open a new
way towards the realization of improved and mosblst functional materials for all those
areas where surface effects and thin layer of actiaterials are involved. In particular using
tailored methacrylic or acrylic azoaromatic monosnédsrushes can be used for the
development of improved optical memories or for fabrication of plasmonic switches
devices, just for mentioning a couple of areashwvaitprocedure that minimize the loss of

monomer and decrease the number of the neededtatioifs.
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Surface Initiated ATRP polymerizations (SI ATRP):

The SI polymerizations were carried out in absesfcgacrificial initiator and adding a
deactivator [Cu(ll)] from the beginning. In this we possible to perform a SI ATRP without
using free initiator. This procedure, even if isrmm@omplicated, is preferable for avoiding
loss of monomer. As a matter of fact in a commoABRP free initiator is required to reach
the Cu(l)-Cu(ll) equilibrium state, with the Cu(kpming from some chain termination in the
early stage of polymerization due to the persistadical effedt. If no free initiator is added
all the growing chains from the surface will beldd before reaching the equilibrium.
Therefore some free initiator is always added, \hin consequent consumption of monomer
due to the solution polymerization. If some Cu(B)added in the proper ratio from the
beginning this problem is avoided, and a well colied SI ATRP can be performed with no

free initiatort?4l,

We have checked different conditions before finditgg optimal experimental
conditions. A first problem is the low solubility our monomer in common organic solvent,
and therefore concentration higher that 0.5 M cabeacachieved, this slows the reaction rate
in comparison to the bulk polymerizations using lawlecular weight monomers reported in

literaturel®,

The conditions used for the polymerizations of M@re reported in Table 1, the
polymerizations have been carried on for diffetttmies in order to produce thicker layer of

polymeric derivatives.

While the polymerizations in THF and THF/DMF seentecbe not well controlled
(slow at the earlier stage and then terminatedragdr polymerization times) a better control
can be achieved using DMF as solvent (entry 5)neaf/¢he solubility of the monomer is
lower. The low control over the layer thicknessntcolled by ellipsometry and UV-Vis
spectroscopy respectively on the Si wafer and flassgslide can be attributed to chain
transfer due to the THF molecules. As a matteraot the GPC analysis of the reaction
mixture shows the presence of a highly dispersdginper in solution ¥,=13000, M,,/
M,,=1.6, Figure 2). As no free initiator is added ahd surfaces are well cleaned from the
physically adsorbed initiator the presence of spalymeric derivatives is a clear indication

of a chain transfer to the monomer or solvent.
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Table 1. Conditions for the graft polymerizations

Entry Solvent Monomer M: CuBr: CuBs:L
concentration [mol/l]
1 THF 0.25 50:1:0.1: 2.2
2 THF 0.25 50: 1: 0.04: 2.2
3 THF:DMF=1:1 0.25 50:1:0.1: 2.2
4 THF: DMF=1:1 0.5 50: 1: 0.04: 2.2
5 DMF 0.5 50:1:0.1: 2.2
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Figure 2: GPC chromatogharph of the polydisperdgnper in solution

As can be seen in Figure 4, a good control ovethickness of the polymeric film can
be achieved (first order kinetic) and a thickerelagan be obtained even with faster rate (is
well known that polar systems as DMF can accelettaterate of an ATRP due to partial
dissociation of Cu-Br bond). In this way a well tmtled polymerization can be obtained.
The GPC analysis of the liquid phase after polymaion (entry 5) in this condition shows

the total absence of polymeric derivatives and thesabsence of chain transfers reaction.

With the aim to study the effect of the graftinghdigy and so the chain conformation
we have synthesized several brushes with diffegeafting densities, using surfaces modified
with mixtures of SBiB and TMCS as dummy initiatés.well known that not all the active
sites can start a polymerization because of thecomeding of the surface, especially when
bulky monomers are used. Thus we used molar r&&BdB and TMCS of 1.0 (full coverage
with SBIB,), 1:1, 1:50, 1:200 and 1:1000. (Figuje 3
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Figure 3: SI-ATRP oM6A from functionalized Si surfaces

All the tested conditions are reported in the failog tables (Table 2, Table 3).

The evolution of the layer thickness observed lipsmetry on the Si wafer and by
UV-Vis on the glass slide are in perfect agreenasntan be seen by the two plot of Figure 4

and Figure 5.
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Table 2. Data relative to the synthesis of M6A basson Si substrates

SBIB : TMCS Sol Monomer Molar ratios Time

functionalization owvent Concentration [M] [M]:[CuBr]:[CuBr ,]:[L] (h)
1:0 DMF 0,5M 50:1:0,1:2,2 4
1:0 DMF 05M 50:1:0,1:2,2 17,5
1:0 DMF 0,5M 50:1:0,1:2,2 24
1:0 THF 0,25M 50:1:0,1:2,2 23,5
1:0 THF 0,25M 50:1:0,1:2,2 48
1:0 THF 0,25M 50:1:0,1:2,2 89
1:0 THF 0,25M 50:1:0,1:2,2 118
1:50 THF 0,25M 50:1:0,1:2,2 23,5
1:50 THF 0,25M 50:1:0,1:2,2 48
1:50 THF 0,25M 50:1:0,1:2,2 89
1:50 THF 0,25M 50:1:0,1:2,2 118
1:200 THF 0,25M 50:1:0,1:2,2 23,5
1:200 THF 0,25M 50:1:0,1:2,2 48
1:200 THF 0,25M 50:1:0,1:2,2 89
1:200 THF 0,25M 50:1:0,1:2,2 118
1:500 THF 0,25M 50:1:0,1:2,2 23,5
1:500 THF 0,25M 50:1:0,1:2,2 48
1:500 THF 0,25M 50:1:0,1:2,2 89
1:500 THF 0,25M 50:1:0,1:2,2 118
1:1000 THF 0,25M 50:1:0,1:2,2 23,5
1:1000 THF 0,25M 50:1:0,1:2,2 48
1:1000 THF 0,25M 50:1:0,1:2,2 89
1:1000 THF 0,25M 50:1:0,1:2,2 118
1:0 DMF:THF=1:1 0,25M 50:1:0,1:2,2 24
1:0 DMF:THF=1:1 0,25M 50:1:0,1:2,2 48
1:0 DMF:THF=1:1 0,25M 50:1:0,1:2,2 160
1:1 DMF:THF=1:1 0,25M 50:1:0,1:2,2 24
1:1 DMF:THF=1:1 0,25M 50:1:0,1:2,2 48
1:1 DMF:THF=1:1 0,25M 50:1:0,1:2,2 160
1:1000 DMF:THF=1:1 0,25M 50:1:0,1:2,2 24
1:1000 DMF:THF=1:1 0,25M 50:1:0,1:2,2 48
1:1000 DMF:THF=1:1 0,25M 50:1:0,1:2,2 160
1:0 DMF:THF=1:1 0,25M 50:1:0,04:2,2 24
1:0 DMF:THF=1:1 0,25M 50:1:0,04:2,2 48
1:0 DMF:THF=1:1 0,25M 50:1:0,04:2,2 160
1:1 DMF:THF=1:1 0,25M 50:1:0,04:2,2 24
1:1 DMF:THF=1:1 0,25M 50:1:0,04:2,2 48
1:1 DMF:THF=1:1 0,25M 50:1:0,04:2,2 160
1:1000 DMF:THF=1:1 0,25M 50:1:0,04:2,2 24
1:1000 DMF:THF=1:1 0,25M 50:1:0,04:2,2 48
1:1000 DMF:THF=1:1 0,25M 50:1:0,04:2,2 160
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Table 3. Data relative to the synthesis of M6A basson glass slides

SBIB : TMCS Monomer Molar ratios Time
Solvent .

functionalization Concentration [M]  [Mm]:[CuBr]:[CuBr J:[L] (h)
1:0 DMF 0,5M 50:1:0,1:2,2 4
1:0 DMF 0,5M 50:1:0,1:2,2 17,5
1:0 DMF 0,5M 50:1:0,1:2,2 24
1:0 THF 0,25M 50:1:0,1:2,2 23,5
1:0 THF 0,25M 50:1:0,1:2,2 48
1:0 THF 0,25M 50:1:0,1:2,2 89
1:0 THF 0,25M 50:1:0,1:2,2 118
1:50 THF 0,25M 50:1:0,1:2,2 23,5
1:50 THF 0,25M 50:1:0,1:2,2 48
1:50 THF 0,25M 50:1:0,1:2,2 89
1:50 THF 0,25M 50:1:0,1:2,2 118
1:0 DMF:THF=1:1 0,25M 50:1:0,1:2,2 24
1:0 DMF.THF=1:1 0,25M 50:1:0,1:2,2 48
1:0 DMF:THF=1:1 0,25M 50:1:0,1:2,2 160
1:1 DMF:THF=1:1 0,25M 50:1:0,1:2,2 24
1:1 DMF:THF=1:1 0,25M 50:1:0,1:2,2 48
1:1 DMF:THF=1:1 0,25M 50:1:0,1:2,2 160
1:0 DMF:THF=1:1 0,25M 50:1:0,04:2,2 24
1:0 DMF.THF=1:1 0,25M 50:1:0,04:2,2 48
1:0 DMF:THF=1:1 0,25M 50:1:0,04:2,2 160
1:1 DMF:THF=1:1 0,25M 50:1:0,04:2,2 24
1:1 DMF:THF=1:1 0,25M 50:1:0,04:2,2 48
1:1 DMF:THF=1:1 0,25M 50:1:0,04:2,2 160
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Figure 4: kinetic plot obtained by UV-Vis spectropy of the SI ATRP of the polymerization in THF (Ajolar
ratio M6A: CuBr: CuBs: HMTETA = 50:1:0.1:2.2 and in THF/DMF (B), M6A: @ui: CuBr: HMTETA =
50:1:0.1:2.2 &), =50:1:0.04:2.24).

Figure 5. Kinetic plots of the SI ATRP of M6A in DM(entry 5 in table 1) studied by ellipsometry on S
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Also water contact angle has been checked afteryesa@face reaction. Data are
gathered in Table 4.

Table 4. Significant contact angles

Surface modification Contact angle
Bare Si 1

SBiB 84
SBiB:TMCS 1:1000 84
PMB6A full 76

PMG6A lower grafting density 81

Even if is known that mixed SAMs tend to segredateding to the formation of
islands our idea was to find a good compositioha@nce the surface overcrowding that lead
to the formation of surface defects as bump and higughness and the formation of

segregated islands of polymers chains.

The growing of these less dense layers cannot bewkd by ellipsometry as the
produced layer is not flat, neither by UV-Vis spestopy, as the absorbance of the
polymeric layer is getting lower and lower decragghe concentration of active initiator.

So the growth of the polymeric layer and its moilpgg has been checked by AFM
and SEM.

The surface with full coverage of SBIB is uniformdasmooth as can be seen in Figure
AFM A, moreover it was possible to find a defectlwe functionalization, a small hole with
no coverage. In this way it was possible to haveneasure of the thickness by two
independent methods and a perfect agreement wasd toetween them, with a thickness by

ellipsometry of 11.5 nm and by AFM of 11.0 nm.

The surfaces modified with a 1:1 mixture ratio aftee polymerization gave uniform
and smooth polymeric brushes over several micnoraking it suitable for the fabrication of

command surfaces.

Increasing the amount of TMCS to a ratio of 1:288 topography of the surface
changes (Figure 6) with the transition from a srhoahd flat surface to a non uniform
covered surface with the presence of sphericahdstz similar size (diameter of ~ 80 nm)

regularly distributed onto the surface. The sizéhebe islands is too big for an isolated chain,
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so likely neighboring chains preferably self asskenitito bigger domains rather than staying

isolated on the surface .
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Figure 6: AFM analysis of a polymeric brush frorh:200 SBiB: TMCS surface

Beside the AFM characterization also a SEM invesitigp was done, in fact due to the
scale of the observed phenomenon (micrometers)smalg an AFM characterization is not

totally significative.

As can be seen from the SEM images reported inr€iguthe topography of the
surface changes by changing the concentratio of AiFRiator SBiB) on the surface. It can
be seen how with little amount of ATRP initiatoetbhoverage of the surface is not uniform,
with island of polymer of dimension of about 80-10M of diameter. Increasing the ratio
SBIB/TMCS to 1:50 result in a smooth surface, wsthme little hole-like defects. If only
ATRP initiator is used a total coverage of the acefis obtained, but due to the overcrowding
of the surface some small bump-like defect are jteeent (Figure 7).
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Figure 7: SEM images of M6A brushes on silica stefavith different coverage of ATRP initiator after
polymerization. SBiB: TMCS ratio (from top to down)1:1000; 1:50, 1:0
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This behavior suggest that during the formatiorthef SAM the ATRP and dummy
initiator tend to segregate forming islands ovee thurface due to their chemical
incompatibility. This led to the formation, afteolgmerization, of isolated hill in the surfaces
with lower coverage. On the other side if no dummtiator is added a rough surfaces is
obtained due to the overcrowding of the surface tdutthne high sterical hindrance of M6A
brushes. So a smooth film can be obtained usingtab$e ratio of SBiB and TMCS during
the formation of the initiator SAM that lead to tf@mation of a monolayer of randomly
distributed molecules or at least to enough snsdind to give a smooth surface after

polymerization.
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Photochromic and photomechanic proprerties: com@mon between

spin coated film and brush.

In order to verify the different photochromic belabetween a polymeric brush and a spin
coated film of Poly16A) of the same absorbance a comparison of theiropurherization
kinetics has been done. Both the brushes and thesated film have an absorbance of 0.080
at their absoption maximum (350 nm). In Figure & aeported the kinetics of the

isomerization under UV irradiation at 366 nm.

Abs

T 1
600 700

Figure 8: UV-Vis Isomerization kinetics of (a) PGW6A) brush and (b) spin coated film of Poly(M6A)

As can be seen by the UV-Vis spectra the spin dodilen display a normal
isomerization kinetic with the reaching of the pistationary state after 240 minutes, while
the polymeric brush of the same thickness canmobésizes. This behavior can be explained
by the high steric hindrance in the molecular brtisdt prevent thérans-cisisomerization
while in the spin coated film there is enough fiedume to allow the photoisomerization

process.

Using more intense light source is possible to aedatrans-cis isomerization. In this
case we have followed the kinetic of the photoesman of a M6A brush on a Si wafer
compared with a spin coated film of the same theslsnby ellipsometry. As previously
described in chapter 2% the photo expansion of a thin film of monodispeagearomatic
polymer under UV irradiation proceeds relativelgtfdew minutes to reach saturation) with a
compression ratio of 20%.

Under the same illumination condition the contm@ctof the brush is one order of

magnitude slower, taking up to 50 minutes to remcheady state and show a little hysteresis
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with no reaching of the pristine volume (Figure &ven if a model for this kind of
phenomena is not yet developed is clear that tlidopiduced properties involving the free

volume and thus affected by the overcrowding oftthesh regime are dramatically changed.

Anyway is worthy to notice that the amount of coegwion is quite large for such a
small layer, reaching up to 12%, more that obsefgedpin coated thin films of polydisperse
polymers, highlighting again the importance of thelecular distribution and mobility on this
kind of phenomena. In conclusion the photoexpanseioiine polymeric brushes seems to be
inhibited and retarded by the low aviability ofdrgolume in the polymeric layer and by the

low mobility of the threaded chains.
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Figure 9: changing of thickness (A) and refractivdex (B) of a Poly(M6A) brush under UV illuminati (from
0 to50 mins) and Vis (after 50 mins).
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Chiroptical properties of brushes of chiral mononser

In order to investigate the different behavior begw thin films obtained by spin
coating (Chapter 3) and analogue polymeric brustesynthesized brushes &){ML6A
and ©-MLL6A (Figure 10) on glass slide and Si substrate, Wt same synthetic
procedure described above for the brushes of M64 their UV-Vis and CD properties were
studied.

The experimental data are reported in Table 5 Delttive to the synthesis 05
ML6A and (§-MLL6A brushes on Si substrates and glass slides

Table 5 Data relative to the synthesis§fML6A and (S)-MLL6A brushes on Si substrates and glass slides

SBIB : TMCS Solvent Monomer [M] Molar ratios Time
functionalization [M]:[CuBr]:[CuBr;]:[L] (h)
1:0 DMF:THF=1:1 (9-ML6A - 0,25M 50:1:0,1:2,2 24
1:0 DMF:THF=1:1 (9-ML6A - 0,25M 50:1:0,1:2,2 48
1:1 DMF.THF=1:1 (9-ML6A - 0,25M 50:1:0,1:2,2 24
1:1 DMF:THF=1:1 (9-ML6A - 0,25M 50:1:0,1:2,2 48
1:0 DMF:THF=1:1 (9-MLLG6A - 0,25M 50:1:0,1:2,2 24
1:0 DMF:THF=1:1 (9-MLL6A - 0,25M 50:1:0,1:2,2 48
1:1 DMF:THF=1:1 (9-MLL6A - 0,25M 50:1:0,1:2,2 24
1:1 DMF:THF=1:1 (9-MLL6A - 0,25M 50:1:0,1:2,2 48

The brushes were grown for 24 (BrusH{ML6A -24 and Brushf,3-MLL6A -24])
and 48 hours (Brushf-ML6A-48 and Brushfg,3-MLL6A -48]) resulting in different
thickness of the polymeric layer as can be seethdyJV-Vis spectra in Figure 11 and Figure
12.
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(S)-MLBA (S,S)-MLL6A
Figure 10: Structures of the monomeBsKIL6A and (SS-ML6A

UV-Vis and CD spectra have been recorded on thlggrvesamples, after a washing in
dry and hot THF and after a thermal annealing. Washing in THF is used to erase the

thermal history of the sample, in this way a satiah of the bounded chain should occur.

In order to allow a supramolecular organizationtté polymeric chains and the
chromophore moieties the brushes were heated waadeium for two hours at 150°C, then
the temperature was decreased to room temperatweaaae of 5°C/minute. By inspection
with POM no birefrangence was detected and alt#tmples seemed to be amorphous.

The brushes of3)-ML6A are silent at CD both in the virgin state andratte thermal
annealing. In Capter 3 it was shown that thin siated film of the Polyf)-ML6A ]| possess
a huge chirality. This different behavior betwekm films and polymeric brushes emphasizes

the influence of bounding one end of the polymehiain to a substrate.
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Figure 11. CD (up) and UV-Vis (down) spectra ofdires on glass slide of: é){ML6A -24 and b) £-ML6A -
48 in the virgin state{—) and after a thermal annealing-")
Instead the brushes @&,§-MLL6A have interesting CD properties, depending on the

thickness of the layer and on their thermal his{gigure 12).

The CD spectrum of Brusi§(3-MLL6A -24] in the virgin state, shows a positive
dichroic band corresponding to the>n* transition of the azoaromatic chromophore, ceahter

at 360 nm whose intensities increase after theamiagaling.

Brush[§S,3-MLL6A -48] instead shows intense CD bands in the virggteswhose
intensities increase after thermal annealing, miqdar positive CD couplets with crossover

point at 345 nm, can be observed.

According to what reported in literature for similanear derivative&® and with the
exciton rules?”), a positive excitonic couplet is due to a righndked disposition of the
chromophores. The observed high asymmetry is dubeaverlapping of several dichroic
bands: a positive CD couplet related to H-like aggtes overlapped to one or more positive
signal associated to the electronic transitiond afjgregates, around 380 nm, and of the non

aggregates chromophore at 360 'fith

The shape of this excitonic CD couplet suggests fimenation of ordered

supramolecular aggregates in a mutual chiral geyroébne prevealing screw ser&&
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Figure 12. CD (up) and UV-Vis (down) of brushes &f:(S-MLL6A -24 and b) $,3-MLL6A -48 in the virgin
state {—) and after a thermal annealing-)

0,00

Is clear that $,9-MLL6A brushes can self assemble into chiral supramaecul

structure leading to a high population of H aggtega(Figure 13)

Figure 13. Idealization of chiral brushes
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Command surfaces

The prepared polymeric brushes substrates of Méweheen employed for the
fabrication of photo-switchable twisted/planar L€&lls filled with the low molecular weight
nematic pentyl-cyanobiphenyl (5CB). The cells hdeen produced using two different
boundary glass walls, namely a reference and a @mmsurface. The reference substrate has
been coated with a polyimide layer, which has beechanically rubbed in order to induce a
strong homogeneous planar orientation, while the-patymer brush provides the photo-
controllable command surface. The substrates haea bssembled with a 1fn spacer and
filled with 5CB in its isotropic phase at 45°C. @ftslow cooling (0.5°C/min) to room
temperature, the cells display a planar alignmemtgathe direction imposed by the reference
surface. Twisted or planar structures have been #wohieved by aligning the azobenzene
mesogens on the command surface, respectively maicudarly or parallel to the rubbing
direction of the reference substrate, by mean &frjzed illumination with the 488nm Ar/Kr
laser line. The images in Figure 14 report an exarapmicropatterning in a cell prepared in
the twisted configuration by macroscopic polarize@diation and then locally (2@um)

reverted to planar by focused illumination withgmandicular polarization.

Figure 14: Polarizing microscopy images of |20 diameter planar structures in a twisted cellt lzefd right
images have been acquired respectively with pdusatie crossed polarisers.

These brushes therefore act as command surfaceshdmogeneous layer of
azoaromatic polymer can be easily manipulated laynihation with linearly polarized light
and can induce a reorientation from a homogene&igure 15a) to a twisted nematic

alignment of a LC cell (Figure 15b).
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Figure 15: idealization of a LC cell driven by aopdchromic command surface. A) linear alignment B)
twisted nematic alignment

We compared, trough polarizing optical microscapg, photoinduced structures thus
obtained with those produced in the same expermhenndition in cells where the command
surface was provided by a spin coated layer ofrpelg synthesized from the same monomer.
We assembled the cells employing azo-polymers féérdnt molecular weight and geometry
(linear and starf®® *¥ and the photo-induced patterning resulted notrigledsible under
microscope. On the contrary the structures prodwredzo polymeric brush cells display a
high contrast (in the order of 1:100) and apped#ioun either on macroscopic or microscopic

scale, without LC defects like disclination lines.

We then proceeded with the Raman characterizafitheoLC order at the polymeric
brush interface using the same confocal micros@pployed for the patterning. The laser
emission has been set to the 647nm line, outsel@zbbenzene absorption band, in order to
avoid further photoinduced effects. The spectraehb@en collected in the back scattering
geometry with a Jobin Yvon-Horiba T64000 spectre@netgjuipped with a liquid Ncooled
CCD detector. The polarized micro-Raman study heenlcarried out measuring the 5CB
peaks intensities as a function of the incidenapohtion and the analyzer directions along
the two orthogonal axis V and H, respectively datahnd perpendicular to the nematic
director. More specifically, the measurement cdasié the acquisition in the peak intensity
for the four possible geometriegy] Ivu, lnn, and fy, where the first index refers to the

incident polarization and the second to the analgizection.
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Figure 16: Raman peak of 5CB corresponding to §mansetric stretching of the benzene rings (1605cm
measured in the four geometrigs,llyy, by, and fLy.

In Figure 16 is reported the characteristic Ramaakpof 5CB corresponding to the
symmetric stretching of the benzene rings (1603)ameasured in the four geometries on the
pristine cell. The selected 1605 ¢mibrational mode provides a suitable Raman probéhe
orientation measurement since the main axis obitbration is parallel to the central rigid part
of the molecule, namely along the main axis of tiessogenic group. Such vibration is also
particular suitable for the order parameters cakoh since is uniaxial and strongly polarized
with a ratio of the diagonal terms of the molecylatarizability tensor close to zeray{ay
=0.045 B). The high anisotropy of the selected vibratiotowas to obtain the order
parameters #®n the basis of scattering anisotropigail R defined as R= Iy/lywand R =
Iuv/Inn, by the calculation of the second average cosimeeps of the molecular orientatiéh

trough the approximated formuf&":

3R, (2R, + 1)
8R, + 3R, + 12R,R,

((cos 8)?) =

The scattering anisotropies Bnd R have been measured on the pristine surfaces and
on the illuminated areas as a function of the gnaigse of the pump beam. Twisted
microstructures (2@m diameter) have been photo-induced on the origilzedar cell varying
both pump power (20QuW-20 mW) and exposure time (1-10 sec). The scageri
anisotropies as a function of power multiplied Bp@sure are reported in Figure 17. The data
show a threshold energy about 0.5 mJ wherbeRomes greater than Bnd saturation about
100mJ where the parameters remain roughly cons@re. average order parameter P

calculated at the saturation energy dose resl Which is increased respect to the original
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value B = 0.48 and of the same order of that measuredhemeference rubbed substrate of
0.52.
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Figure 17: Scattering anisotropieg &d R measured on the illuminated areas as a functidheo&nergy dose
in Joule of the pump beam.

We can conclude that these systems can be uti@gedommand surfaces with
excellent performaces if compared to other siligsyatems. Moreover their stability increase
the usability for this kind of application: afteeweral cycles and more than one year these
devices are still working, while the ones build with spin coated films suffered from

dewetting, being unusable after this period of time
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Adaptative surfaces

As mentioned above, in many studies, special attent devoted to tuning the
interface for specific applications, and carefulsiga of the topmost surface layer
incorporating all of the necessary elements colimigpla predictable surface response, or a
variable surface response under different condititf?®. For this reason, the structure and
characteristics of the phase boundaries are ofittm@st importance for an understanding of
the materials properties in processing and use.eMar, further advances in materials
science imposes requirements for dual surface piepehat frequently are in conflict: a
given material, depending on the conditions undeickvit is utilized, has to be hydrophobic
and hydrophilic, acidic and basic, conductive on4econductive, adhesive or repellent, and be
able to release or adsorb some species. With ttreasing demand for more sophisticated
surfaces, one current approach is to fabricate amikerstand materials with interfacial
properties capable of undergoing reversible charagEording to outside conditions or

stimuli.

Intensive study in the field of the adaptive/resgpoa surfaces began several decades
ago in an attempt to understand the relationshgisvden bulk properties/composition of
pristine polymeric materials and their surface ab#aristics. With time, the focus of research
has moved to the design of materials with ‘smartirtelligent’ surface behavior. A number
of approaches have been employed to reach this guailiding, but not limited to (a)
synthesis of functional polymers with specific caspion and architecture; (b) blending of a
virgin polymer material with small amounts of (m@agnolecular additive; (c) surface
modification by various chemical/physical treatngent

Significant efforts have also been made to prepararacterize, and understand the
structure/properties relationships of adaptiveespve surface layers attached to or

deposited on the materials surface.

The functionalization of the surface with incompégipolymeric functional polymeric
chains is a promising route for the fabrication safch surfaces: if a flat surface is
functionalized with incompatible chains bearingfetiént functionality and the polymeric
brush is not too dense to prevent self assemblytdpmost surface composition will be
determined by the environment. These surfacegcallaptative surfaces, are therefore able
to change their functionality to adapt to the chlahgonditions and offering to the new

environment engineered properties.
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Minko and coworkerd®” fabricated these kind of surfaces by surface teitisfree
radical polymerization, using a surface boundedntla¢ azoinitiator. The synthesis of ti
surface followed two step: a pristine decompositbhalf of the zo-initiator and subseque
polymerization procedsom half of the polymerizable sites, rising of theface and a seco
polymerization with an incompatible monomer frone tbther half of initiator. By tunin
accurately the time and the temperatureolymerization the composition of the surface
be tuned, decomposing a certain percentage ohthating site during the first step, but

control over the polymeric chain can be achievetth this approach.

In orderto develop a general method fihe fabrication of these surface that allc
control on the surface composition and on the pelysharacteristic, having well defin
polymers on the surfacén this work we tried to use surface initiated reeeATRP (S-

RATRP) to grow a well defined med polymeric brush. Ae outline of the work is depicte

in Scheme 1.
-Azo -Azo 1) t-BA, CuBr,, Ligand IE\QW
_Az0 1) BA, CuBr,, Ligand . @%_Q/-H > @ﬁﬁ_@
-AZO  2)(n-Bu),SnH -Azo 2) Hydrolisys W\Q

Polar | I@@v
ﬁ\@ﬁ\gm Solvent ’5%
s

L—
non-Polar

&

Scheme 1Synthesis and reorganization of the m polymeric brush

The idea is to grow by -ATRP from a modified Si surface a first populatioh
hydrophobic and soft Poln-Butylacrylate) (PBA) chains and in a second steptlaer
population of Polyert-Butylacrylate) (PtBA). Then the PtBA is hydrolyzea Poly(acrylic
acid) (PAA) and the topmost surfais in contact withdifferent solvent (polar or non polar)
the topmost compositiochang.
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Initiator synthesis and SAM formatio

In order to have a well defined surface is very omg@nt to synthesize a smooth ¢

homogeneous layer @ree radicainitiator.

We made a fist attempt to functionalize Si surfaseg -aminopropyl triethoxysilan
to obtain an amino rich surfatleat canreact with the acylic chloride of an acid symme
azo initiator. (Scheme 2).

Scheme 2unctionalization of the surface witriethoxy silane and acylic chroride initiator

With this procedure it was not possible to depasgingle monolayer but rather
multilayer of the amino silane was attached onéodinface so the thickness of this SAM \
not reproducible and differentdm one substrate to the other. In fact, this reads very
sensitive to moisture and a slight difference ceedlto the formation of an uncontroll
multilayer (Figure 18 Therefore, the functionalization with the azaald chloride will resul

in an inhomogeneous multilayer of initiator with sonesies linked to one or two ami

group.

L
OH _ o-s—">™N%  BLNH,-NH,-NH oN 0
on 3 -NHZ-NHZ 2 CIMN//NWC‘ -Az0-Az0
. 22 o -Azo
-OH -NH,-NH,-NH, oo Ao A
_OH 'NHZ -AZ0-AZ0-AZ0

Figure 18 formation of a multilayer on the Si surf:

So an asymmetric initiatohas beensynthesized following a procedure alre:
reported in literatur€® anddepicted irScheme 3
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KCN QA L
i + )c])\ HsN, ¢ H,SO, P N o 1) CIHCI o o N N
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o) Br CN _~_OH CN
2) 2
1 TEA

Scheme 3: synthesis of the asymmetric initiator

We used leuvonic acid and acetone as oxo compaurithd synthesis of asymmetric
azo acid 1 using a typical Haines and Waters mefhioen the acid has been chlorinated with
oxalyl chloride and immediately reacted with allytohol in presence of a TEA to give the
compound 2. The target molecule 3 has been obt&ipdd/drosilanization using Pt catalyst
and dimethyl chlorosilane (DMCS) in large exceslse Excess of DMCS was removed by
distillation and the product 3 (CSAN) was used with further purification for substrates

modification.

The intermediates and the final compound were cheriaed by*H-NMR and FT-IR
spectroscopy and the spectra are in accordance thgtlchemical structure and literature

datas.

The azo-initiator was immobilized at room temperaton clean Si surface using a

solution of 1.5g oB and 2 ml of dry triethyl amine in 80 ml of dry tene.

The use of a monofunctional asymmetric initiatovegi a good control over the
surface modification, as seen by ellipsometric measent with a reproducible increase of
the thickness of only 1.5 nm, in good agreemenhlie calculated length of the initiator

molecule.
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RATRP of nBA

The RATRP polymerization involve the use of Cufi#talyst that is reduced in situ to
Cu(l) by reaction with the radical generated byateposition of AIBN. In this way the active
catalyst and initiator are generated in situ arg akom transfer polymerization can start
(Scheme 4).

CN CN

CN
/f\N/,N\’< — ]+ culrl — /‘\Br +  cu(hBriL

CN

ATRP process
Scheme 4: RATRP process

The SI-RATRP of nBA were carried on the Si modifieatfaces. The goal was to
carry out the RATRP polymerization from a certagrgentage of the initiating site and to

being able to tune the molecular weight of the tgadapolymer.

All the polymerization have been carried out in dmisole using AIBN as free
initiator to avoid the termination of surface chdlire to the persistent radical efféct

In Figure 19 are shown the kinetics of decompasitiof AIBN at different
temperatures. It can be clearly seen that, whitte@mposition at 65 or 70°C is relatively
fast, at 40°C the decomposition is negligible amastpolymerization can be carried out with

no more initiation.

Several condition were tested. In fact in ordeptdbymerize the nBA from only a
small percentage of the azo-initiator tetherechtodurface two opposite condition should be
met: a short time for a precise decomposition efdisired percentage of azo initiator and
longer time of polymerization for having a well ¢miled radical polymerization.

A compromise was found with a two step polymeraatiA first, short, step at higher
temperature in order to decompose the desired anobw@zo-initiator and to form the active
Cu(l) catalyst, followed by a longer step at 40t&nperature at which the decomposition of
initiator is negligible and, using an active casaJ\the RATRP polymerization can be carried

out if an active ligand is used.
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Figure 19: decomposition of AIBN at different temgieires () 70°C, () 65°C,(—) 40°C.

molar fraction of decomposed AIBN

The polymerization were carried using a ratio ofnmer: free initiator: CuBr
TPMA = 1000: 1: 2,2x: 2,2x were X is the targeAdBN decomposition.

In fact, due to the ATRP equilibrium, if not allehCuBeg is reduced to Cu(l) the
polymerization can not continue because of thegm@s of too much deactivator. On the
other hand if all the Cu(ll) is reduced to Cu(l) nontrol on the polymerization can be
achieved because of the persistent radical éff8cthus the ratio 2,1 x: 1 = Cu(ll): AIBN it
is effective to obtain a good control over the pogyization.

The presence of free AIBN is useful, besides thedsedue to the persistent radical
effect, for controlling the polymerization: it isgumed that the polymer grown on the surface
is similar to the polymer grown in the bulky phakefact, kinetic studies of the bulky phase
(Figure 20) show that this approach is successfuhfRATRP from the desired percentage of
initiating sites. The good agreement of GPC anardtecal molecular weight and the low
polydispersities means that the initiator efficigne close to 1 and, when the polymerization

starts, no further initiation is present.
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Figure 20: Kinetics of two step temperature polyimaion with 30% of AIBN decomposition, red point the
plot are after decrease of temperature at 40°C

Several surfaces have been modified by grafiting\ BBains in different percentage

and different molar fraction on the surfaces (T&)le

Table 6: PBA brushes characterization

Entry AIBN Thickness Mhn PDI Grafting density
conversion (nm) (o, chains nrif)
1 0.15 7.1 63000 1.10 0.04
2 0.15 2.0 20000 1.20 0.05
3 0.30 4.6 30000 1.08 0.08
4 0.30 8.8 58000 1.17 0.08
5 0.5 20.0 64000 1.54 0.18

Due to the living RATRP mechanism the chains amiteated with an active Br atom
that can be useful for the synthesis of block campelrs. For our specific scope the Br atom
must be deactivated.

The cleavage of Br atom can be easily achievedehgtion with tributyl tin hydride

under radical condition”! with the mechanism shown in Scheme 5.

Bu;SnH

Scheme 5 Dehalogenation of living chains
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Growth of the mixed brush.

The growth of the second population of PtBA by $NTRP needed less attention than

the previous one as all the remaining reactivelsteto be decomposed.

Thus the polymerization of tBA were carried on ad°® in anisole with

CuBrR/PMDETA until the desired conversion is reached.

While the polymerization in solution continued irc@ntrolled fashion on the surface
no control is achieved. The second polymerizatian be carried out on the surface and
mixed brushes are obtained but no reproducibility tbe polymeric layer thickness is
achieved (Table 7).

This can be attribuited to the crowding of the acefand then to the difficulty for the
second population of the brushes to grow from théase. Moreover some clustering on the
surface can occourr as likely the decompositioe Gt initiator close to a growing chain

should be faster than the one of initiator far avityn a chain and thus with less steric
repulsion.

Table 7 thickness of the mixed brushes

Entry Thickness (nm) Mn PDI ¢ (chains nrif)
PBA brush Mixed brush (PtBA) (PtBA) (overall)
1 7.1 7.6 43000 1.16 0.06
2 2.0 6.3 25000 1.10 0.08
3 4.6 4.7 37000 1.14 0.08
4 8.8 18.0 50000 1.16 0.18
5 20.0 20.8 48000 1.24 0.19

This approach is, at least in principle, extremedrsatile but did not gave the
expected results, and thus in order to obtain #sreld mixed brushes also a “grafting onto”

method have been successfully tried.
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Adaptative surfaceby “grafting onto”
The outline of thisynthetic pathway is depicted Scheme 6.
O~ o
T Y

o OH/NBr Bu;SnH OMH
Br CuBr/PMDETA _—
)Kk / R x / R x

|
\Sli

o

Ny

\S‘i/ S|i
|

TBAF

(0]

~
0
—0 —0 H
-OH %" L o-5i">"Br Lo-5i "N OJ\{N
[ P ; 3
. o si |[-o NaN, . |-o / Rlx
“Z

Si |-OH ~ 5 —0 5 Si |—o
_OH Tol —B(—)/Si/\/\Br DME _B(_)’Si/\/\NS
CuBr/PMDETA
DMF

0
) o
05T NN — H
i e N=N O
Si -0 o) R|x

Scheme 6: mixed brushes by “graftiogfo” method

The general synthesid PBA and PtBAconsist in the polymerization BA and tBA
using a propargyl initiatorprotected with a trimethyls| group. Theobtainedliving chains
are then dehalogenated atige fropargyl group has beedeprotected with tetrabut

ammonium fluoride (TBAF).

A SAM was deposited onto clean Si wafer usii-bromopropyl trimethoxy sylan

the bromine atom was then substituted with an agrdeip by reaction of the surface w

sodium azide in hot DMF using -crown-5 as catalyst.

Finally the mixed bruste have been grafted onto the surfatgsthe 2+3 Cu(l

catalyzed Huisgen cycloaddition between the alkterminated macromoleculeand the

azido groups of the surface.
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Surface modification

The Si wafers are cleaned with piranha solutionrf2®,0, 30% and 60 ml EEOy)
at 80°C for two hours. Then the surfaces are rirs®atral time with deionized water and
dried under air stream. The surfaces after piraaning are highly hydrophilic. The SIO

layer is checked by ellipsometry after cleaning sesiilts of 2 nm.

Immediately after cleaning and drying the surfam@smodified using a solution of 3-
bromopropyl trimethoxy silane (0.30 ml in 10 mldrly toluene). The surfaces are putted in a
large vial taking care that they don’t overlap. Thectionalization has been carried out for 30

minutes at 80°C.

After this time the surfaces are rinsed with clea@loene, sonicated with pure acetone
for 30 seconds and rinsed with water. The watéhes blown away. The surfaces after this

step are highly hydrophobic.

The exchange bromo-azido is performed putting tindases in a saturated DMF
solution of NaN (0.15 g in 10 ml of DMF) using 0.1 ml of 5-crow®-&s catalyst at 70°C for
three days in the dark. The surfaces are thendinsdn DMF, sonicated in acetone for 30

seconds and rinsed with deionized water. The sesfdwen are kept in the dark.

After azido exchange the surface are less hydrapleotd the thickness of the organic

layer measured by ellipsometry is about 3.5 nm.
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Synthesis of alkine terminated polymers

PBA and PtBA of different molecular weight and avrPDI have been synthesized
by normal ATRP using 3-(trimethylsilyl)propargyl #emo-2-methylpropanoate as ATRP
initiator, CuBr as catalyst and pentamethyldietiigthine (PMDETA) as ligand in anisole at
60°C. In Table 8 are reported the principal chamdzation data of the four synthesized

samples.

Table 8: characterization of the polymers usedHergrafting onto reaction

Sample Mn PDI
PBAsgk 30600 1.10
PtBAgok ¥ 29700 1.08
PBAg” 48000 1.09
PtBAsok 50000 1.10

When the desidered molecular weights were obtaifted reaction have been
monitored by GPC) the monomers were removed undeaum, avoiding oxygen coming
into the flask and deoxygenated anisole (10 milpai10 fold excess of tributhyl tin hydride
has been added. The dehalogenation reaction wasccaut overnight at 60°C. No increase

of molecular weight is observed by GPC.

The samples have been purified by filtration ontredwalumina and the solvent and

the residual monomer have been removed under vacuum

100
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T T T ——— 7
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Figure 21: GPC chromatograms of the deprotected &BAPtBA synthesized
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The deprotection of the sylil protected alkyne mieas been done with tetrabutyl
ammonium fluoride 1.0 M in THF. The reaction isrgzdt out using a 100 fold excess and
stirring overnight at room temperature. Water wesntadded and the organic layer separated
and washed one more time with water and dried. sidiheent was finally evaporated under

vacuum.

The *H- NMR spectra confirms that the deprotection oé tterminal group is

quantitative.

In Figure 21 are reported the GPC traces of the fmlymeric derivatives after

deprotection and purification.
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“Grafting onto” and hydrolysis of PtBA chains

The “grafting onto” has been achieved using a 2+¥I)Ccatalyzed Huisgen

cycloaddition.

The experimental condition used are the followidgoxygenated DMF as solvent,
0.6% w/w polymers concentration, 0.01 M CuBr/PMDEBA catalyst, ascorbic acid as

reducing agent (0.002 M), temperature 60°C.

In order to have different surface modificationfeliént relative molar ratio of PBA
and PtBA as well as different molecular weights enéseen used. The reactions have been

carried out into purged flask under nitrogen flaw ©,5, 6 and 48 hours (Table 9).

Table 9. Characterization data of the double corapbaurfaces.

Entry  Compositon M,  Time Thickness Grafting

[BA:tBA] (h) (nm) densities
1 50:50 30K 0.5 4.6 0.09
2 50:50 30K 6 6.8 0.14
3 50:50 30K 48 8.0 0.16
4 25:75 30K 0.5 3.6 0.07
5 25:75 30K 6 5.4 0.11
6 25:75 30K 48 6.5 0.13
7 75:25 30K 0.5 3.6 0.07
8 75:25 30K 6 4.2 0.08
9 75:25 30K 48 7.0 0.14
10 50:50 50K 0.5 54 0.07
11 50:50 50K 6 6.5 0.08
12 50:50 50K 48 8.0 0.10
14 100:0 30K 48 6.4 0.08
15 0:100 30K 0.5 3.6 0.07
16 0:100 30K 48 6.1 0.08

After the desidered time the flasks has been opamedthe functionalized surfaces
cleaned with DMF, Cb{l,, sonicated in acetone for 30 seconds and finalilgddunder

nitrogen flow.

The thickness has been measured by ellipsometiyeB).



Surfaces 223

The PtBA has been hydrolyzed putting the surfacesai 1% solution of

methansulfonic acid in dichlorometane for 60 sesdtl

From the data gathered in Table 9 it can be seanifigossible to tune easily the
grafting densities by changing the reaction time tfee catalyst amount) and the surface
composition by changing the reaction mixture contpns
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Surface reorganization

In order to verify the reorganization of the topmssrface after contact with different
environment, the mixed PBA: PAA brushes were immears different liquids and then

investigated by AFM microscopy.

Each surface was thus immersed in water and hegarteo hours in order to let the
self-assembly of the polymeric layer and then cbedcBy comparying the phase image of the
surfaces after immersion in different solvents \@e see a reorganization of the surface, with
soft (dark) PBA rich surfaces after immersion irxdree and hard (bright) PAA rich surface
after immersion in water (Figure 22). In the follog figures are reported the height and
phase AFM images of the adaptative surfaces adtnganization in polar (water) and non
polar (hexane) liquids (Figure 23, Figure 24 arguFe 25).

Water Hexane

PAA rich surface PBArich surface

Figure 22: Surface reorganization of the mixed bess
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PBA: PAA = 50: 50

Water

[ ¢|alel el 50 m

1 1
oo 1: Height 1.0 pm oo 2 Phage 1.0pum

Hexane

g Glalele]

5.0rm

1 1
oo 1: Height 1.0 pm - oo 2 Phaze 1.0 pm

Figure 23: AFM images (topography and phase imafdé)BA: PAA = 50: 50 after immersion in water and
hexane.
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PBA: PAA =75:25

Water
T el i
1: Height 1.0 |.tm ID.D 2 Phage 1.0 |.tmI
Hexane
T el 0

1
1: Height 1.0 |.tm oo 2 Phaze 1.0 pm

Figure 24 AFM images (topography and phase imagd&BA: PAA = 75: 25 after immersion in water and
hexane.
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PBA: PAA =25:75

1 1
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Hexane
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Figure 25 AFM images (topography and phase imaf&)BA: PAA = 25: 75 after immersion in water and
hexane.
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The reorganization has also an effect on the roegghof the surfaces: in fact a surface
richer in PBA is smoother than a surface rich inAPdue the different softness of the two
polymers (soft PBA, stiff PAA). In fact the analysof the roughness measured by AFM
confirms this trend: while the PBA molar fractionciease (because of the different
composition of the polymeric layer or after hexaatact) the surface is smoother (Table
10).

Table 10: Surface roughness of the adaptative sesfa

Roughness Acetone Water
PBA:PtBA 25:75 0.64 0.66
PBA:PtBA 50:50 0.60 0.79
PBA:PtBA 75:25 0.46 0.46

We can thus conclude that this approach can besssitdly used for the fabrication of
adaptative surfaces by simple grafting of immisipblymers onto a surface. These surfaces
are then able to reorganize in answer to changedloamental conditions. In this case the
surfaces are able to show selectively hydrophilichgdrophobic chains after specific

reorganization.

This kind of study has to be considered prelimipand this kind of surfaces opens a
huge number of possibilities for the synthesis mfag materials able to self assemble in
specific ways reacting to precise environmentaldttoans exposing different functionality

tuned for specific conditions.
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Conclusions

Various surfaces were successfully modified usitfiigrent methods. These surfaces
were characterized by ellipsometry, AFM and SEMthHe case of azoaromatic brushes also

optical (UV-Vis and CD) characterization was penied.
The growing kinetics were studied for all the methised.

The optical properties of the azoaromatic brushesevstudied and compared to the
ones of similar thin films deposited by spin cogtirDifferent behaviors in terms of

photochromic and chirooptical properties were faund

The optical properties of the azoaromatic bruslae® ibeen used for the fabrication of
LC cell driven by optical command surfaces. Due tte high robustness of the
macromolecular brush these devices overcomed titdgmns related to the dewetting of the

sensitive layers that limited their applicatiortte past.

Also adaptative surfaces were successfully syrebdsiia a grafting to method. These
well defined surfaces are able to reorganize themtst layer reacting to changed
environmental condition, by incorporation of furctality in these brushes it is possible, at
least in principle, to prepare surfaces able togauize and to act in different ways to target

environmental condition.
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Experimental part

THF, DMF, toluene and Ci€l, has been purified and dried according to reported
procedure$' and stored under nitrogen. Acetone used for wasthie Si wafer was Acetone
HPLC grade purchased from Aldrich. Ultra pure watsed for washing is made with Milli-Q
plus instrument by Millipore.

Trimethylchlorosilane (TMCS) is freshly distilledripr to use and stored under

nitrogen.

The monomer 4s-methacryloyloxy-hexyloxy-4’-ethoxyazobenzernd6A) has been
synthesized as previously descri&t

The synthesis of the monomerS)-ML6A*® and 6,3-MLL6A is described in
Chapter 3.

Polymeric films were spin coated film onto a clegass slide using a 0.1% solution of
Poly(M6A) in CH,CI, the thickness of the film, measured by UV-Vis spesitopy, was
adjusted changing the spin rate to obtain the e@sibsorption (X°= 0.080).

Polymerization initiator:

The ATRP initiator 3-(chlorodimethylsylyl)propyl Bromo isobutyrrate§BiB) was
synthesized as previously descrid&d by Pt catalyzed hydrosylation of the commercially

available allyl 2-bromo isobutyrrate with dimetttyiloro silane.

The ATRP initiator 3-(trimethylsilyl)propargyl 2-bmo-2-methylpropanoate has been
synthesized as previously descri&t

The azo initiator 2',4-azo-(2’-cyanopropyl)(4-cygremtanoxy-(3"-
chlorodimethylsilyl)propylate)§SAN) has been synthesized as previously desctfed

Si wafer and glass slide cleaning

Si wafers cutted in pieces of 1x2 cm and glas® 3id2x3 cm has been cleaned with
piranha solution (EBOy: H2O, (30%) = 7: 3) at 80°C for two hours. The surfahase been

then rinsed with abundant Millipore water and drnigdler nitrogen flow.
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Si wafer modification with SBiB and TMCS

Clean Si wafer have been functionalized with theRRTinitiator by immersion of the
surfaces (paying much attention to avoid contatwéen the surfaces themselves) in 0.01 M
solution of SBIB in dry toluene and keeping under dry nitrogen flowernight at room

temperature.

In order to achieve lower grafting densities alsdace with a different amount of non
active dummy initiator have been prepared usingptiesiously described procedure. For the
synthesis of these surfaces mixture$SBiB andTMCS have been used in the molar ratio of
SBiB: TMCS =1:1, 1:50, 1:200, 1:1000.

The same procedure, molar quantities, times andpdemure were used for the

modification of Si wafer with the azo initiat@SAN.

After modification the surfaces have been clean#ld distilled solvents of increasing
polarity (toluene, dichloromethane, THF, acetond &fllipore water) by sonication for 5

minutes

Surface modification for the “grafting onto” reactn

clean Si surfaces have been modified in a largeugiag a solution of 3-bromopropyl
trimethoxy silane (0.30 ml in 10 ml of dry toluen@he modifications are carried on for 30
minutes at 80°C, then the surfaces have been rwgldclean toluene, sonicated with pure
acetone for 30 seconds and finally with water. $idaces after this functionalization appear

highly hydrophobic.

The exchange bromo-azido has been performed putt@gurfaces in a saturated
solution of NaN (0.15 g in 10 ml DMF) using 0.1 ml of 5-crown-15 aatalyst. The
exchange has been carried out at 70°C for three mhayhe dark. The surfaces have been
rinsed with DMF, sonicated in acetone for 30 sescanrat finally rinsed with deionized water.
The surfaces were kept in the dark to avoid thegosition of the azido groups.
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Polymerization reaction:

The linear polymer Polf6A) has been synthesized by ATRP as previously
described in chapter?.

Polymerization of BA and tBA

The linear homopolymers PBA and PtBA have beenhggited by ATRP following
the procedure reported here for example for RBA

Distilled butyl acrylate (10 ml), anisole (2 m)MPETA (41.4ul) and the propargyl
initiator (45.6ul) have been put in a shlenk flask and the oxygas leen evacuated with
three freeze pump cycles. Then, under vigorouogein flow, CuBr (28.5 mg) has been
introduced into the vial. The vial was then seaad other two freeze pump cycles have been
done. The polymerization has been started by guttia vial in an oil bath for 24h at 60°C.

The polymerization has been stopped after reachimeg desired conversion by

introduction of a deoxygenated solution of;BaH in anisole (0,560 ml in 4 ml of anisole).

The solvent and the unreacted monomers have beeoveel under vacuum until
constant weight was reached. The polymeric dexigativere dissolved in THF and tin and

copper have been removed by filtration on neuttahana.

The THF have been removed under vacuum and thengolywas deprotected with 1,0
M TBAF in THF (100 fold excess). The reaction mpdthas been filtered on acid alumina

and the THF was removed under vacuum.
'H-NMR spectra are in agreement with the expectettisire.

The quantities used for the other polymerizatiengathered in Table 11

Table 11: quantities used for the symthesis of RRA PtBA.

Sample Ratio Monomer Initiator CuBr PMDETA  Anisole
(ml) (ul) (mg) (ul) (ml)
PBAsok 350:1:1:1 10 45.6 28.5 41.4 2
PtBAsok 350:1:1:1 10 45.1 28.0 40.7 2
PBAsk 600:1:1:1 10 26.7 16.6 24.2 2
PtBAsok 600:1:1:1 10 26.3 16.3 23.7 2
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SI ATRP

A typical ATRP polymerization on Sl substrates wasried out in dry solvent (THF
or THF/DMF 1:1 v/v or DMF) using the following predure: 2.2 g oM6A (5.36 mmol),
15.35 mg of CuBr (0.107 mmol) and 2.39 mg of Gu@:0107 mmol) were putted in a flask
and deoxygenated with five freeze-pump cycles. T2@&ml of deoxygenated dry solvent and
64 ul of 1,1, 4,7, 10, 10-hexamethyltriethylentetrs@e HMTETA ) have been transferred
via syringe in the vial and the solution was sdrietil all the compounds were dissolved.
Then four samples of 5 ml were withdraw and tramete to other deoxygenated flask
containing the ATRP initiator modified surfaces.eTlflasks were then sealed and the
polymerizations were carried on at 80°C for diffarémes. After polymerization, polymer
grafted substrates were washed with THF for sevenals to remove unreacted monomer and

freelinear soluble polymer, and dried at room terapee.

SI-RATRP of BA

A typical SI-RATRP polymerization has been carread in the following procedure:
modified surfaces in a protection ring were puaimial with CuBg (15.4 mg), BA (15 ml),
TPMA (21 mg), AIBN (23 mg) and anisole (7,5 ml).é'kial has been deoxygenated with
three freeze pump cycle and put in an oil bath ZiC6for the desired time in order to
decompose the target amount of azo-initiator. Athherdesired time (the color of the solution
turned from dark green to a pale green due todtaation of the colored Cu(ll) species) the
flask was moved to an oil bath at 40°C and the grofvthe molecular weight checked by
GPC. The polymerization was stopped after reachhmy desired molecular weight by
introduction of a deoxygenated solution of;BaH in anisole (0,560 ml in 4 ml of anisole)

and let stir overnight.

The functionalized Si wafer has been recuperateldvaashed with abundant acetone

and water.

SI-RATRP of tBA

The second SI-RATRP was carried in the same wayemxhat only the step at 65°C
was done and PMDETA was used instead of TPMA: w&8er with a PBA brush is put in a
vial in a protection ring with CuBr(15.4 mg), BA (15 ml), TPMA (21 mg), AIBN (23 mg)

and anisole (7,5 ml). The vial was deoxygenateth Witee freeze pump cycle and put in an
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oil bath at 65°C and the evolution of molecular girtiis checked by GPC. When the desired
molecular weight is reached the vial is open, tlagewrecuperated and washed with abundant

acetone and water.

Grafting onto reaction

here is reported as an example the grafting of {3B#nd PtBAg in a 1:1 molar ratio.
Azido modified Si wafer were put in a vial with thaesired molar mixture of PB#x
(150mg), PtBAok (150mg), anisole (10 ml), PMDETA (14l) and ascorbic acid (50 mg).
Oxygen was eliminated by three freeze pump cyctes @QuBr was introduced in the vial
under nitrogen flow. The reaction was carried on4d hours and the vial was open, the

wafer recuperated and rinsed with abundant acetodevater.

The other surfaces were modified following the sgmoeedure, changing the mixture
of PBA and PtBA and the reaction times.

Hydrolysis of PtBA brushes

Mixed brushes of PBA and PtBA were immersed at raemperature in a 1%
solution of methansulfonic acid in GEl,. The surfaces were then washed with fresh@H

acetone and water.

Topmost reorganization of mixed brushes

Mixed PBA-PAA brushes were immersed in 0,1M30; aqueous solution, for giving
a hydrophilic surface or in hexane, for giving adfgphobic surface, for 4 hours at room
temperature. The Si wafer was then removed fronvideand the liquid was blown away

with nitrogen flow.
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