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1. Introduction

Polymeric materials and their physical propertiasehbeen widely studied for a
long time and during this period they have founakcfical applications in many industrial
areas. However, they were used also in variety iagpdields, including photonic,
ferroelectric and antiferroelectric applicationatréduction of rigid mesogenic groups
into the polymer chain (backbone (MC) or side-chétC)) usually leads to liquid-
crystalline polymers (LCPs), which show an interragz state of aggregation between
the crystalline and amorphous structures [1-4]. Mieaning of the phrase “liquid crystal”
is coming from confrontation of solid state cryssalucture with liquids. Whilst solid
crystalline lattice is characterized with 3-dimemsil periodical order of atoms or
molecules, in liquids no long-range order exists.tke other side, there exists a series of
organic low-molecular materials, called liquid dafts, which exhibit a phase of a matter
that are characterized by properties between thbaeconventional liquids, and those of
a solid crystals. For instance, a liquid crystaCYLmay flow like a liquid, but the
molecules in the liquid are arranged and/or origntea crystal-like way. The driving
forces for formation of molecular order in LCPs #re shape of mesogens, flexibility of
polymer chain, and miscibility of initial reactantSuch materials, with more ordered
smectic or less ordered nematic structure, uswsllyw an improved mechanical and
other physical properties. There are two basicgygfd CPs — lyotropic and thermotropic
ones. While in the first group the LC materials ibkhchanges of the structure with
concentration of solvent (LC properties) the chaofythe structure of the second group
is due to the change of temperature.

Interesting LC-systems are formed if mesogenic gsoare combined with
flexible spacers, such as (@K because both LC and isotropic states are presesuicim
polymers. Side-chain LC polymers (SCLCPs) with itiéx backbone and mesogenic
groups in side-chains have also been an activeddnessearch. Such systems, especially
with azobenzene moieties in side-chains (azopolgmeave been extensively studied in
recent years [5-8]. Azopolymers form a class oftpbleromic materials in which usually
birefringence and optical dichroism, based on rms& photoisomerisation of
azochromophores, can be initiated by polarizedt Igghce the transition dipole moment
of azobenzene groups is oriented along the mole@xs of elongated trans-isomer;

dichroism and birefringence can be erased by sulese¢drradiation with non-polarized



light [9-11,16]. Stability of dichroism and birefigence depend on molecular motions in
polymer.

Most of thermal and physical investigations wereden@n SCLCPs based on
polyacrylates and polysiloxanes [3, 4, 11]. In ework we have used as the flexible
backbone polybutadiene diol (PBD). In this casetiea double bonds are available in
each 1,4 or 1,2 monomeric unit for grafting of ngmac LC thiol using an addition
reaction of SH group onto double bonds of PBD.uchsa way the side-chains of various
LC structures (containing flexible spacers and rmgese of various types) can be grafted
onto the polybutadiene backbone and side-chainspoGiutadienes (SCLCPBDs) can
be synthesized.

Dielectric relaxation spectroscopy in broad fregryeand temperature regions is
an effective tool for characterization of moleculaotions in polymer systems [12-16] as
various relaxation mechanisms can be expresseérimstof relaxation times and their
temperature dependences, magnitude and shapeleftderesponse. For LCPs it was
found that the dependences of dielectric functionsfrequency and temperature are
sensitive to the ordered mesomorphic state due d¢oe nor less aligned parts of
macromolecular chains. Also the dynamic mecharspalctroscopy was often used for
investigation of LC polymers [13, 14]; it was foutitht the dependences of mechanical
functions on frequency and temperature are seasity the ordered state of
macromolecules; mechanical behavior similarly te thelectric ones in the LC-state
reflects the coupled response of ordered mesoggmoigps to an applied force. The
structural transitions detected by differential rsgag calorimetry (DSC), polarizing
microscopy and wide-angle X-ray scattering are atdiserved in dielectric and
mechanical measurements [15].

This thesis is concerned with an experimental itigason of the relations
between structure and thermal, dynamic mechanicdl dielectric behavior of side-
chains liquid-crystalline polybutadiene-diol (SCLEBIPS) in a broad frequency and
temperature regions. Two types of thiols with vasicstructure of mesogenic group
(cyanobiphenyl or azobenzene) were synthesizeduaad for preparation of comb-like
polybutadiene-diols (PBD). In Part 2 the descriptad different structural modifications
of LCPs is given. The experimental results obtainadvarious LCPs in literature are
discussed in Part 3. The aims of thesis are gimeRart 4. Materials and methods of
measurements used in thesis are described in Pafaid obtained results and their
discussion is given in Part 6. Finally, conclusiombkich follow from obtained results, are
presented in Part 7.



2. Theoretical Review

2.1 Structures of liquid-crystalline polymers

2.1.1 Thermotropic liquid crystal polymers

Thermotropic liquid-crystalline polymers are intgtiag materials due to their
technological importance; they are relatively goofd manufacturing products with
outstanding mechanical properties. Easy moleculantation is the result of the liquid-
crystalline structure of the melt in a temperan@gion between the semi-crystalline state
and the isotropic-melt state, resulting in relatwe viscosity. The liquid-crystalline state
is the consequence of the rigidity of the moleculekich are spontaneously ordered
along a mean direction, called the directorThere are many different types of LC
phases, which can differ in their resulting optipabperties (such as birefringence).
When viewed under a microscope, using a polariggd source, different liquid crystal
phases will appear to have a distinct texture. Epalch"” in the texture corresponds to a
domain where the LC molecules are oriented in gemdiht direction. Within a domain,
however, the molecules are quite well ordered.

Thermotropic liquid-crystalline polymers belong &o relatively new class of
liquid-crystalline compounds. Indeed, if lyotrogolymeric liquid crystals (such as, for
instance, solutions of synthetic polypeptides) ha&een well-known and are under
investigation already for quite a long time, thestfiattempts to synthesize thermotropic
polymeric liquid crystals date only to the begirgiof the 70th of the last century. It is in
this period, based on extensive interest in praktitilization of low-molecular liquid
crystals, publications revealing various approadbesrds synthesis of thermotropic LC
polymers systems begin to appear and mesomorphijenpcs become the object of
intensive attention of scientists, working in tied of polymer science. The study of this
type of polymers is of interest in its own righthiah is inspired by the need to clarify the
nature and specific features of LC state of macteoutar compounds [17-20].

On the other hand, the interest towards this fieldaused by the possibility to
create such polymeric systems which combine thguenproperties of low-molecular
liquid crystals and high molecular polymer compaainchaking it feasible to produce
films, fibers and coatings with extraordinary featu It is known that the utilization of
low-molecular thermotropic liquid crystals requirepecial hermetic protective shells
(electrooptical cells, microcapsules etc.), whichimtain their shape and protect LC

compounds from external influences. In the cag@aimotropic LC polymers there is no
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need for such sandwich-like constructions, becthus@roperties of low-molecular liquid
crystals and of polymer chains are combined imglsiindividual material. This reveals
essentially new perspectives for their application.
At present at least three types of thermotropigioymers may be identified - these are:
1) the melts of some linear crystallizable polymers
2) polymers with mesogenic groups incorporated inbidekbone
3) polymers with mesogenic side groups

Thermotropic phases are ordered phases thosedbat in a certain temperature
range. If the temperature is raised, thermal motdhdestroy the cooperative ordering
of the LC phase, pushing the material into a cotigeal isotropic phase. At too low
temperature, most LC materials will form convenéibithough anisotropic) crystals.
Many thermotropic LCs exhibit a variety of phases tamperature is changed. For
instance, a particular mesogen may exhibit varismectic and nematic (and finally
isotropic) phases as temperature is increased.

The various LC phases (called mesophases) candraatérized by the type of
ordering that is present [19-21]. One can distiglgupositional order (molecules are
arranged in any sort of ordered lattice) and oatomal order (molecules are mostly
pointing in the same direction), and moreover ordan be either short-range (only
between molecules close to each other) or longergegtending to larger, sometimes
macroscopic, dimensions). Most thermotropic LCd have an isotropic phase at high
temperatures. That is, heating will eventually drilkem into a conventional liquid phase,
characterized by random and isotropic moleculaeng (no long-range order), and
fluid-like flow behavior. Under other conditionso(finstance at lowering temperature), a
LC might inhabit one or more phases with significanisotropic orientational structure
and long-range orientational order while still hayan ability to flow.

The ordering of liquid crystalline phases is extem®n the molecular scale. This
order extends up to the entire domain size, whiely e on the order of micrometers,
but usually does not extend to the macroscopiceseal often occurs in classical
crystalline solids. However, some techniques (agthe use of boundaries or an applied
electric field) can be used to enforce a singleesed domain in a macroscopic liquid
crystal sample. The ordering in a LC might extelah@ only one dimension, with the

material being essentially disordered in the otiverdirections.



2.1.2 Nematic phase in polymers

One of the most common LC phase in polymeric malteris the nematic one
[19], where the molecules have no positional ordmri they do have long-range
orientational order. Thus, the molecules flow ahdirt centre of mass positions are
randomly distributed as in a liquid, but they abliqt in the same direction (within each
domain). Most nematics are uniaxial - they have axis that is longer and preferred,
with the other two being equivalent (can be apprated as cylinders). Some liquid
crystals are biaxial nematics, meaning that in taldito orienting their long axis, they
also orient along a secondary axis.

The molecules in thermotropic LC are typically mithped organic moieties
about 2.5 nanometers in length and their orders@ ifunction of temperature. The
nematic phase, for example, is characterized bytiemtational order of the constituent
molecules. The molecular orientation (and hencdr tbhetical properties) can be
controlled with applied electric fields. Nematiag dhe most commonly used phases in
liquid crystal displays (LCDs), with many such dms using the twisted nematic

geometry.

2.1.3 Smectic phase

The more ordered liquid crystals form the so-catietectic’” mesophases which
are found at lower temperatures in comparison ® rthmatic one. In smectics, the
molecules are arranged in well defined layers st tiiney do have long range positional
order in one dimension, perpendicular to the lgfane (layer normal). The smectics can
occur in a variety of forms because within the taytaere may be different arrangements
and degrees of order accounting for the varioussdiaations [19] (A-, C- phase etc.). In
the Smectic A phase, the molecules are orientexdgalbe layer normal, while in the
Smectic C phase they are tilted away from the lay@mal.. There is a very large
number of different smectic phases, all charaateriay different types and degrees of

positional and orientation order 19-21].



2.1.4 Side-chain liquid crystal polymers

Traditionally two major classes of LCPs have ba#sniified: so-called main-chain
and side-chain types. The concept of the LCPsiily feelf-explanatory from its name
[21]:

e Main-chain LCPs - the mesogenic (rigid) units aset @mf polymer main chain.

Thus usually rodlike polymers are formed.

» Side-chain LCPs - the mesogenic units are attadhed (flexible) polymer
backbone usually trough flexible spacer (their prtps are reviewed by
Finkelmann, Rehage and McArdle) [20-21].

Fig. 1 provides schematically the structure of bottain- and side-chain LCPs. The
synthesis and properties of these materials haea bgtensively investigated [18, 22-
26].

Fig 1. Schematic representation of a main-chain LCP (#9 a side-chain LCP (B)

2.2 Mechanical spectroscopy of polymers

Mechanical spectroscopy is an experimental teclniqof material
characterization in which deformation and flow bebe of materials is analyzed by
means of static or dynamic mechanical methods [EXperimental data are usually
obtained from the material response to periodieaiation of external mechanical stress
or strain field. Material responds to the appligteenal stress or strain by dissipating the
input energy in a viscous flow (non reversible tege) and by storing the energy
elastically (reversible response), or through alwoation of both of these two extremes.
The mechanical behavior is often a main critermmaf possibility of practical application
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of these materials even if other physical propsrtieuld be obtained and used more
effectively (optical, electric, etc.). The mechaispectroscopy is also widely used
experimental technique for analysis of the strieeton molecular level and molecular
motion in complex polymeric systems.

Despite the structural and related mechanical cexilyl of polymeric materials,
the phenomenological description of the mecharbehlavior of the systems is based on
rather simple models - combination of elastic gggiand damping piston [12, 27]. The
two simplest limits — the elastic behavior of idealid (spring) and the viscous behavior
of Newtonian liquid (piston) — are characterizedtbg well-known linear relationships
between shear stress(force per sample area) and the shear strathe relations are
given either by Hook'’s (eq. (1)) or Newton'’s lavg(€2)), respectively:

g=Gly 1)
dy

o=n— 2
f7dt 2)

whereG is the shear modulus armdis the shear viscosity.

Polymers are usually considered as viscoelastienadd in which mechanical
properties strongly depend on time or frequency andtemperature. The simplest
viscoelastic behavior can be represented by a Mixmaxlel, which is characterized by
the serial connection of spring and piston. Fos tiodel the time dependence of the

shear stress(t) is described by equatioa(t) = g,e™'", where the relaxation time=
n1G denote the time when the stresslecreases to the value afy/e. The Maxwell

model describes the viscoelastic dynamic transitietween the elastic and viscose
regimes which is located between times shorterh@rigrequencies) and longer (lower
frequencies) then the relaxation time. The meclsnehavior of real polymers is
usually characterized by many relaxation times.hE@axation time usually means a
switching on and off of particular type of moleautaotion in the system and separates
dynamically different states of the material.

The mechanical behavior of side-chain LCPs has bstewdied for some
thermotropic systems. One of the main difficulttdghe experiments with thermotropes
consists in necessity to measure at high tempesatdt these temperatures physical and
chemical changes in LCPs may take place, resultiraysensitivity of the sample to the
thermal history and to a time dependences of thasoreng properties [28]. The

10



mechanical behavior of SCLCPs was reviewed witle@mphasis on experimental results
by Porter and Johnson in 1967. They noted an elasaemtation of liquid crystals by
electromagnetic fields and by mechanical stress faumnd that this orientation is affected
by the viscosity value. Orientation induced a maigrfeeld causes a four-fold change of
viscosity in the nematic state, but has no effedhe isotropic state of sample. Also, the
viscosity of the nematic fluid is lower than thdttbe isotropic fluid, even though the
temperature is lower.

The three-region viscosity (flow) curve (Fig. 2)oposed by Onogi and Asada
[29] is used as a framework for the discussiorhefliquid crystal polymer rheology:

LOG Viscosity

LOG Shear Rate

Fig. 2. Three regions of flow behavior (from Onogi ancde)

A similar flow curve had been proposed earlier hvatdifferent molecular interpretation,
by Pochan and co-workers for cholesteric mesophdbesexplanation was based on
rheo-optical (combination of mechanical and defdromal birefringence measurements)
studies.

On the basis of the published evidence, one casmotery much about the shear
thinning of Region 3 [29]. The data are simply towonsistent. The phenomena
associated with Region 1 are even more complex. fiise challenge now is for
experimentalists to define the conditions of tleiperiments sufficiently and to learn for
each studied system what the variables of sampterigiare and how they affect the flow
behavior. The second challenge then will be to robrand specify the morphology or

texture of measured materials in order to study hine texture is affected by

deformation.
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2.2.1 Principles of mechanical analysis

Force (or stress — force per unit crossection) defbrmation (change of the
sample shape) are the two physical quantities wtachompany any mechanical
measurement of the material. The mechanical expgeticonsists in determination of the
relations between stress and deformation (stré@epending on the way in which the
forces are applied to the material, various kinddeformations can be distinguished and
various components of the more general relationgden strains and stresses can be

determined. As examples, tension, simple sheacamgpression are illustrated in Fig. 3:

Tensioh

‘_I"—“ ““““““““““ CTT o-tensile stress
i 1 tensile strain e=AL/L,

L - - — 4

S2imple shear

—
C%’ S T — shear stress
Ré j’ shear strain y=tg @
'_
Compression |
e 1 P - pressure
I '
L I compression A=0V

Fig. 3. Examples of different types of deformations

For materials, the three types of the deformatialiev one to determine the Young's
modulus in extensionE( = o/¢), the shear modulusG(= ofy), and the compression

modulus K = p/4) as the ratios of corresponding stresses and matmns. The

measurements of mechanical properties can gendmlgonsidered as an input - output
system in which the input signal, in the form ahéi (or frequency) dependent force or
deformation, is applied to a sample and the oufmtal is resulting deformation or force
monitored in dependence on time (or frequency);irenmental conditions, such as
temperature, humidity etc. can also be taken intmant. Usually in dynamic mechanical
experiments, a sinusoidal strain is applied to derms and the resulting stress is
recorded. The stress signal is then separated timbo components: an elastic (real)

component (which is in phase with the applied sjraand a viscous (imaginary)
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component (which is S@ut of phase with the strain). In this way, infotioa’s on both

the elastic and viscous component are determined.

2.2.2 The dependence of mechanical behavior on frequency or time

To define dynamic mechanical properties of polymeraterials, the complex
mechanical shear modulus is introduced. In polyrtessa function of angular frequency
w (or frequencyf = w/2x), temperature T and some other external param¢Eséis
Usually harmonically oscillations of deformation(t) are applied on material in the

form:
y*(t) =y, explat) 3)

whereyy corresponds to the amplitude deformation amlimaginary unit. In this case
linear viscoelasticity theory can be applied and $itresss*(t) in sample follows the

same frequency as deformation, but with a phasedshi
og*(t)y=0,expi(wt+0) 4)

whereoy is the stress amplitude. The complex shear modatus than given by the

equation:

Gt =2 = %0 axpi 5 =22 (cos@) +isin(E)) = G+G" (5)
< Yo

0

The real part of the moduluS’ is called elastic (storage) modulus (it is in paawith
deformation) and imaginary (loss) p&t is called viscous modulus (is shifted 90 ° from
deformation); also the loss tangent tdn= G’/G’ is often used in mechanical
measurements. Elastic modulus is associated witllaetic energy stored in the sample;

the volume density of elastic energy could be esged by:

Yo
w, = [G'ydy 6)

0
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Viscous modulus corresponds to the energy lossts deformation; volume density of

the dissipative energy could be expressed by:

y n
Rl
wo = [ =~ ydy @)

0

In the Fig. 4 one can see the dependence of elastitulusG’ on frequency at
constant temperature. This figure is the typical feechanical behavior of amorphous

linear polymers. It is possible to distinguish e turve four regions:

Glassy state region (at the highest frequeriies
Main-glass transition region (intermedid}e

Rubbery plateau region (lofy

R

Flow region (the lowed)

Elastic Modulus G'

Frequency

Fig. 4. Dependence of real (storage) modulus G’ on frequext constant temperature

At the highest frequencies (region 1) the polynseini so-called glassy state. This
region is characterized by the very high valuesmaidulusG’. For many polymeric
materials in this region one can observe small géarin modulus values, which are
associated with so-called secondary relaxationvément of side-chains or small part of
main-chain groups). Deformation in this region kéal such processes as conformational

changes or rotations of the short parts of polyrdesin. The frequencies of these
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movements strongly depend on chemical structuregaodnetry of the monomer units.
The movement of the whole main-chain is freezetthismiregion.

The most pronounced changes@hmodulus (several orders of magnitude) with
the frequency (or temperature) is observed in regioThis is the main transition region
from the glassy-state to the rubber-like state sgl&ransition region). In this region
modulus decreases for 3-4 logarithmic decades dra rhain-chain motion is
subsequently released.

In the rubbery plateau region (region 3) coopeeativotion of whole network
chains are already realized. Usually inter-chateractions (permanent entanglements)
prevent the movement of whole polymer molecules sygtem behaves as physically
crosslinked network. Finally at the lowest frequeadflow region 4) polymer molecules

can freely flow and macro-Brownian motion is allave

2.2.3 Time-Temper atur e super position

When amorphous polymer above the glass transi@opératurely is deformed,
its chains try to obtain the most probable configiens which correspond to deformed
state. The rate of the configurational changes miggpen local viscosity, which decreases
with increasing temperature. From this it followsatt the interrelations between time- and
temperature- dependences of mechanical behaviat; dkiese mutual relations were
expressed in time-temperature superposition pri@d®7]. This principle is very useful
and was confirmed by many experimental studiesais also included in the molecular
theories of viscoelastic behavior.

The most important assumption of the superposftiamciple is that the influence
of the temperature changes affects all relaxaiioed by the same value. This mean that
the shape of mechanical functions on time (or feaqy) with temperature does not
change; the functions are only shifted on timeqiiency) scale. Temperature shift factor

ar is then defined as:

It
a, =—
ST ®)

where 77 is relaxation time at temperatufe and It is relaxation time at chosen

temperatureT,. Moreover it is supposed, that all contributiomms the modulus are

proportional to absolute temperature and densityagnord with well-known kinetic
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theory of rubber elasticity [27]. From above itléaVs, that the reduced curve of modulus
Gp(t) (which characterizes mechanical behavior at chos@peraturdy in a very broad
frequency scale)) can be obtained from the sham-tenechanical measurements of

moduli G(t) at different temperatur&s

0gG, () =log L 2 ©

OpO

wherep is the density of polymer at temperatlirandpg is the density at temperatufeg
It was experimentally shown that the dependendbeo$hift factor on temperature can be

described by the Williams-Landel-Ferry (WLF) equoati

- 886(T -Ty)

loga, (T) =
9a, (T) 1016+T —Ty

(10)

whereTs is the reference temperature. It was found thatHfe most polymeric systems
Ts = Ty + 50 °C (T4 is the glass transition temperature) and that tpeaon well
describes experimental temperature dependence shift factor in the rang@s— 50°C

< T < Ts+ 50°C. Further measurements have shown that the cdsstarquation (10)
slightly depend on detailed structure of polymed #mat the temperature dependence of
the shift factor is better described by the equmatio

_ Clo (T _To)

logax, (T) =~ 5 ——=
2 0

(11)

Where C{ and C) are the constants for particular polymer and depamthe chosen

temperature To. These constants were later interpreted in polyrfiee volume
parameters. Finally, we can conclude that supeiposiprinciple is based on 3
assumptions:

1. proportionality of contribution to the modulupRT

2. every relaxation time is proportional to the vabfethe one friction coefficient

(shape of mechanical functions do not change \eithperature)

3. structure of polymer does not change with the teatpee.

Summarizing, one could say that the use of therpagd@ion method allows to obtain the

superimposed (master) curves of mechanical funstianvery broad time (frequency)

16



interval by shifting of the curves measured in shione (frequency) region at various

temperatures.

2.2.4 Freevolumetheory of viscoelasticity

In each material one can find some free space eetvelymer molecules. In
general, in material it is possible to distinguigtween the total volume and the occupied
volume. The difference between these two volumesorssidered to be a free volume
[27]. The amount of the free volume changes witimgerature. This amount can be
estimated from X-ray scattering and positron anaiidn experiments. Normally the
volume of a single hole it is about 0.02-0.07nm

Most of the theoretical models operate with thetfomal free volumef, which is
the ratio of the free volume to the total volumbaeTmain assumption of the free volume
theory is that below the glass transition tempeesaiy the free volume does not change
[27]. In that case the equation for temperatureeddpnce of the fractional free volume

is:
f=f+a,(T-T,) (12)

wherefy is fractional free volume afy and s is coefficient of the temperature free

volume expansion. Using Doolittle equation [27] fbe dependence of viscosity on the

free volume -n = Aexp&?) and using equation (12) it is possible to obt&ie WLF

equation (11) for the shift factor (fdp = Tg) in the form:

(B /23f )(T-T.)
loga, (T)=- 3 : (13)
o fola, +T-T,

in equation (13 is the constant (usually equal to 1). Usually¥ o) — ag, Whereag — is
the coefficient of the temperature volume expan&ielow Ty and a; — is the coefficient

of temperature volume expansion abdyelt was shown that this equation predicts also
the effect of the pressure, solvent concentratind the molecular weight of linear

polymers. Comparison of equations (11) and (13¢9@° =B/2.3fyandC;] =14/ as .
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It was experimentally shown thdg is, in the first approximation, universal
constant for the most amorphous polymers and itseviafy = 0.025 + 0.003. The value
of a; for the polymeric systems changes in the range.®fto 9.710* K™. From this it
follows that the glass transition occurs when tie fvolume reaches the critical value
(free volume conception of glass transition).

Temperaturély usually depends on heating/cooling rate as it st&svn in many
experimental studies (Fig. 5). On cooling of a pody sample at a constant rate one can
find that the specific volume (or specific heatlaobes (decreases) linearly, however
below a certain temperature the slope of the cuwivanges. This point where the
discontinuous change occurs can be considered giasa transition temperatur@g).
However if instead of further cooling one can latnple to equilibrate at a constant
temperature belowy the specific volume will change slowly to such extthat follows

the original (prior toTy) slope. This process of equilibration is usuaklex physical

aging.

Specific volume

r@ T

Temperature

Fig. 5. Schematic curves showing the cooling rate deparedehthe specific volume of

glass transition (cooling rate 1 is higher than tng rate 2)

The temperature dependences of the specific volompey that the measured,
values actually depend on the experimental conditisuch as the rate of cooling/heating
(Fig. 5). The longer equilibration times before tleenperature increase will result in
lower value of the glass transition temperaturas Bvidently shows the kinetic nature of
the glass transition. Since the measured spealfienve depends on the temperature and
rate of cooling belowy one can take into account the time of volume recpvThe rate

of recovery depends on the magnitude, sign of dewvidrom the reference equilibrium

18



state and on the fact how long the measured sampte allowed to remain at the

preceding temperature (memory effects).

2.3 Dielectric spectroscopy

2.3.1 Dipole moment

The dielectric spectroscopy is based on the interaof external electric field
with matter, it means it is concerned with the msoopic mechanism of dielectric
polarization. Conceptual definition of dielectriatarials consists in the development of
the band theory of solids [31] where the gap betwbe conduction and valence band is
greater than 1 eV and the number of thermally gdedrfree charges is negligible. The

electric momentp of a configuration oN discrete chargeg relative to the fixed origin

is defined by equation
N

p=> 0G0 (14)
i=1

where the vector; indicates the position of point charge relatively to the fixed origin.

In the simplest case of two point charges and-q the electric (dipole) moment is

described by equation:
p=ar (15)

where the vectar is pointing from the negative to the positive gear

The polarization of matter in external electricldiean be developed in the two
most important concepts — the induced and oriemtgiplarization. The first mechanism
of polarization is active in all dielectric matdsavhen brought into an external electric
field. The second one exists only in so called pali@lectrics where the centers of
positive and negative charges of a molecule docootcide due to the non-symmetric
structure of molecule even without external electield; i.e. the molecule possesses a
permanent dipole moment. The dimension of the dipebment in SI units ip] = C.m.
The values of molecular dipole moments are stdhfrhistorical reasons expressed in

Debye (D) units (e.s.u.) instead of Sl ones; tip®lgi moments of most non-symmetrical
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molecules lie between 0.5 and 5 D. One Debye isz {I3).10°° C.m.

Induced dipole momemty, is formed after application of external electiigld E
when the charge separation takes place betweeroutex electronic cloud and the
nucleus (the atomic cores) in molecule. In thissdh® dipole momenty, is proportional

to the intensityg, of the electric field according to the relation
m, = AE (16)

whereA is the polarizability of the molecule; the dimemsiof polarizability is the same
as the dimension of the volume&\[[~ m®). This induced dipole moment adds vectorially
to any permanent (orientational) dipole momentthat a molecule may possess.
Therefore the total dipole moment of polar molecsle

m=y+m, =+ AE, a7

Dipole moment of non-polar molecules is determiaely by the second part of equation
(17), because for non-polar molecule 0.

The polarizabilityA in isotropic materials is supposed to be a congteat does
not depend on external conditions (pressure angeesture) and on field intensity (if the
field is rather small); in this case we have lindealectrics. The orientation polarization
was at first described by Debye [32]. He suppobatpolar molecules are freely floating
in a non-polar fluid and only the thermal motionshie randomizing influence on
dipoles so that the mean dipole moment <> of gblés in a matter is equal to zero.
While the dipoles oriented in the direction of ertd electric fieldE have lesser potential
energy then those oriented in the opposite diractice mean dipole moment of polar
matter will be under field effect (in a statistiauilibrium) non-zero. The calculation

gives in the first approximatiop{E << kT) for the mean dipole moment>

<ﬂ>2 - H E (18)

wherek is Boltzmann constant afddtemperature.
In more intensive electric fields the dipole momentgrows slower and

asymptotically come to saturated value, which spoads to ideal arrangement of all
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dipoles in the direction of electric field.
If a volume unitV consists ofN molecules, the vector of polarizatiéhwill be

given by

p=2%u+r =Nim+p (19)
vEs otV i

i=1

where N denotes the number of all dipoles in th&tesy andP,, is the contribution of
induced polarization. Importance of dielectric dpescopy lies in possibility to establish
relations between structural parametessA;,) and macroscopic value 8f It is known
that the polarization vectd? is given by macroscopic intensity of electricalldi E (or
electrical inductionD) and material functions such as permittivitypr susceptibilityx
[33]. For corresponding interrelations the follogiequations are valid

P=¢g.kE (20)
P=D-¢E=(e-¢,)E (21)
and

EK=E—E, (22)

whereeo is the permittivity of vacuume§ = 8.8510"% F-m™). For practical reasons it is

traditional to use the relative permittivity defined by equation:

& = (23)

Material functions susceptibility and permittivitye have scalar character only in

the case of isotropic dielectrics. In non-isotropiaterials they are tensors.

2.3.2 Dynamic measur ements

One of the most important applications of the digle spectroscopy is the study
of relaxation processes which are caused by ro@ibrational fluctuations of
permanent molecular dipoles in time oscillatingctrie fieldsE*. Such permanent dipols
are related to characteristic parts of a molectilectgation groups etc.) or to the
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molecule as the whole. So we can obtain informagibout the dynamics of a molecular
movement in a broad time (or frequency) rangefifiect of external parameters such as
temperature, pressure and composition of samptes, @an be also investigated. The
dielectric spectroscopy is (alike as in the casstafionary electric fields) based on the

interaction of external electric field with mattéfor small intensity field&€* strengths

D* can be expressed by (see egs (20- I2))=¢ ¢,E ,where &, is the dielectric

permittivity of vacuum and” is the complex dielectric function — dielectriamettivity.
£'is a material value that is time (or frequency) efggent if time dependent processes

proceed in measured samples. For a periodicalrigldatld (E(t) = E.e™ (o is the

angular frequency) the complex dielectric functionis given by
E(w)=€(w-ie"(w) (24)
where £'(«) is the real part and’(« the imaginary part of the complex permittivity.

The simplest way how to calculate the time depecel@i dielectric permittivity

is the Debye’s assumption that the rate of chamd@eed(t) is proportional to its value at

timet
dD(t) . 1
i 7, PO (25)

where 7, is a characteristic relaxation time — time at whilbe value oD decreases to

1/e. For the complex dielectric function (v We obtain in this case [32-38]

Ae
1+iwr,

£(w)=¢,+ (26)

The first term on the right-hand side of eq.(28),, corresponds to the very high
frequency response of material to the applied eteéield E which is usually due to
induced polarization and it is related to the retikee index ¢, = n?). In the limit of very

low frequencies the permittivity corresponds tositatic value (lime (w—0) =¢5). With
increasing frequency the real part’(w) decreases stepwise from its static (relaxed)

value & to the un-relaxede,ones whereas the imaginary pai{ ) exhibits for

frequencywm = 1/r a maximum (Fig. 6). The position of maximum of gmary part
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agrees with the middle of the step in the real.dartimits of very low and very high
frequencies the imaginary part of permittivity tenw zero. The difference of the real

parts of permittivity limitsAe = £, — &, is called the dielectric strength or magnitude of

absorption. Since bot(w) ande’( w) are interrelated by the Kramers-Kronig relations

—log €'
e logg”

slope = 1

log €' ; log €"

conductivity contribution

log w

Fig. 6. Scheme of real and imaginary part of the completedtric function for a

relaxation process

[34-35], both components of complex permittivitygiroughly same information’s about
molecular motion. These relations are often usa@laie the real and imaginary parts of
response functions in physical systems.

Non-conductive materials - dielectrics - contaifi atlot of charges that can move
freely in external electric field and contributetbeir direct-current (DC) conductivityp.
This DC conductivity contributes to the imaginaaftpof permittivity at low frequencies

by the term

e" = ool (27)

In the case of dominating DC conductivity the expental data may be evaluated not
only by means ot* but also by complex conductivity* (6*(w) = iweoe*(w)) or by
complex moduludt* (M* = 1/¢*). The possibility of even small movement of charge
the external electrical field can lead to theira@gtion which gives rise to an additional
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polarization, so called Maxwell-Wagner-Sillars paation or electrode polarization
[15].

The equation (26) gives an adequate descriptiarriehtation polarization in the
case of small concentrations of dipole moments wiendipole-dipole interaction is
negligible (gases or diluted liquids). For all athmaterials including polymers we
observe deviations from this Debye-like behavionaning mainly the shape of
experimental curves that are broader than Debyeés.oTherefore we suppose that the
relaxation process is described by a set of diffierelaxation times and the frequency
dependence of permittivity will be described by meaof distribution function of
relaxation times. In the literature there existtgua number of empirical distribution
functions for description of frequency dependenadsdielectric relaxations. For
evaluation of experimental results the non-symroatriHavriliak-Negami empirical
equation (see eq. (35)) is mostly used [36-38].many cases a more simpler -
symmetrical Cole-Cole distribution, describes welkperimental dependences of

dielectric functions on frequency.

2.3.3 Didlectric measurements of polymer systems

a) amorphous polymers

The dielectric spectroscopy is a useful tool fardgt of molecular dynamics in
polymer systems as it was shown in literature [8]-3'he molecular motions in
amorphous polymeric systems could appear in diftereme (frequency) scales
depending on the morphology of polymers. In mosbmaous polymers there exist a
number of relaxations corresponding to various &inof molecular movements.
Stockmayer [39,40] has divided the dipole momemtspolymers in respect to the
direction of the main-chain as A, B and C. Typeepresents a part of dipole moment
parallel to the main-chain. B-type dipole momentperpendicular to the main-chain
direction and type C represents dipole momentstéocan side-chains. At the lowest
temperatures (glassy-state) or at the highest émscjas the secondary relaxations f-
relaxations) caused by local movements of molecdli@oles (the local rotational
fluctuations or side-chain polar groups movemernype C) are usually detected. The
temperature dependence of peak frequdénof these relaxations is usually described by
the Arrhenius equation in the form of eq. (37). Tin@gnitude of secondary relaxations is

rather small and slightly increases with tempemtlihe shape of relaxations is broad
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and approximately symmetric (Cole-Cole distribujion

With the increasing temperature the main relaxatreferred to as thes-
relaxation, corresponding to the main transitiopafymer from the glassy to the rubbery
state, is found. The movement in this region hesaperative character. The temperature
dependence of the relaxation times in the mairsttian region (temperature dependence
of f) can be expressed by the Vogel-Fulcher-Tammanntieguéeq. (38)) or by the
equivalent Williams-Landel-Ferry equation (eqs (1@1) and (13)). The dielectric
strength in the main transition region is much kigthan that of secondary relaxations;
its value decreases with increasing temperature.shiape of main transition absorption
peak is un-symmetric, corresponding to the HawkilNsegami distribution (eq. (28)).
Bauer and Stockmayer [39-40] have dielectricallyasuged poly(oxypropylen)-diols
(PPD) and -triols (PPT) at which the A-type of dgmis present. At the temperatures
higher then thdy they have found at lower frequencies thandfrelaxation a separate,
so-called normal mode relaxatiowi-(elaxation), which corresponds to the movement of
the whole chain. While for the segmentakrelaxation the temperature position of
maxima is practically independent of molecular kel for measured diols and triols,
for normal mode relaxation it depends on the lerajtinolecule. It was shown that the

peak frequencim, of normal mode depends on the molecular weight as

f,OM™ (28)

where A ~ 3 for experimental data which were fowatdl = 220 K. The dielectric
strength of normal mode relaxation depends alsehenmolecular weight of polymer
because the dipole moment component is parallghg¢ochain backbone. The shape of

normal mode is well described by the Davidson-@ol€ole-Cole distribution.

b) side-chain LC polymers (SCLCPSs)

In SCLCPs the mesogens are usually decoupled fnerm&in-chain by a flexible
spacer, which is made from aliphatic segments. mbkecular dynamic in these systems
is a result of complicated interplay between thdymper backbone and the liquid
crystalline moieties in different mesophases. Theeral molecular dynamic is

characterized by several relaxation processes Tig.
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Fig. 7. Scheme of liquid crystalline side-chain polymétessible dielectric relaxation

processes are indicated by arrows (by Kremer arnvdockers [15])

The B-relaxation corresponds to libration fluctuatiorfsttte mesogen around the
long molecular axis as proven by both the dielecnd NMR studies [41-44]. Ths
relaxation should not be mixed up with the genamhenclature in amorphous systems,
where B-relaxation simple means some secondary relaxatibhe temperature
dependence of peak frequenty of this relaxation is Arrhenius-like. Details ofeth
structure of the mesogenic groups or of the maairchave only a weak influence on its
libration dynamics. Analysis of the activation emerE, of B-relaxation, using the
Arrhenius equation (eq. (37)), of various LCPs lekto extraordinary higlt, values
which increased with the order in the mesophasehich relaxation was measured [15].

The a-relaxation is assigned to fluctuations of segmesftdshe main polymer
chain as in the case of amorphous polymers. Tmd &i relaxation shows a VFT-like
(eq. (38)) dependence tf on temperature. It was shown that the local camaton of
stiff moieties in the neighborhood of the main-chaegments is reduced resulting in an
increased segmental mobility and hence in a deerefs,. [45]. The Vogel temperature
Tver (eq. (38)) obtained from dielectric data corredateell with the glass transition
temperature measured by calorimetric methods. Tibkedlric strengthde of the o-
relaxation shows a temperature dependence whichaisacteristic for the dynamic glass
transition of amorphous polymers with no interraptat LC transitions.

In contrast to the-relaxation the-relaxation behaves differents is constant in

the isotropic phase but decreases with decreasmgdrature in the nematic phase. The
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o-relaxation is assigned to libration fluctuations the mesogen around the short
molecular axis. As a process originating from flattons of the mesogen and depending
on the microviscosity of its surrounding, theelaxation reflects the interplay between
mesogens and the main polymer chain.

In addition to above relaxations other processesdiy-relaxation (detected at the
lowest temperatures) are related to rotationaktdiatons of the tail or terminal groups of
side-chains and are similar to those in amorphobgners.

2.3.4 Freevolume inter pretation

The mechanism of segmental relaxation involves rohain motion over large
length scales. This intramolecular cooperativityjuiees intermolecular interaction,
which might be represented in the description l®yghrameter of free volume similarly
to mechanical relaxation.

Zorn and co-workers [46] transformed the Vogel-RaleTamman equation (38)
to Williams-Landel-Ferry equation (11). Finally theame to

coo L B

' :2_-3 To _TVFT (29)
and
Cg =To = Ter (30)

The reference temperatufe in the WLF equation is based on an arbitrary ahoic
of superposition-reference temperature and cors@fiand C; depends ofp. If we

choose as the reference temperature the glasgitvarismperaturdy, then, according to
the free volume theory (see 2.2.4), the fractidres volumefy and the thermal expansion

coefficient of the free volume:

1
f, = 31
¢ 23C] 81)
and
1
- = 32
@ 23[CY [T (32)
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usually attain the universal valudg$ 0.025 andy = 4.8 10" K™)

2.4 Macroscopic structur e characterization

2.4.1 Differential scanning calorimetry (DSC)

For investigation of various structural changes ttigferential scanning
calorimetry (DCS) method is mostly used in literatu Method consists in the
measurement of the specific hegbf the sample in dependence on temperature. While
the first-order structural change (i.e. crystali@a) gives a pronounced maximum in
temperature dependence qf, the glass-transition in polymers leads to jumpewi
temperature change of. The essential features of the phase behavioC#fs.(including
of SCLCPs) are relatively well established [47].9¢lof LC polymers are non-crystalline
in character: the differential scanning calorimgdCS) traces exhibit a glass transition
associated with the movement of the polymer backkard a first-order transition from
the mesophase to the isotropic phase due to tlsenqme of mesogens in main or side-
chains. It should be pointed out that if sufficlgribng flexible spacers are present in the
structure partial crystallization of the main atesichains may occur [47-48].

The transition temperatures are dependent on tmglsahistory and molecular
weight, so polymer samples must be heat-treateieérsame manner and should be of
sufficiently high molecular weight. It has beerowsim that a fraction of amorphous
material in LCPs may be present together with tlesophase and the relative amount of
the two phases is changing with the thermal hig@8y. In some cases, the isotropic melt
can even be quenched in ice-water to give a fuitho@hous glass [41]. For such
amorphous structures it has been found that tha tresition temperaturdg, increases
rapidly with molecular weight before leveling poffiis has been discussed previously by
many authors [19, 33, 35-50]. The shorter is tlexilile spacer, the stronger is the
temperature dependence of tfig at low degrees of polymerization (low molecular

weight of LC polymers).

2.4.2 Wide-angle X-ray scattering

X-ray diffraction provides information’s concernitige arrangement and mode of
packing of molecules and the type of order present ordered mesophase. For powder

samples, the well-known Debye-Scherrer techniquesisally used [51]. This method
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gives all reticular spacings between molecules bat information about spatial
orientation. Thus, it is often but not always pbésito distinguish between the nematic
and smectic phases of liquid crystals. Reliableattarization of molecular arrays given
by X-ray diffraction is possible only in the orddrealigned samples [51]. Oriented
specimens can be prepared by the quick coolingsinoag magnetic (electric) field from

the isotropic liquid phase down into the nematiaggh[52].

2.4.3 Optical microscopy

Polarizing optical microscopy is also often used determination of ordering in
LCPs. Using a microscope with crossed polarizens tormation of various textures
(nematic, smectic A or C etc.) in polymer can béedwrined at various temperatures.

Usually texture formation temperatures depend atimg/heating rate.
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3. The Aim of the Thesi's

As it was discussed previously, physical propemiesiany LC polymers (mainly
with mesogens in backbone chain) have been alneaggtigated [15,18,41]. Generally,
LC mesophase (showing more ordered smectic ordetered nematic structure phase)
greatly affects the thermal and physical propert€d.CPs. In fact, incorporation of
proper mesogenic groups into side-chains of polynamkbone result in self-assembled
materials in which the molecular dipole correlaticare maximized and lead to highly
polar structures. From such polymers, processdbis tould be developed for photonic,
electrooptic and second harmonic generation inlm@ar optics Especially side-chains
liquid crystalline polymers (SCLCPs) with azoberzenesogenic groups in side-chains
form a promising class of photochromic materialsiclvhcan find many practical

applications, especially in photonic.

In the Institute of Macromolecular Chemistry AS @lRRw SCLCPs based on
polybutadiene (PB) main-chain were synthesized. e-8lthin liquid crystalline
polybutadienes (SCLCPBDs) were prepared by addigantion of SH group of LC thiol
with double bonds of butadiene monomer unit. Twoety of LC thiols with different
structure of mesogenic and end side groups werghesimed and grafted to
polybutadiene backbone; for modification the tedichpolybutadiene-diol (PBD) was
used. In such a way SCLCPBDs with comb-like stectwere prepared with various
initial molar ratios of thiol to double bonds of BBThese SCLCPBDs can be in future
used for preparation of linear or crosslinked LOyprethanes (SCLCPUSs) by the

reaction of grafted SCLCPBDs with diisocyanates taods. In this work we investigate:

(1) Relations between structure and physical propertiesa side-chains liquid-
crystalline polybutadiene-diols (SCLCPBDs) with tlemmb-like architecture
prepared by addition reaction of LC thiol - 4 -ffiehexyl)oxy]biphenyl-4-
carbonitrile with the double bonds of telechelic H##Dminated polybutadiene
(PBD). SCLCPBDs with various initial molar ratio$ thiol to double bonds of
PBD, Ry, in the range from 0.15 to 1, were investigatdukiil thermal and physical
properties were studied by differential scannintprometry, dynamic mechanical
and the broad-band dielectric spectroscopy. Thecetf degree of modification on

structural changes and physical properties wasrdeted.
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(2) Physical properties of a comb-like SCLCPRth LC azobenzene moieties in the
side-chain mesogens; SCLCPBDs were made by radiddition of 5-(4-{[4-
(octyloxy)phenyl]azo]}phenoxy)pentane-1-thiol oritee double bonds of PBD with
various initial molar ratios of thiol to double s (R = 0.2 to 1). Thermal
structural transitions in SCLCPBDs are investigdigddSC, WAXS and polarizing
microscopy; the broad-band dielectric spectroscapyg used for investigation of
molecular dynamics in these SCLCPBDs. As in previoase amount of bound
thiol on physical behavior is specified. We belighiat these systems, as well as
linear polyurethanes and networks formed from ttf&SeCPBDs, will find optical
applications. In fact one SCLCPBD wifRy = 0.4 was already used in optical
investigations at room temperature and promisisglte were found; paper dealing

with this results was submitted for publication][16
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4. M ethods of M easurements

4.1 Mechanical measur ements

Dynamic mechanical measurements were performed witBohlin C-VOR
apparatus with the parallel-plate geometry. Sntadlits oscillatory shear measurements
were performed in the frequency ranfgé= w/2r, wherew is angular frequency) from
0.05 to 50 Hz at various constant temperaturedraggdiency dependences of the storage
G’, lossG” moduli and loss tangent tg= G"/G’ were determined. Sample was placed
between the plates of the rheometer and heateldamnisotropic melt was obtained; after
that sample was cooled down and measurements &ateccout in temperature interval

from -50 to 100°C. Heating and subsequent cooling rate was 2 K/min.

Using frequency-temperature superposition of dagaduperimposed curves of
reduced modulG’, = G'*br, G” = G” ‘br and loss tangent t§, = tg ¢ vs. reduced
frequencyf.ar (wherear is horizontal andby is vertical shift factor [27]) were obtained.
The horizontal shift factoar was obtained mainly from superposition of the l@sgent
(for tg 0 no vertical shift is necessary).

4.2 Dielectric measur ements

Dielectric measurements were carried out with allcherger 1260 frequency-
response analyzer with a Chelsea dielectric inteffan combination with the Quatro
cryosystem of Novocontrol. The samples were prebsddeen brass electrodes 15 mm
in diameter with a spacing of 5pm, maintained by silica fibers. The dielectric
permittivity

&) =¢'(f) - ie"(f) (33)

wheref is frequencyg’ is the real (storage) amtl is the imaginary (loss) component

J-1, was measured in the frequency rangé-10° Hz at temperatures between -150
and 130°C upon heating (after cooling the sample to -1GGrom the isotropic state at
140°C).
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The frequency dependence of the complex dieleétmction £ (f) originates
from fluctuations of molecular dipoles and/or dg®induced by the charge separation at
boundary layers inside the material (Maxwell-Wag8#lars polarization, MWS) or
between the material and electrodes (electrodeipaten), and from the propagation of
mobile charge carriers [53]. We suppose that olvdralectric functiong” consists of the

dipole contributiorsq” and of the conductivity contributiog
g = sd* + sc* (34)

The frequency dependence of the dipole contributiothe complex dielectric function,
eq , is usually described by the non-symmetrical Heki-Negami empirical equation
[54]

g =¢e, +Del+i(f/f )" (35)

with five, generally temperature-dependent pararaetegh-frequency (unrelaxed) value
of the real part of permittivity.,, the relaxation strengtie =&, - &, (0 being the
relaxed low-frequency value of permittivity), fregncy f; corresponding to the most
probable relaxation timg (2zf,z, = 1) and two shape parametarandb. The parameter
f. is related to the peak frequenigyat which the loss componesit on frequency attains

its maximum value accounting to the following edgomat

(36)

a sin[ an j
(hj: 2(b+1)

. [ abrr j
sin
2(b+1)

In the case of symmetrical Cole-Cole distributitn=(1), the frequencief andf,, are

r

identical [54]. A computer program based on the ddardt procedure [55] was
developed for determination of all parameters frin@ frequency dependence «f at
various temperatures.

The temperature dependence of frequeficygould be described either by the

Arrhenius equation
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f =1, expE,/KT) (37)

where E, is the activation energy anél, is the pre-exponential frequency factor, or by

the Vogel-Fulcher-Tammann equation (VFT) [12,53]:

B

- TVFT

logf, =logf, —

(38)

whereB is the apparent activation energfy, the pre-exponential frequency factor, and

Tver is the Vogel temperatureler ~ Ty - 50 °C, whereTy is the glass transition
temperature).
The frequency dependence of the conductivity cbatibon to the complex

dielectric permittivity,sc , can be described by the following equation [53]
- f
& =) (39)
wherefy is an adjustable parameter and the exponembuld have the value -1 in the
ideal case of pure time-independent DC conductivity

The frequency dependence of the complex condugtiwit(f) is given by the
equation [53]

o (f) = i2rfe £°(f) (40)
The complex electric modulus! "(f )

1
e'(f)

M(f) = (41)

Is often used as alternative representation whephasis is put on the charge carriers
transport [15,53].
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4.3 DSC measurements

Diferential Scanning Calorimetry measurements wareied out by Perkin-Elmer
Pyris-1 equipment using the 10 K/min heating andling rate. From DSC traces the
glass transition temperatury, and LCl/isotropic or different mesomorphic states

transition temperatures,,, were determined.

4.4 WAXS

Wide-angle X-ray diffractograms were measured oRlZG4A diffractometer
(Freiberger Prazisionsmechanik, Germany) usingiltdiréd Cuko radiation. For high-
temperature measurements a heating chamber witimahestability of 0.5 °C was

attached.

4.5 Optical measurements

The texture of crystalline and LC phases was detextnhby a polarizing optical
microscope (Nicon Eclipse 80i, crossed polarizeegllipped with a heating stage. The

heating/cooling rate was 3 K/min.
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5. Results and Discussion

5.1 Synthesis, structure, thermal, dynamic mechanical and dielectric
behavior of liquid crystalline polybutadiene-diols with cyanobiphenyl

mesogenic groupsin side-chains

5.1.1 Synthesis of thiol and SCL CPBDs

The telechelic OH-terminated polybutadiene - Krdd€dH 3000 (PBD) (Katuk
Kralupy, M,~2400, 60 mole % of 1,2 and 40 mole % of 1,4 monmouméts, number-
average functionalit{y=2) of the structure

HO N\ S I OH

PBD was purified by addition of silica gel SILPEARGIlass works Kavalier).
Silica gel was repeatedly washed with deionizedewahen its stirred suspension was
boiled in water for 3 min and silica gel was fikdroff. It was placed in an oven and
heated to 160 — 180 °C under nitrogen atmosphar&4oh. After cooling down to
ambient temperature the activated silica gel wasl is remove the antioxidant (Irganox
1520). 20 g of PBD was dissolved in 100 ml of bemzédried over Na) and 5 g of
activated silica gel was added to the solution. fEa&tion mixture was stirred at ambient
temperature under Natmosphere for 6 h. Then SiQvas filtered off, solvent was
removed on a rotavapor and PBD was dried to consteight (50°C/ 6.7 Pa).

Materials for synthesis of thiol - 4"-hydroxybiphyd-carbonitrile (Aldrich), 1,6-
dibromohexane (Fluka) and thiourea (Fluka) werel @sereceived.

Synthesis o#4‘-[(6-bromohexyl)oxy]biphenyl-4-carbonitrile25 g (0.128 mol) of
4-hydroxy-4-biphenyl-1-carbonitrile was dissolvad 660 ml of ethanol. Then 8.55 g
(0.152 mol) of KOH in 66 ml of ethanol and 171 r@lq44 mol) of 1,6-dibromohexane
were added to the solution under nitrogen atmogpfdre reaction mixture was stirred at
75 °C for 6 h. After cooling, the precipitate (NaBr) svéiltered off and ethanol was
removed on a rotavapor. The residual oil was dvesbin diethyl ether and the solution

was purified by addition of silica gel. The siligal was filtered off and the filtrate was

36



poured into methanol. The precipitated product desd and purified by precipitation
from diethyl ether with methanol: m.p. 63-85. Yield: 40.17 g (88%).
Synthesis of4’-[(6-thiohexyl)oxy]biphenyl-4-carbonitrile(TH1)A mixture of

40.17 g (0.112 mol) of 4"-[(6-bromohexyl)oxy]biphg@-carbonitrile and 8.73 g (0.113
mol) of thiourea in 400 ml of absolute ethanol wasted at 86C for 20 h. Then the
reaction mixture was cooled to room temperature @rtentrated on a rotavapor. The
obtained thiuronium salt was filtered off and restajlized from absolute ethanol; m.p.
168-170°C. Yield 46.95 g (96.4 %). 2.6 g (0.006 mol) of #at was hydrolysed with
0.45g (0.008 mol) of KOH in ethanol/water mixturg/20 ml) by refluxing under
nitrogen atmosphere for 7 h. After cooling to rotemperature the potassium thiolate
was acidified with 1 ml of acetic acid. Ethanol when evaporated under vacuum and
the crude thiol was isolated by extraction withochform. Chloroform solution was
extracted with water and dried over anhydrous uaicichloride. The solvent was
evaporated on a rotavapor to give the product; #9g51°C. Yield: 1.72 g (92.3%). The

synthesized LC thiol TH1, with mesogenic groupha side-chain, of the structure:

TH1

was used in addition reaction of the terminal tigimup with double bonds of PBD.

LCPBDs: In radical addition of TH1 onto double bonds of PBR2'-2zobis(2-
methylpropanonitrile) (AIBN) was used as a initiatthe reaction proceeded in toluene
solution (54 g of PBD in 1 | of toluene) at thetiaior-to-thiol ratio 5x1& mol at 60 °C
for 48 h. We have synthesized SCLCPBDs with varioits&al molar ratios of thiols to
double bonds of PBDRy, in the range from 0 to 1. The structure of SCLOBBs as

follows:

HO N\ OH + LC-SH

AIBN

HO Y/

37



5.1.2 Characterization of SCLCPBDs. elemental analysis, NMR spectroscopy and
GPC

The experimental degree of modificatioRss ([bound thiols]/[double bonds]),
after the addition and purification, was determirfemin elemental analysis using the

relation

Res= 32 xws/ (54 + 311.5 ) (42)

where ws is the weight fraction of sulfur bounded in SCLOPB determined by

elemental analysis (Table 1).

The degrees of modification were determined also 'Hy and **C NMR
spectroscopy (300.1 MHz and 75 MHz, respectively;®. For Ryvr determination the
integrated intensity of the signal of OgHC-thiol protons at 4.0 ppm (or signal of
aromatic protons) was used. In this case the @dtairucture of SCLCPBDs (amount of
1,2 and 1,4 butadiene units [56], hydrogenated Bihamers and end OH groups [57])

could be evaluated.

The number-NI,) and weight-averageW(,) molecular weights were determined
by GPC (modular LC system with refractive indexed¢ibn, column 30x8 SDV 10000)
calibrated with PS standards. THF was used as rsiolved measurements were carried

out at ambient temperature.

5.1.3 Structure and degree of SCL CPBDs modification

As follows from Fig. 8, two peaks gradually appeaGPC chromatograms with
increasing initial ratio of thiols to double bon&s, The increase in number-averaly,
and weight-averageM,,) molecular weights corresponding to individual kgeand to
their sum withRy is shown in Fig. 9. These results suggest thaadlktion reaction leads
to bimodal molecular weight distribution at all degs of modification. From Fig. 9a it
follows that even at the loweB} (0.15) both peaks persistd;, ~ 10000, found for the
low-molecular-weight peak, practically does notruda with increasing,. The increase
in the modification rate, observed in Fig. 9b fotat molecular weight averagesR ~
0.5 suggests that the bimodal distribution is pbbpassociated with different rates of the

38



neat PBD /‘\
60F --- R=015 ik
signal | ----- R,=0.30
40l ——--R,=0.45
0
0

| ---- R,=0.60

------- R,=0.75
20

time

Fig. 8. GPC chromatograms for neat PBD and modified SCLO$ & = 0-1.0)
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Fig. 9. Number- (M) and weight- (M) average of molecular weights of individual peaks
of neat PBD and modified SCLCPBDs

addition of SH group on 1,2 and 1,4 double bondB8BD. From Fig. 9b one can also see
that forRy > 0.5 polydispersity of the systems (the raigM,,) increases.
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Comparison of various experimental degrees of neadibn, obtained from GPC,
Recpa (from total number-averagd,), weight fraction of sulfurR.sand NMR analysis,
RenvriN dependence on initial rati is shown in Fig. 10. As expected, the modification

T T T T T T T
0.8} R
R ]
€ O
0.6 / o-
O
- 5/8/ 4
0.4f o i
g
I ?O —0—R ]
eGPC
0.2} / —o-R_ |
3 8 —* Rk 1
010 OI2 OI4 016 OI8 lIO
R

Fig. 10. Experimental degree of modificatiog: Rom S content - & from GPC - Rspc

and from'H NMR -Rywrin dependence on initial ratio of thiols/doublenos - B

degrees, determined by all three methods, incredtie increasingRy; the values
determined from the GPC and NMR are slightly highean those determined from sulfur
analysis. While for the lowest initial thiol conteriy (Ry < 0.3),Ry ~ R.s for higherRy,
Res <Ry was found. Substantially lowét.s values suggest that at the high@stvalues
steric hindrances probably prevents the additioe. Wlieve that also the dimerization
reaction of thiols can take place in presence dfaitor by recombination of THS
radicals.'H NMR spectroscopic measurements show that witteasingRy, in addition
to PB units grafted with thiols, some amoury)(of hydrogenated-like units (without
double bonds) in SCLCPBDs are formed. While fortri&BD amount of hydrogenated-
like unitsxy ~ 0, after modification witlRy = 0.75,x4 ~ 0.14. It is interesting to notice
that the highest experimentdls value roughly correlates with amount of 1,2 monome
units in PBD.'H and *C NMR spectroscopy also proved that the functiopali
(concentration of OH groups) of SCLCPBDs does rtnge with the extent of the

addition reaction.
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5.1.4 Thermal behavior

An example of DSC traces of neat thiol and SCLCRBIh Res= 0.51 R =
1.00) is shown in Fig. 11; the corresponding triamsitemperatures determined from

DSC data on cooling (C) and subsequent heating¢bils are summarized in Table 1.

40t ]
THIOL
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30| 1.heating 7

25+ 2.heating

! % '

L cooling |

5 : : : : —

Heat Flow Endo Up (mV)
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23

cooling

0 30 60 90 120 150
T,°C

Fig. 11. Example of measured DSC traces for neat TH1 arldCB@8Ds with Rs= 0.51
(Ro = 1.0). Cooling and heating rate was 10 K/min

After synthesis and purification the TH1 was a talfse powder; on the first heating the
melting of crystalline phase was observed at teatpeg T, = 53 °C (AH,, ~ 59.6 J/Q)
followed by second endotherm — melting of the mbssp at 77.4C (AH, ~ 3.6 J/g).
On subsequent cooling and second heating only fitmmand melting of mesophase
takes place af, ~ 76°C (AH, ~ 3.4 J/g). As expected, simple amorphous behavitbr
only the glass transition was found for neat PBI #re polymer with the lowe®R.s
value; the changes in the specific haat, ~ 0.45 J/g.K have the values typical of
amorphous polymers [27] (Table 1). With increadfagthe glass transition temperature
of SCLCPBDs increases from ~ -46 (neat PBD) to 20C (Res [0 0.51); at the same
time the changes in the specific ha4l, decrease. FdR.s=> 0.38, both, thdy andAC,

values are roughly constant, independent of thenéxtf modification. LC mesophase
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Table 1.Degree of modifications and DSC results of THARtBD and SCLCPBDs.

Ro Res100 | Run | To ACp |Tm  AHm
°C Jic °C Jic
TH1 0 H 76.2 4.4
C 75.3 -4.3
PBD 0 H -47.Z 0.4¢
C -44.2 0.4z
0.15 13.1 H -13.2 0.47
C -15.2 0.4C
0.30 26.7 H 9.€ 0.3¢ | 26.€ 0.7
C 12.4 0.41
0.45 31.9 H 14.¢ 0.3¢ | 48.C 3.2
C 11.£ 0.24 | 42. -3.C
0.60 38.1 H 20.1 0.39 | 62.7 3.7
C 18.: 0.24 |59.z -3.7
0.75 44.5 H 21.c 0.34 | 68.4 3.6
C 19.7 0.24 | 65.7 -3.7
0.90 51.1 H 18.7 0.34 | 73.2 4.1
C 17.€ 0.2: | 71.¢ -3.€
1.00 51.4 H 20.0 032 | 744 5.5
C 19.C 0.2C | 72.€ -4.5

formation starts aRes[10.27 [, 027 °C). With increasindies the T, increases and for

Res [0 0.51 reaches the valug, 0 74 °C which roughly corresponds to tfig, of neat

thiol. With increasing modification also the changehe enthalpyAH,, at LC transition

increases from 0.7 to 5.5 J/g. From the resultsvehio Fig. 11 and Table 1 it follows

that ordering of mesogenic side-chains is not maféécted by their connection to BD

main-chain in comparison with ordering of neat khio

5.1.5 Dynamic mechanical behavior

The temperature dependences of the storage modBiluand loss tangentg &

(measured at frequendy= 1 Hz), of neat PBD and selected SCLCPBDs are shiaw

Fig. 12.
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Fig. 12. Temperature dependences of storage modulus Glaasdangent t@ measured

at f =1 Hz on heating at 2 K/min&values correspond to Table 1

The pronounced decrease in tBe (more than 7 orders of magnitude) with
temperature can be clearly seen. The glass tramsii seen also on temperature
dependences of thg 6 as a maximum located at the lowest temperaturésleVdt the
highest temperatures the rubbery and flow behasiobserved (increase ig ¢ with T),
at the lowest temperatures the glassy state iheeawith the highest values of storage
modulusG, typical of the glassy stat&(> 1¢° Pa). With increasing modification of
PBD (increasindR.9, the changes in the position and shape of mechkfinctions on
temperature can be seen (Fig. 12). With increaBirgthe position of both mechanical
functions shifts to higher temperatures and thgtiteof the loss tangent maximuny (
dm) corresponding to the glass transition decred3ak for neat PBD, expected liquid-
like behavior at the highest temperatures is olesk(strong increase tg 6 and decrease
in G with temperature); for modified SCLCPBDs additipnaot well developed
maximum in theig 6 on T dependence is seen at higher temperatures. Theadedrtg
on is associated with increasing amount of polymezirchunits involved in the ordered
state; at the same time, strong physical interastietween mesogens in the side-chains,
which act as physical crosslinks, cause an additioraximum in theég 6 dependence at

high temperatures.
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Fig. 13. Temperature dependences of the horizontaral vertical b shift factors at §

=20 °C. Curves are WLF dependences vtthandC; constants shown in Table 2

As it was mentioned, we have applied the frequdenyperature superposition to

dynamic mechanical functions measured in dependemdeesquency at various constant

temperatures. Due to small values of enthalpy fdenadnesophase transitions (Table 1)
almost satisfactory superposition could be done dtir measured polymers. The
temperature dependences of the horizontal shifbfeclogar, of all the polymers follow

the WLF equation (eq. (11)) (Fig. 13a) with theerehce temperatur® = 20 °C (Table

2).

Table 2 Constants of WLF equation and free volume pararset

Ro Clo Cg 0 Of 10
K K*

0 6.89 123.6 0.063 51
0.30 14.65 65.5 0.030 4.5
0.60 17.52 80.6 0.025 3.1
1.00 25.08 104.8 0.017 1.6

From these constants the fractional free voldtrand the thermal expansion coefficient

of the free volumeys were calculated®

= 1/2.3C) andas = 1/2.3C] C), Table 2),

44



respectively. As expected, the free volume vdfuef neat PBD is the highest for the
differenceT, — Ty ~ 65 °C. For further three SCLCPBD®&, ~ T, (Table 1) and® values
roughly correlate with expected universal valige= 0.025 [27]. It is interesting to
mention that the expected universal valuexof= 4.8x10* K'Y), which does not depend
on the reference temperattrg was found for neat PBD and polymer wRks= 0.27 Ry

= 0.3); two polymers with higheRs values show substantially lowes values. We
believe that also these unexpected tgwalues are due to strong side-chain interactions
between mesogens. At the superposition we have tasedertical shift factobr shown

in Fig. 13b; in this figure also theoretical depende (logbr ~ To/T, [27]) is shown. It
can be seen that experimental temperature depesslehdogbr are slightly lower than
those theoretically expected. It is interestingnddice that in the region from 50 to 80 °C
small increase in logr was found; in the same temperature region metiffgesophase
takes place (Table 1).

The detailed dependences of superimposed curvesodgeG', and 10ssG”,
moduli as well as loss tangenta@n the reduced frequentwr are shown in Fig. 14. As
expected, with increasing modification the supeosgndl curves are shifted to lower
frequencies; at the same time a broadening of #ia transition region takes place. Most
pronounced changes in the shape of superimposegscare seen in the rubbery and
flow regions (at the lowest frequencies). In tld@gion the expected slopes of mechanical
functions G/, ~ (-ar)?, G"p ~ (F-ar)' and tgd ~ (f-ar)™) vs. f-ar) for Newtonian liquids
[27,58] are found only for neat PBD (Fig. 14). Foodified samples, due to strong side-
chains interactions, Newtonian behavior is not medcand in this frequency region a
contribution of an additional (slow) relaxation pess occurs.
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Fig. 14. Frequency dependences of the superimposed st@agéoss G, moduli and
loss tangent t@), at reference temperature ¥ 20 °C. The indicated slope values, s, are
expected for Newtonian liquid mechanical behavigashed lines show used frequency

interval

The magnitude of this process decreases with iscrganodification; we believe
that this process is associated with the moveménordered chain clusters. With
increasingReg cluster sizes increase and the motion is more sextely hindered. It is
interesting to note that the sample with the highesedification R = 1.0) roughly
behaves as a system with critical gel (CG) stractur the gel point, for which
independence dfg ¢ of frequency at the lowest frequencies is charestie [58]. This
would suggest that in this sample, due to strongaogen interactions, a first infinite
structure was formed and this structure is stablethe measured frequency and
temperature region. This is in agreement with owgceding finding on ordered PU
systems with mesogenic groups in the main-chairrevive proved that CG structure was
formed by a contribution of strong physical inteéi@es as well as chemical junctions
[59].
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5.1.6 Didlectric behavior

It is well known that all glass-forming polymershéxt primary relaxation -e;
this relaxation is assigned to motion of polymeimrehain segments and is related to the
glass transition (dynamic glass transition). Thagerature dependence of its relaxation
time is described by the Vogel-Fulcher-Tammann (VEGuation (eq. (38)), which
describes the slowing down of the relaxation apghoey to the glass transition
temperature. Besides therelaxation, usually additional (secondary) relexad @3- or y-
relaxations) of faster time scales take placewametdemperatures. The andy-processes
generally occur in the glassy state, and havereéiftemolecular nature compared with the
a-relaxation [15]. These secondary relaxations Ugusdhibit an Arrhenius temperature
dependence of relaxation times (eq. (37)), in @mttrto the much stronger VFT
temperature dependence found for primarglaxation.

The overall dynamics in our side-chain liquid cafishe polymers is
characterized by four dielectric relaxation proesss, B, o and g, in the order of
increasing temperature or decreasing frequency.yTgrecess is related to movement of
the terminal (soft) groups of the side-chain, faerelaxation corresponds to liberation
fluctuations of mesogens around the long molecatas and thex-relaxation is assigned
to fluctuations of segments of the polymer mainkth@s observed in glass-forming
systems). Theé-relaxationis assigned to liberation fluctuations of mesogarmsind the
short molecular axis; presumably it is a rathertrst@p process with motional averaging
rather than a 180 flip-flop jump of the mesogens, [60]. This process is probably
associated with crystall/isotropic or LC/isotroptate transition.

The temperature dependences of the eepbfd imaginaryd’ ) parts of complex
permitivity measured at frequency 1 Hz in coolingd asubsequent heating regime in
temperature range from —-40°C up to 130°C for varialegrees of SCLCPBDs

modifications are shown in Fig. 15.
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Fig. 15. Temperature dependences of the regland imaginaryg™", parts of complex

permittivity measured at frequency 1 Hz (cooling &eating rate was 2 K/min)

The frequency dependences of both parts of conpgeexittivity for two selected
temperatures (-68C and 70°C) are shown in Fig. 16. With regard to low valaesl low
changes of the at temperature -66C its frequency dependence and decomposition is
shown in detalil in the inset of Fig. 16. From expental data we could separate four
relaxation regions labeled B, a, 6 (with increasing temperature). In the low tempanat
region two absorptions denotedyaandf, which are associated with the local motion of
1,2 units of polybutadiene backbong &nd to the movement of mesogen along its long
axis () were found. In the middle temperature regionrtren transition ¢ relaxation)
was measured for all SCLCPBDs. At the highest teatpees, partly hidden under DC
conductivity in thee" vs. f dependence, théabsorption, which is associated with the

movement of mesogens along the short axis, wastdete

48



10" 10° 10" 10° 10° 10" 10° 10° 10
f, Hz
Fig. 16. Frequency dependences of the the realand imaginaryg™, parts of complex
permittivity, measured at temperature T = -&Dand 70°C for sample modification with
Ry = 0.75. Symbols-experimental points, lines-coroggpng decomposition to individual

relaxation regions and DC conductivity

An example of measured frequency dependences oé#h@and imaginary part of
the dielectric permittivityg” ande”, for the SCLCPBD witlRy = 0.3 in the temperature
range from 30 and 8 is shown in Fig. 17. A well-resolved peak, whatfifts to higher
frequencies with increasing temperature, can bergbd. This peak corresponds to the
main relaxationd), which is associated with the cooperative mobbsegments of PBD
backbone chains and is related to its glass tianggémperature determined by DSC and

dynamic mechanical measurements.
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Fig. 17. Frequency dependences of the real and imaginang ph the dielectric
permittivity,e’ and ¢”, for the SCLCPBD with R= 0.3 in the temperature range from 30
and 80°C (region of the maim- relaxation). The numbers at curves denote tentpera
in°C

An another example of measured frequency dependenéethe real and
imaginary part of the dielectric permittivity, ande” , for the SCLCPBD withRy; = 1 at
the lowest temperatures is shown in Fig. 18. Omedediect two processes — the first one
(y-relaxation) at the lowest temperatures at abodif@and the other ong-felaxation)
at higher temperatures. The relaxations assignedhaop-relaxation correspond to

liberation fluctuations of the mesogens aroundrtloeig molecular axis.
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Fig. 18. Frequency dependence of dielectric loss condug#Viat low temperatures

Temperature dependences of absorption frequendys pifathe main transition
region follow the WLF equation (eq. (10)) for alCBCPBDs (Fig. 19); using this

equation the characteristic temperaturés were calculated (Table 3). Th@&s

temperatures increase with increaskgin accord with the increase &f temperatures

determined by DSC (Table 1). On the other handdeh®erature dependences

Table 3.Degree of modification, DSC and dielectric reswoitSs, ag and §.

Ro Re ;I' é og S afk:-L104 fg

0 0 -47.C -10.E 4.C 0.092
0.1t 0.1z -13.2 31.F 3.E 0.067
0.3C 0.27 9.€ 43.F 3.C 0.061
0.4t 0.3z 14.¢ 54.F 2.€ 0.06(
0.6( 0.3¢ 20.1 62 2.C 0.05¢
0.7t 0.4 21.- 63 2.7 0.05(
0.9C 0.51 19.7 69 2.2 0.05:
1.0C 0.5z 20.C 66 2.2 0.05(
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of absorption peaks were fitted by VFT equation (88)). Using eqgs (29-32) from VFT
parameters andly values determined by DSC the free volume charatter fractional
free volume afly, fy and thermal expansion coefficiemtwere calculated (Table 3).
Both values decrease with increasing degree of ficaton, Ry. Similar decrease of
these parameters was found from mechanical measutsr{Table 2).

The magnitude of dielectric absorption in the maamsition regiore. T depends
on theRy, (Fig. 20). For low degrees of modificatioRe(< 0.2) the magnitude increases
and after that reaches roughly constant valseT(~ 2800K). This effect of saturation
suggests that dipol-dipol interactions of mesogemits and steric hindrances in PBD
play decisive role.

Frequency shape of dielectric absorption in thenntrainsition ¢) region is for all
modified samples asymmetric (Figs 16 and 17) amcesponds to the Havriliak-Negami
distribution function with parametees~ 0.7 andb ~ 0.5. While the shape of the low-
frequency part of SCLCPBDs curves practically daes change in comparison with
PBD (@psp~0.69), the high frequency shape diffdssgt, ~0.26). This means that the high
frequency part of dielectric spectrum of modifiednmgples is much narrower in

comparison with neat PBD.
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Fig. 20. Dependence of magnitud&T on degree of modificationoRor o and ¢
relaxations

Frequency peak of th&-absorption, corresponding to the motion of mesogen
along its short axis, is shifted to higher tempaned with respect to the main transition
region (Fig. 19). Since the size of mesogen iserashort its movement is closely linked
up to the segmental movement of PBD chain. Witlamgo this, the separation @fand
& peaks was rather difficult. Nevertheless we calgtermine the change of activation
energy at transition from LC to isotropic state iasvas observed for other LCSC
polymers.

As follows from Fig. 19 the temperature dependeofté-absorption frquency
peaks can be described by Arrhenius equation @€)) (vith two different activation
energies. For sample wifR = 0.15 the value of activation energy was~ 0.45 eV in
the whole measured temperature region. For allrothedifications the change of
activation energy fronk, ~ 0.45 eV (isotropic state) &, ~ 2.2 eV (LC state) was found.
This is in agreement with DSC and mechanical measents where the LC state was
detected for SCLCPBDs except sample viReh= 0.15. Temperatures at which there are
changes ok, are shown in Fig. 19 marked by arrows; their stuftower temperatures
with decreasingr. corresponds well to the shift @f, measured by DSC (Table 1).

The magnitudeé\e.T of 6-absorption is comparable to that of main transitlaut it
depends on temperature; with decreasing temperatinee Ac.T decreases. The
dependence dke.T on Ry determined for LC transition is shown in Fig. Zor first two
Ry values theAe¢T increases and after that it decreases and readoudbrium valueAeT
~ 2000 K. Also this finding is in good agreementthwimain role of dipol-dipol
interactions of mesogenic units and of steric andes in PBD. The shape 6f
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absorption is symmetric and rather broad in aceatd the Cole-Cole distributiora(~
0.5andb=1).

The low temperaturf-absorption peak was observed only for modified gam
The temperature peak position of absorption doéslepend orR, value (Fig. 21) and
follows Arrhenius equation (eq. (37)) with activatienergye, ~ 0.55 eV. FoRy < 0.5
the magnitude\eT is roughly constantAe. T ~ 200 K); for highelR, decreases the. T ~
70 K (for Ry = 0.90). The value of Cole-Cole parameter increases with increasing
temperature Aa/A(1000/T) ~ -0.22 K) and for -38C a ~ 0.4 was detected. Since this
absorption was not observed in neat PBD we beltbae it is due to the motion of
mesogens along their long axis.

The last measureg-absorption was observed for all samples (includmegt
PBD). As in previous case its temperature positioas not depend dr, (except neat
PBD whose position on temperature scale is shiftelnigher frequencies) (Fig. 21) and
follows the Arrhenius equation with activation emeE, ~ 0.4 eV. The shape of Cole-
Cole parameter is the same as in previous caseeghiits weak dependence on
temperature; for -38C a~ 0.3 was found for all samples. The magnitudetjuaity does

not depend o, and isAe. T ~ 30 K. They-absorption measured for neat PBD has the
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Fig. 21. Temperature dependence of frequency peak maxinfaaiedy transitions

same values dE,, A¢. T anda. From this fact we conclude thgabsorption originates in
local movement of 1,2 and 1,4 groups of PBD [63¢tdiled discussion of dielectric

behavior of neat PBD will be given in section 5.2.
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5.2Synthesis, structure, thermal and dielectric behavior of liquid
crystalline polybutadiene-diols with azobenzene mesogenic groupsin

side-chains

5.2.1 Synthesis of thiol and SCLCPBDs

The telechelic OH-terminated polybutadiene diol rasol LBH 3000 (PBD)
(Kawuk Kralupy, M,~2400, 60 mol-% of 1,2 and 40 mol-% of 1,4 monoraeits,
number-average OH functionality=2) was the same as previously used.

The synthesis of the LC thiol 5(4-[(4-(octyloxy)pty) azo]phenoxy)pentane-1-
thiol (TH2) containing azobenzene mesogenic groupe side-chain of the structure has

NN /QN\
HS © \NO F UG
(6]

TH2

proceeded in four steps: Initial step was prepamatif 4-(octyloxy)aniline by alkylation
of 4-acetamidophenol and KOH mixture with octyl tmide. In the second step 4-
hydroxy-4’-(octyloxy)azobenzene was synthesizedbycoupling of 4-(octyloxy)aniline
with phenol. In the third step 4-[(5-bromopentylypx’-(octyloxy)azobenzene was
prepared by the reaction of 4-hydroxy-4’-(octyleagpbenzene with 1,5-dibromopentane
in dry acetone in the presence ofGQOs. Finally, thiuronium salt prepared from 4-[(5-
bromopentyl)oxy]-4’-(octyloxy)azobenzene and thiear was alkaline hydrolyzed
yielding TH2. More details about TH2 synthesis t&nfound in [16]. TH2 was used in
grafting reaction of the terminal thiol HS groupthvdouble bonds of PBD.

LCPBDs: In radical addition of TH2 onto double bonds of PBD2'2,
azoisobutyronitrile (AIBN) was used as initiatorhel reaction proceeded in toluene
solution (54 g of PBD in 1 | of toluene) at thesittir-to-thiol ratio 5x1& mol at 60 °C for
48 h. We have synthesized SCLCPBDs with variousainmolar ratios of thiols to
double bonds of PBRy, in the range from 0 to 1 (Table 4).
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5.2.2 Characterization of SCLCPBDs. elemental analysis, NMR spectr oscopy, GPC,
WAXS and polarizing optical microscopy

The degree of modificatiorRes ([bound thiols)/[double bonds], mol/mol), after
the addition and purification, was determined frelemental analysis using the relation

Res= 32 xws/ (54 + 427.6 *s) (43)

where ws is the weight fraction of sulfur bonded in SCLCPBRs determined by

elemental analysis.

The degrees of modification were determined also 'Hy and **C NMR
spectroscopy (300.1 MHz and 75 MHz, respectively;®). ForRenvwr determination the
integrated intensity of the signal of Ogbf LC-thiol protons at 4.0 ppm (or the signal of
aromatic protons) was used. In this case the @etairucture of SCLCPBDs (amount of
1,2 and 1,4 butadiene units [56], hydrogenated BBIi» and OH end groups [57]) could
be evaluated. Detailed structure of neat PBD andified SCLCPBDs (amount of 1,2
and 1,4 butadiene units, hydrogenated PBD unitsGiidnd groups) evaluated froid

NMR spectroscopic measurements is shown in Table 4.

The number-Nl,) and weight-averagew(,) molecular weights were determined
by GPC (modular LC system with refractive indexedéibn, column 30x8 SDV 10000)
calibrated with PS standards. Tetrahydrofuran wsexduas solvent and measurements
were carried out at room temperature. Fidgy values the degrees of modificatidfacpc

were determined.

Table 4 'H NMR structure analysis of neat and modified SCRDP

HPB PB pendant vinyl  trans+cis
Ro Renmr-100

mol.% mol.% mol.% mol.%
0 - 5.1 94.9 61.5 334
0.2 21.8 24.1 54.1 25.3 28.8
0.4 39.3 23.5 37.2 12.8 24.4
0.6 54.0 17.5 28.5 7.7 20.8
0.8 74.0 4.5 215 4.5 17.0
1.0 83.9 0 16.1 1.6 14.5
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Wide-angle X-ray diffractograms were taken on a HAGdiffractometer
(Freiberger Prazisionsmechanik, Germany) usingiltdiréd Cuko radiation. For high-
temperature measurements a heating chamber witimahestability of 0.5 °C was
attached.

The texture of crystalline and LC phases was detethby a polarizing optical
microscope (Nicon Eclipse 80i, crossed polarizedsiipped with a heating stage. The
heating/cooling rate was 3 K/min.

5.2.3 Structure and degree of SCL CPBDs modification

It can be seen from Table 4 that with increasinigainmolar ratio of thiol to
double bonds of PBDRy, the fraction of grafted PBD monomer units incesasin
addition, some amount of hydrogenated units (HRB3CLCPBDs is formed. While for
unmodified PBD Ry = 0) fraction of HPB is ~ 0.05, after modificatiothe highest
obtained value of HPB ~ 0.24 was f&y = 0.2; further increase iRy leads to a decrease
in HPBand forRy = 1.0 fraction of HPB is 0. It is interesting totadhat at the highest
modifications practically all pendant (1,2) doubt®nds were consumed while a
substantial amount of backbone (1,4) double bordsamed. This suggests that the SH
groups of thiol preferably reacts with pendant deutonds of PBD. This finding is in
agreement with previous results obtained on maskadtron of thiyl radical which attacks
the double bond of alkene; it was found that tlaetigities of thiol with 1- and 2-alkenes
differ [68]. *H and'*C NMR spectroscopy has also proved that the OHtiomality of
SCLCPBDs does not change with the extent of théiaddeaction.

Comparison of various experimental degrees of fizadion, Re, obtained from
GPC, Recps (from number-average molecular weigMs), sulfur contentRes and*H
NMR analysisRenmr in dependence on initial ratk, is shown in Fig. 22. As expected,
modification degreefs, determined by all three methods, increase wittresing
initial ratio Ry. While for the lowest initial thiol ratioBy (Ry < 0.4), Ry ~ Res, for higher
Ry, Res < Ry were found. LowelRes values suggest that at the high®rvalues steric
hindrance probably prevents the addition reactmmhtaiol is subsequently removed from
polymer during purification. We believe that aldmdrization of thiols can take place in
the presence of initiator by recombination of thrabicals; the lowesRegpc values

suggest that some of these dimmers remain in thfied PBD even after purification.
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5.2.4 Thermal behavior

An example of measured DSC traces of neat thiolS@dCPBD withRy= 1.0 is

T T T T T
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Fig. 23. Example of measured DSC traces for neat thiol 884 CPBDs with R= 1.0.

Cooling and heating rate was 10 K/min
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shown in Fig. 23; the corresponding transition terafures (the glass transitioffg and
melting temperatures T,,) determined from DSC thermograms in cooling (CH an

subsequent heating (H) scans are summarized ire Babl

Table 5 Degree of modifications and DSC transitions @dl{HPBD and SCLCPBDs
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Wide-angle X-ray diffraction (WAXS) data for thiahd SCLCPBD witiR, = 1.0
are shown in Fig. 24. From Table 5 it follows tbatcooling of the thiol first mesophase
formation takes place at ~ 116 (4H, ~ - 4.6 J/g, SmA phase in which the centers of
mass of the rods are in one dimensional periodieroparallel to long axes of the rods);
next transition is at 100C (4H,, ~ - 2.6 J/g, SmC phase with tilted molecules taglo
axes); two smectic phases has been usually foutiteinase that azobenzene grouping is
present in organic LC molecules with flexible spaf®9, 70]. WAXS measurements
(Fig. 24) showed that at 95 and 7€ diffractograms of thiol consist of one strong,
narrow reflection the position of which corresponds3.04 nm and a broad amorphous
halo. Theoretical atomistic simulations of thiolngssoftware BIOSYM led to the length
of ~ 3.2 nm, which agrees well with the found oDee to this we assume that a smectic
structures exist in thiol; this periodicity staysdrystalline phase at lower temperatures.
The crystallization of TH2 on cooling takes plate~a60 °C (AH, ~ -17.7 J/g). From
WAXS measurements periodicities of 3.12 and 1.88were determined at 7C; the
amorphous profile is overlapped by several narreflections, which indicate a lateral
order of thiol chains (especially of the mesogeagmoups). As follows from Fig. 23 two
transitions associated with reorganization of @yphase have appeared at ~ 45 and 32
°C (sum of botldH,, ~ -18.3 J/g and denoted &g; in Table 5); periodicities of 4.9 and
2.52 nm were found at 60C from WAXS (Fig. 24). On subsequent heating, small
recrystallization (Fig. 23) followed by melting die crystalline phase at temperature ~
81°C (4Hn, ~ 61 J/g) was observed (Table 5). At temperathigiser than 85C, a SmC
structure appears; this structure melts at 101(4H,, ~ 2.7 J/g) to SmA mesophase
which finally melts to an isotropic state at 1’17 (AH,, ~ 3.2 J/g, Table 5).

From DSC traces of SCLCPBD wifR, = 1.0 shown in Fig. 23 it follows that
modification leads to simpler thermal behavior omparison with neat thiol (see also
Figs 24 and 25). On cooling only one mesophase s¢eftne formed at ~ 11°C (4AH,, ~
-8.2 J/g, Table 5); crystallization starts at ~°T(4Hy, ~ -12.4 J/g) and final structure
formation takes place at ~ 6% (4H, ~ -5.9 J/g, Table 5). On heating crystalline
structure melts at ~ 78C (AH, ~ 3.7 J/g) and ~ 81C (4H,, ~ 11.4 J/g) to smectic
mesophase which melts at ~ 1’0 (4H, ~ 7 J/g). As expected, low&H, values were
found for modified SCLCPBDs in comparison with teasf neat thiol (Table 5). Thg,
transition could be observed on DSC thermogramg fml SCLCPBD withRy = 0.2;
higher modifications exhibit only crystal/mesophassropic state transitions (it is in
agreement with dielectric results shown in Fig.. 3 T, for SCLCPBD withRy = 0.2
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has increased for about 30 we believe that for SCLCPBDs wik > 0.2 the values of

Ty have increased into temperature region of ordghedes formation.

thiol

i

Intensity

e e N e et B L

0 5101520253035 0 5 10 15 20 25 30 35
20, ° 20,°

Fig. 24. X-ray scattering diffractograms for thiol and SCRBD with R = 1.0 obtained
on cooling. The numbers at curves denote tempezatnfC

From the WAXS patterns of SCLCPBD wily = 1.0 (Fig. 24), it can be seen that
on cooling the smectic structure in polymer is fedvat 95°C with the periodicities of ~
3.39 and 1.7 nm (the first value agrees well wite kength of the thiol molecule). At
85°C the crystallization starts and the amorphousilpra$ overlapped by reflections
indicating lateral order of grafted chains. At°%7 lamellar periodicities of 4.72, 2.45 and
1.7 nm, which reflect mutual ordering of graftedeschains, were determined. Below 77
°C the same structure remains. On subsequent hetdtingliffractograms revealed a
structure change from crystalline to LC smectiduex at 85°C and at 95C; the same
periodicities were determined as in the coolingmeg(3.39 and 1.7 nm). Further heating
above 115°C melts the sample, and the diffractograms corms$pm a completely
amorphous structure of the polymer. Comparison &X8& patterns of the thiol and

SCLCPBD withRy = 1.0 reveals that even though in both sampleslaimrdered
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structures were formed (Fig. 24) in thiol at they kemperatures better, a more extensive
crystalline structure was developed. This is ineagrent with Fig. 25 in which the
temperature dependences of weight fractions obttlered phase determined from X-ray

diffractograms (from area below peaks) are showhil&\almost all thiol is involved in

100 - o ooee T
I @® TH1h
S 80f O THilc A
s A BD.6h
g 50 /\ BD.6¢C
g_ = ¥ BD1h
S - v \/ BDlc
< 40-—A 5 .
©
N
20 - AV i
L smectic Y
0t Vﬁog v v S

30 60 90 120 150
T, °C

Fig. 25. Temperature dependence of the weight fractionsthef ordered phase
determined on cooling (open symbols) and subsedugating (full symbols) for thiol and
SCLCPBD with R= 0.6 (BD.6) and R= 1.0 (BD1)

the crystalline phase (98 — 95 wt.%) at the lowestperatures, only ~ 33 wt.% and ~ 52
wt.% of sample is involved in the crystalline stiwre for SCLCPBDs withiRy = 0.6 and
1.0, respectively. These results are also confirmed polarizing microscopy
measurements shown in Fig. 26; a better developddred smectic and crystalline
structure can be seen for thiol than for samplé ®it= 1.0.

As expected, simple amorphous behavior with ongyglass transition temperature
Ty was found for PBD; the change in the specific h&#&f~ 0.45 J/g.K shows a value
typical of amorphous polymers [27] (Table 5). Tlaeng results for unmodified PBD of
similar microstructure were obtained earlier by tdahn et al. [71].
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A £

Fig. 26. Optical micrographs of thiol (a,c) and SCLCPBDwW®, = 1 (b,d): a - thiol 95
°C, b —-LCPBD 95 °C; c - thiol 25 °C, d — SCLCPBD°Z5

5.25 Dielectric behavior

5.2.5.1 Temperature dependencies of dielectric eha
Fig. 27 displays the temperature dependence ofrélaé c’'(a), (a) and the

imaginarye” (b) component of the complex dielectric permitinat a fixed frequency of
500Hz measured for the unmodified PBD and all tf&GPBDs. Dielectric data were
measured isothermally, upon heating from the ssttide, as a function of frequency and
represented as a function of temperature at a aon$tequency; this plot allows to
follow the overall dielectric behavior of the ma&ds under study. In such representation
contribution from each relaxation process is obsgrnas a stepwise increase with
increasing temperature, in the real pariand as a peak in the imaginary pért The

change in molecular mobility, when passing fromcahestalline state (where small
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Fig. 27. Temperature dependence of dielectric storagd€a), and dielectric loss;” (b)
component measured at 500 Hz for unmodified PBDS®IACPBDs

scale motions can take place) to the intermedigted crystalline state (where collective
motions may occur), can be followed as a significawcrease ine” with increasing
temperature. Transition from the ordered to theragoc liquid state is indicated by a
decrease ire” with increasing temperature as a result of thentaé motion which
disturbs the orientation of molecular dipoles.

In unmodified PBD two processes are observed dsspaa”’ at ~ —30°C and the
small one at ~ -96C for the selected frequency (500Hz), can be olese(Fig. 27). The
relaxations are assigned to the local motion oflpahvinyl groupsf-relaxation) and to
the segmental motion of the main polymer chainrelaxation), respectively. The
decrease i " at high temperatures (L00°C) is due to the thermal motion, which does
not allow the orientation of the dipoles.

For SCLCPBDs, higher values ef are detected as compared with that of the
unmodified PBD indicating a higher molecular maliin the SCLCPBDs. This is due to
incorporation of the thiol chains with polar groupsto the PBD structure. The
dependence of” on theR, is not linear, the polymers with higRy (0.6 and 1.0) are
characterized by higher molecular mobility companeth those with lowelR, (0.2 and

0.4). However, the maximum polarization increasearly linear with theR, content
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(with the exception of the sample wily equal to 0.8) due to an increase in the amount
of polar groups with increasirfg.

At low temperatures, in the solid state, two preesstake place in all of the
SCLCPBDs observed as peaksein at ~ -40 and ~ -116C. We believe that these
relaxations can be attributed, in the order ofeasing temperature, to the local motion of
the octyloxy end groups of the side-chainrdlaxation), and to the motion of the
azobenzene moiety of the side-chain around its toalgcular axisf{-relaxation) without
involving the motion of the side-chains as a whole.

A significant change ia’ is observed (for the selected frequency) at teaipegs
above 0°C for the SCLCPBDs witliR, equal to 0.2 and 0.4. For the SCLCPBDs Viigh
equal to 0.6, 0.8 and 1.0, this change is obseate@mperatures above 5C. This
change indicates a significant change in the médecunobility of the polymers above the
temperatures mentioned above, which correlates téhmelting temperatures found by
DSC measurements (Table 5).

A further increase in the temperature (abov€®pPresults in a decreasedhas a
result of molecular thermal motion, which does allbw the orientation of the dipoles;
the finding indicates the transition of the matsri@ the isotropic state. This means that
at temperatures higher than the temperature athwihie temperature coefficient ef
changes from positive to negative, the materiaddrathe liquid state. The temperature at
which transition to the isotropic state occurs @ases with increasing, and is in good
agreement with the clearing temperatures found dharizing microscopy and DSC
measurements (Table 5). In the liquid crystallinetes the picture of the relaxation
processes is complex, consisting of one or two p@dkile in the isotropic state only dc

conductivity maintains (a steep increase’irwith increasing temperature).

5.2.5.2 Frequency dependencies of dielectric benavi
Fig. 28 displays the frequency dependences oftfaginary part of the dielectric

permittivity, ¢” , for the unmodified PBD in the temperature rangaveen —35 and %C.
A well-resolved peak, which shifts to higher freqoies with increasing temperature, can
be observed. This peak corresponds to the mairatsda (), which is associated with
the cooperative motion of segments of PBD backhdrens and is related to its glass
transition.

As an example of the measured frequency dependefdbe dielectric losses in

the SCLCPBDs, data for the material wiRh equal to 0.2 at several temperatures in the
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crystalline (a) and liquid crystalline (b) statee gsresented in Fig. 29. Two dielectric

dispersions are observed

Fig. 28. Frequency dependence of dielectric lassfor PBD in the region of the main

relaxation. The numbers at curves denote tempegatin®C

€ B-relaxation
0.02 20°¢C

10° 10" 10° 10° 10 10° 10°
f, Hz

Fig. 29. Dielectric loss componemnt” as a function of frequency for the SCLCPBD with

Ry = 0.2 at low ¢ andp relaxation (a)) and higho{ and¢ relaxations (b)) temperatures
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in the crystalline state at the lowest frequen¢iég. 29a). The-relaxation is observed at
very low temperatures as a broad peak which staftsgher frequencies with increasing
temperature. The relaxation peak is followed by a narrovferelaxation peak detectable
in the frequency window of dielectric measurementthe temperature range between —
50 and 0°C. The same relaxations are observed for all theCFBDs, a detailed
analysis and discussion of them follows. The ass@it of these relaxations to particular
molecular motions has been done in the previousesation.

At high temperatures two dispersions are also eksge(Fig. 29b). The faster
relaxation, observed as a shoulderbivs.f dependences, shifts from 100 Hz af@Qo
100 kHz at 60°C, while the slower relaxation is observed as anghan the slope of’
vs. f at low frequencies. The faster relaxation is laftied toa-relaxation, which is
associated in liquid crystalline polymers with lieatations of the polymer backbone and
spacer, while the slower relaxation is attributedrte 6-relaxation. Theu relaxation is
observed only for the polymer witR = 0.2, while theéb-relaxation is observed as a well-
resolved peak for the materials wiRy = 0.4, 0.6 and 0.8. The increaseein with
decreasing frequency observed at low frequencieign 29b originates from the
propagation of mobile charge carriers (conductieytribution) [53].

In order to extract quantitative information on time scale, as well as on the
strength and shape of the observed dielectric aétanxs, the decomposition procedure for
fitting the data was used. In principle, the HN dtion (eq. (28)) is used for the
description of frequency dependences of an indalidalaxation process. This method
works well when all processes are reasonably segahras in the case of therelaxation
in the PBD. When they start to overlap (as in tlasecof relaxation processes in
SCLCPBDs), the fitting procedure is getting difficfe.g., HN parameters, which
determine the high frequency part of fheelaxation, and those which characterize the
low-frequency part of the-relaxation affect each other [53]). Because of phablem
mentioned above we assumed that all relaxationsreéd in the SCLCPBDs are well
described by the simpler Cole-Cole distribution diion, which results from the HN
function with theb parameter equal to 1. The fitting procedure wasetanainly on the
frequency dependences of the imaginary part oédiet permittivitye” .

An example of the fitting procedure is presentedrig. 30 for the material with
Ry = 0.6 for they-, - andd-relaxations in the order of increasing temperatiliree sharp

increase in dielectric losses with decreasing feegy observed at the highest
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Fig. 30. An example of decomposition ©f vs. f dependences measured at indicated
temperature for SCLCPBD withyR 0.6

temperatures corresponds to the conductivity domtion and was fitted by adding the
term given in eq. (28) to the Cole-Cole functioredi$or thed relaxation. Two dielectric
dispersion regiongy(andp) could be determined from the data measured afG5&nhile

for the lowest presented temperature (-22% only a single procesg (elaxation) is
observed. In some the cases information was egttdobm the temperature dependence
of & at a fixed frequency (isochronal plot). The resuf the above analysis for each
relaxation observed in the PBD and the SCLCPBDsbeasummarized as follows:

a) Unmodified PBD
al)a-relaxation

The a-relaxation peak is well described by the HN eqmatwith mean values
(with respect to temperature) of the shape paramateandb equal to 0.7 and 0.4,
respectively, indicating a relatively narrow andsymmetrical peak with a slope on the
low-frequency side higher than that on the sidehigh frequencies. The relaxation
strength4e. T was found to be nearly temperature-independemhgan value ofle is
equal to 0.14 at room temperature), which is realslenbecause of the nonpolar character
of polybutadiene. The temperature dependence ofptak frequencyf,, of the a-
relaxation is well described by the VFT equatiothwiarameter§, = 10 Hz, B = 1409
KandTyer = 127 K (Fig. 31, full squares).
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The glass transition temperature obtained from dthelectric data as the
temperature at which the relaxation time is eqoidl@0 s [53], known a§y giel IS €qual to
-42 °C (obtained by extrapolation of the VFT fitting earto low frequencies) correlates
well with the glass transition temperature measumedalorimetric measurements (Table
5). The glass transition temperature is in agre¢math that reported in literature for

polybutadiene with the same fraction of pendantivamd linear butadiene units [72].
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Fig. 31. Logarithm of the peak frequencigsals a function of inverse temperature for all
the observed relaxations in PBD and SCLCPBDs (At diagram). The lines are
fittings of the dielectric data to the VFT or Arriies equation (depending on the

relaxation process)

a2)y-relaxation

y-relaxation of neat PBD can be followed only in tis®chronal plot. The
temperature dependence of fheelaxation time, shown in Fig. 31 (full squards)lows
the Arrhenius behavior, which is consistent witke tbrigin of the relaxation i.e.
movement of 1,2 and 1,4 groups of butadiene uiitge. values of activation enerdg
(0.43eV) and pre-exponential frequency fadiof10"> Hz), calculated by linear fit to the
data of the logarithm of peak frequerfgys. 1T (Arrhenius eq. (37)), indicates a local
process.
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b) SCLCPBDs
b1l)y-relaxation

The strength of the-relaxation was found to increase slightly with ressing
temperature, with the shape parametdvetween 0.17 and 0.20, for all the materials
without any specific dependence on composition.sTtelaxation, associated with
movement of aliphatic end of side-chains, beconaeswer as the temperature increases
as it is expected for local relaxations; this retlethe homogenization of the environment
of relaxing unit with increasing temperature. Theam value of théd parameter of the
HN equation varies between 0.25 and 0.30 indicatingry broad relaxation. In the
relaxation peak of SCLCPBDs also thaelaxation of PBD can contribute due to a
similar relaxation time of the two processes. Hogrewvthe contribution of the-
relaxation of PBD is expected to be less pronoumneiid increasingR, value, due to a
decrease in the vinyl group content (Table 4).

The temperature dependence of the peak frequignoy the y-relaxation of all
SCLCPBDs can be described by the Arrhenius equatemp (37), Fig. 31). The
parameters of the Arrhenius equation (activatioergykE, and pre-exponential factby)

are listed in Table 6.

Table 6 Parameters of Arrhenius equation for the dieliectelaxations of SCLCPBDs

[thiol)/[PBD] y relaxation B relaxation o relaxation
Ro f. Ea fo Ea fo E.
mol/mol Hz eV Hz eV Hz eV
0.2 3x16° | 0.35 | 2x16° | 0.64 - -

0.4 6x10° | 0.32 | 5x10" | 0.68 | 1x10° | 1.1

0.6 3x16° | 031 | 1x16° | 0.74 | 1x16° | 15

0.8 2x1§ | 0.17 | 1xa®> | 057 | 1x16° | 1.2

1.0 1x16 | 0.08 | 1x16° | 0.35 | 1x16° | 1.5

The values oE, andf, indicate a locally activated process. Extraordiiaw values for
both parameters are calculated for the materialls igh contents of side-chainRy(=
0.8 and 1.0).
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b2) p-relaxation

The strengtheT of the B-relaxation does not depend on temperature while it
increases with increasirfg, with the exception of the polymer wit = 0.8, which in
general is characterized by very low values ofetigglc permittivity indicating a material
with suppressed molecular mobility. The strengthranges from 0.1, for the material
with Ry = 0.2 to 0.3 for the sample witRy = 1.0. This result is consistent with the
interpretation given for this relaxation: with ieasingR, the content of polar groups,
which contribute to the-relaxation, increases. The shape of the relaxatemains
unchanged with temperature and it is almost indégenof composition, while the value
of a-parameter of HN was found equal to 0.4 for all gkes.

The temperature dependence of the peak frequeneyelils described by the
Arrhenius equation (eq. (37), Fig. 31). For bothtivation parameters &, f.)
extraordinary high values are obtained (Table @nil&r high values of, andf,, have
been reported in literature for side-chain liqurgistalline polymers with the polar
azobenzene moieties in side-chains [53]. It wasie@dghat this relaxation is associated
not only with local motion of the mesogen in thagmtial formed by the surrounding
molecules. Instead, it was suggested that neighfpariolecules are involved as well in
the liberation dynamics of tiferelaxation. The values &,andf, were found to increase
with increasingRy, except for the materials witk, = 0.8 and 1.0.

b3) a-relaxation

The a-relaxation was observed only for the compositiotihvthe lowestRy = 0.2;
this finding corresponds to DSC data (Table 5). félaxation is observed as a peak in
isothermal measurements of dielectric losses antiirae temperatures in the frequency
window of dielectric measurements. On the otherdh#ncan be followed in isochronal
plots of dielectric losses as a peak which shifthigher temperatures with increasing
frequency. Because of the limited data for thigxation from the isothermal data (the
fitting was possible only for three temperatureisg information was extracted from the
isochronal plots. The-relaxation in the SCLCPBD witR, = 0.2 is observed at higher
temperatures or lower frequencies as compared tWwahobserved in unmodified PBD,
indicating an increase in the glass transition tempre Ty in SCLCPBDs. The
maximum of the dielectric losses increases onligmBcantly, which is unexpected as in
this type of relaxation, motion of segments witghsr dipole moments is involved. The

results can be understood in terms of an increaséffness of the main-chain due to the
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interaction of pendant vinyl butadiene units wikie tSC units (strongly interacting), as
was found byH NMR measurements, resulting in a reduced segreataility.

At high temperatures the relaxation rate follows #rrhenius behavior with
extraordinary high values of activation energy anelexponential frequency factor (2.0
eV and 16® Hz), which turns to a VFT-like dependence, inditgtia change in the
molecular dynamics of the system (Fig. 31). Fittrighe data to the VFT equation gives
for the parameters of the equatién,B and Tyer, the values 18 Hz, 808 K and 258 K,
respectively. The temperature at which the charigaadecular dynamics occurs agrees
with a phase transition temperature of the systemeklting of crystalline phase as
detected by DSC measurements. Finally, the maxirotidiielectric losses as recorded
from the isochronal plots was found to increaséhwiicreasing temperature. It can be
assumed that this relaxation is suppressed in raktavith higherR, as a result of the

higher content of the ordered phase in samples.

b4) o-relaxation

Information about thed relaxation is limited for some polymerg can be
extracted for few temperatures. The fitting procedior thes-relaxation was possible
only for the materials withlRy = 0.4, 0.6 and 0.8. From the limited data for shepe
parametera, and the intensityde, of the é-relaxation, it can be concluded that the
relaxation is narrow with aa parameter which ranges from 0.5 for the sampla Rit=
0.4 to 0.7 for that witlRy = 0.8. The strength of the relaxatidn is approximately 0.2
and 0.5 for the materials witRy = 0.4 and 0.6, respectively at the temperature of
relaxation. For the sample wil = 0.8, a lower value afe was found. The maximum of
dielectric losses decreases with increasing tenyoeran the smectic phase and levels off
in the isotropic state. The limited temperatureadat this relaxation does not allow to
conclude on the temperature dependence of its fregkencyf,, (Arrhenius or VFT
behavior) (Fig. 31). Assuming the Arrhenius behgvextraordinarily high values were
calculated for thd=, andf,, (Table 6), indicating a cooperative process. Thapeaative
character of this relaxation has been discussatianiterature [73]. In the smectic A
phase this processes is interpreted as being dtigetside group flipping around the
polymer backbone as the mesogen is hopping fromsamectic layer to another [74].
This interpretation agrees well with the fact thratsotropic phase no such relaxation is
observed, while the absence of this process immerial withRy = 0.2 may reflect the

lower order within this sample as a result of i kide group content.
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b5) DC conductivity
The information about the DC conductivity obsenadhigh temperatures was
extracted from analyses of the imaginary part @& tlomplex electric modulus!” in

dependence on frequency (eq. (41), Fig. 32). Reptason of the data using the electric

0,12

0,08

0,04

Fig. 32. Frequency dependence of the imaginary part ofctiraplex electric modulus,
M” (left axis) and of the real part of complex camtivity, o (right axis), for the
SCLCPBD with R= 0.8 at high temperatures, indicated on the plot

modulus formalism allows the observation of thedwaivity as a peak on its frequency
dependence, which is more convenient for analpsisan example of the dependences of
conductivitys and electric modulus!” as a function of frequency in a high temperature
range related with conductivity phenomena for tlegamal withR, = 0.8 is demonstrated
in Fig. 32. A significant increase in conductivisyobserved in the temperature range 95-
105°C, as compared with the increase in conductivitthweémperature at temperatures
below 95°C and above 10%C; this indicates a change of the charge carridsility The
temperatures are in good agreement with the transiemperatures obtained by DSC
measurements on these samples (Table 5). In thedney dependence of the imaginary
part of M”, a peak at 80-96C with a double structure can be observed, whichons
with no indication of double structure at highempeeratures. The relaxation observed as
a shoulder at the high frequency region correspaiedselaxation with interfacial
character i.e. corresponds to the Maxwell-WagndaiSi (MWS) type polarization as a
result of the existence of layers with differenindactivity within the material; peak

observed at low frequencies corresponds to the umimvity relaxation due to the
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transport of mobile charge carriers. MWS polaraatis observed also in the materials
with Ry = 0.6 and 0.8, indicating electrically heterogarsematerials due to the formation

of the ordered smectic phase.

0,12

0,08

0,04

0,00 . AT

f, Hz

Fig. 33. Frequency dependence of the imaginary part ofctiraplex electric modulus,
M”(left axis) and of the real part of complex comtuity, o (right axis), for all the
SCLCPBDs at 128C (isotropic state)

Figure 33 displays the frequency dependencéd’ofndq for all the materials at
120°C (isotropic state). The materials can be clagbifiéo two groups; materials witR
= 0.2 and 0.4 and materials wig = 0.6, 0.8 and 1.0, which differ in conductivitglues
by an order of magnitude and in peak frequency ey decade (peak shifts to higher
frequencies with increasing conductivity).

The temperature dependence of the main peak fregdigridetermined from the
M” vs.f dependences) can be described by the Arrheniwgiegyeq. (37), Fig. 34). For
the materials witlRy = 0.4 and 0.8, significant changes in the relaxatiate, passing
from the smectic to the isotropic state is obserteid indicates a change of the mobility
of the charge carriers in the two phases. For theenal withRy = 0.4, the Arrhenius
equation withE, = 1.55 eV and 0.79 eV arid = 10?*Hz and 16"Hz fits well to the data
in the smectic and the isotropic phase, respegtivihe corresponding values for the
material withR, equal to 0.8 were found to be equal to 1.58 eV &8 eV, and 3.78

and 16%Hz, respectively.
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Fig. 34. Logarithm of the M” peak frequency,frelated to the conductivity, versus
inverse temperature (Arrhenius diagram). Inset sholne dependence of the magnitude
of the maximum of electric modulus, M on the inverse temperature (arrows indicate

the clearing temperatures found by DSC measurements

The higher activation energies calculated for timeedtic phase reflect the
difficulty of the charge carriers to move withiriglphase. For the materials wig= 0.2,
0.6 and 1.0, the Arrhenius equation was fitted ha tvhole temperature range with
parameters 0.94 eV, 1.0 eV and 1.0 eV, anidH8, 10°Hz and 16°Hz, respectively.

A significant change of the magnitude of k& maximum was observed at the
clearing temperature for all the materials as aafolowed in the inset of Fig. 34, where
the clearing temperatures, corresponding to thédsigl,, (DSC measurements), are
indicated by arrowsM” nax increases significantly with temperature incregsia the
clearing temperature and becomes almost constaheimsotropic phase. This behavior
can be understood in terms of an increase in tla@gehcarrier concentration, which
contributes to conductivity, due to the increasamiolecular mobility passing from the
smectic to the isotropic state.

Finally we should mention that SCLCPBD whkg = 0.4 was used also for optical
investigations at room temperature [16]. It wasnibuhat: (1) photochemically induced
trans-cis-trans isomerization of azobenzene graspresults in their local reorientation
upon irradiation with linearly polarized UV light(2) resulting dichroism and
birefringence are stable and can be erased by guéseirradiation with non-polarized

light. Further irradiation with polarized light indes anisotropy again. Points (1) and (2)
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suggests that SCLCPBDs and also linear and créssdlirmaterials based on these

SCLCPBDs can be used for reversible optical datage in photonics.
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6. Conclusions

We have investigated the relations between strecttliermal and physical
properties of SCLCPBDs with the comb-like archibeetwhich were synthesized from
PBD and two thiols with different structure of mgeaic group (cyanobiphenyl and/or
azobenzene); polymers with various degree of mmatitbn of PBD chain were studied.

From our investigation the following conclusionsultbbe made:

(1) In the case of SCLCPBDs with cyanobiphenyl ngesic group it was found:

(@) On GPC chromatograms two peaks gradually appéhrincreasing modification
degree; this fact is probably associated with ciffé rate constants of the addition
reaction of thiol's SH groups on pending (1,2) andin-chain (1,4) double bonds of
PBD. It was found that only ~50 % modification oB[P can be achieved even for
stoichiometric initial ratio of SH/double bonds. WVspectroscopy has proved that the
functionality (OH group content) of SCLCPBDs doest thange with the extent of

modification.

(b) Simple amorphous behavior with the glass tteorsionly was found for neat PBD
and polymer with the smallest degree of modificaties = 0.13 Res was determined
from sulfur elemental analysis). With increasiRg, theT, of SCLCPBDs increases from
-46 °C (neat PBD) to 20C (Res[J0.51); at the same time the changes in the spdwfat,
4C,, decrease. LC mesophase formation staf@sll 0.27 T, 127 °C); with increasing
Res the melting temperaturéek, increase and foRes [1 0.51 reach the valug 74 °C

(corresponds td@, of neat thiol).

(c) Large changes in the position and shape ofstiperimposed dynamic mechanical
functions on the reduced frequency were found. &kl the lowest frequencies the
Newtonian liquid behavior was observed for neat PB® modified polymers more
complicated frequency dependences were observeparticular, SCLCPBD with the
highest degree of modificatioiRds = 0.51), due to strong physical interactions desi
chain mesogens (which act as physical crosslimkg)ipits almost critical gel mechanical
behavior at the gel point.

(d) The investigation of SCLCPBDs using broadbareledtric spectroscopy was also

done. Four relaxation processes have been idehtifief, o and g, in the order of
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increasing temperature or decreasing frequencyyTrecess is related to motion of 1,2
and 1,4 groups of butadiene units, faeelaxation corresponds to liberation fluctuations
of mesogens around their long molecular axis arel otnelaxation is assigned to
fluctuations of segments of the polymer main-ctesirihey are observed in glass-forming
systems. Theé-relaxation is assigned to liberation fluctuatimfsmesogens around the
short molecular axis; presumably it is a rathertrstdp process with motional averaging
rather than a 180 flip-flop jump of the mesogens, [60]. All dielectric relaxation
processes were analyzed and discussed in termsnef dcale (Arrhenius diagram),

magnitude (relaxation strength) and shape of theaese.

(2) In the case of SCLCPBDs with azobenzene mesogeoup it was found:

(@) As in previous case experimental modificatialesermined from sulfur elemental
analysis,'H NMR spectroscopy and GPC, comb-like SCLCPBDsamays lower than

initial SH/double bonds ratio; it was found that ea70 % modification of PBD can be
achieved. NMR spectroscopy has proved that the @idtionality of SCLCPBDs does

not change in the modification.

(b) From the DSC and WAXS experiments it could lmmatuded that on cooling a
smectic structure in the polymers is formed af@5with the periodicity ~ 3.39 and 1.7
nm (the former value agrees well with the lengthttad thiol molecule). At 83C the
crystallization starts and at 77 lamellar periodicities of 4.72, 2.45 and 1.7 nm,
reflecting mutual ordering of grafted side-chaiasg formed. The amount of ordered

phase in the polymers increases with increasingfroation.

(c) A simple dielectric behavior with segmengatelaxation and secondapyrelaxation
was found for unmodified PBD. Two low temperatyr@andp-relaxations were observed
for SCLCPBDs and assigned to the local motion ef alotyloxy end groupsy) of the
side-chains, and to the motion of the azobenzerietynof the side-chain around its long
molecular axis. At higher temperatures,elaxation was observed only for neat PBD and
SCLCPBD with the lowesR, = 0.2; for modified polymers.-relaxation is shifted to
higher temperatures or lower frequencies with resfe neat PBD. We assume that
relaxation is suppressed in the SCLCPBDs with hidgkedue to a higher order in the
smectic phase, formed within them. Theelaxation, assigned to liberation fluctuations
of mesogens around the short molecular axis, waerebd at temperatures higher than
those of thex-relaxation in the SCLCPBDs witRy = 0.4, 0.6 and 0.8. As in previous
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case dielectric relaxations were analyzed and dssmlin terms of time scale (Arrhenius

diagram), magnitude (relaxation strength) and slodplee response.

(d) Conductivity and interfacial Maxwell-Wagner4&it relaxation, indicating
electrically heterogeneous materials due to then&bion of the ordered smectic phase,
were investigated by analyzing the data within¢beductivity and the electric modulus
formalisms. Dielectric behavior (in particulaf(T) at constant frequency), individual
relaxations ¢ andd) and conductivity exhibit distinct changes at fifease transition

temperatures determined by DSC.
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8. List of Used Variables

o*(t)
00

V€

y*(t)
Yo

TS’ TO

Tvrr

stress

oscillatory (complex) stress

stress amplitude

strain

viscosity

Young's modulus

compression deformation

oscillatory (complex) deformation
deformation amplitude

time

angular frequency

imaginary unit =v/-1

phase shift

modulus

complex modulus

real (storage) part of complex modulus
imaginary (loss) part of complex modulus
superimposed real part of complex modulus
superimposed imaginary part of complex modulus
volume density of elastic energy

volume density of the dissipative energy

horizontal shift factor at reference temperaflye

retardation time at temperature T
temperature

reference temperatures

chosen temperature in VFT equation
glass transition temperature

melting temperature

i-melting temperature

density of polymer

horizontal shift factor at reference temperaflye
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Cy, G

&'(w)

&' ()

”
M max

fm2
Tstar
Tlin
a, b
fm

Tr

constants of WLF equation

fraction free volume at temperaturg T

constant of VFT or WLF equation

coefficient of free volume expansion

frequency

permittivity

real part of the complex permittivity

imaginary part of the complex permittivity
dielectric strength

vacuum permittivity ¢, = 8.8510* Fm™)

relative permittivity

complex dielectric permittivity

unrelaxed value of the real part of permittivity
complex electric modulus

imaginary part of the complex electric modulus
maximum of loss electric modulus in dependencerequiency
number-average molecular weight
weight-average molecular weight

electric dipole moment

charge

vector from the negative to the positive charge
permanent induced dipole moment

induced dipole moment

intensity of local field

polarizability of molecule

vector of polarization

susceptibility

electric induction

maxima positions of the loss part of permittivioy the normal relaxation
normal relaxation time for star-like polymer
normal relaxation time for linear chain

shape parameters of HN equation

peak frequency (maximum in dependence of loss imgonf)
relaxation time

Boltzmann constant (=1.38xT8I/K)
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Ea

fO
o*(f)

Recpc

Renmr
XH
AHn
AC,

Ot

ar
tgo

Ws

activation energy

pre-exponential frequency factor

fractional free volume at temperaturg T

complex conductivity

initial ratio of modification

ratio of modification measured by GPC

ratio of modification measured by sulfur analyzes
ratio of modification measured by NMR

amount of hydrogenated-like units

enthalpy

changes in the specific heat

thermal expansion coefficient of the free volume
vertical shift factor

horizontal shift factor

loss tangent

weight fraction of sulfur
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