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Temperature and pressure dependence of the dynamics in a poly„methyl acrylate…
side-chain liquid-crystalline polymer
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The molecular dynamics of a side-chain polymer liquid crystal with a poly~methyl acrylate! backbone and a
~p-alkoxy-phenyl!-benzoate mesogenic group have been studied in the unaligned state as a function of tem-
perature and pressure using dielectric spectroscopy. Polarizing optical microscopy, differential scanning calo-
rimetry, and pressure-volume-temperature (PVT) measurements revealed three transition temperatures sepa-
rating four phases~glass, smectic, nematic, and isotropic!. Different dynamic processes have been identified
reflecting librational modes~g process!, local relaxation of the mesogenic group~b process!, the segmental
mode~a process! associated with the dynamic glass transition, and a slower process~d process! reflecting the
side-chain dynamics within the liquid crystal order. Pressure exerts a stronger influence on thea as compared
to the d process. Starting from the nematic phase, pressure was found to induce the nematic-to-smectic
transformation. The associated dynamic changes were in excellent agreement with thePVT results implying
that the dynamics are directly coupled to the thermodynamic state. Pressure was found to enhance the stability
of the smectic order within theP-T phase diagram.
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I. INTRODUCTION

Thermotropic polymer liquid crystals are hybrid materia
that exhibit similar mesophases characteristic of ordinary
uid crystals, yet retain the useful and versatile properties
polymers. Among the different polymer liquid crystals, sid
chain polymer liquid crystals are by far the most promisi
@1,2#. Side-chain polymer liquid crystals, where the mesog
unit is attached on the side chain of a polymer backbo
have attracted a lot of attention because of their commer
applications ranging from high strength materials such
fibers to optical nonlinear devices including waveguides a
electro-optic modulators in poled polymeric slab wa
guides. A key point for the use of polymer liquid crystals
the display industry is the response time to an external e
tric field that is determined by the reorientational dynam
of the polymer backbone and of the mesogen.

This requirement motivated several investigation of
dynamics in thermotropic side-chain polymer liquid cryst
mainly by dielectric spectroscopy~DS! and NMR @3–15#.
Temperature, however, is not the only determining fac
Pressure, based on simple thermodynamics, should als
fect the mesoscopic structure but, until now, a compl
phase diagram for polymer liquid crystals is missing.

There have been three reports on the effect of app
pressure on the dynamics of liquid crystalline polymers. T
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first was on unaligned polyacrylates withp-cyano-phenyl
benzoate side group forming a nematic phase@11#. The di-
electric measurements were made for some temperature
the range from 323 to 413 K, for frequencies in the ran
1022 to 106 Hz and for pressures up to 5 kbar. It was fou
that pressure can induce an isotropic-to-nematic transi
with a dTNI /dP of 40 K/kbar. Furthermore, from the two
relaxation processes identified asa andd relaxation, the lat-
ter was found to be less affected by pressure and thus
volume demanding. The second study@12# dealt with a side-
chain liquid crystalline polysiloxane, studied in the tempe
ture range from 323 to 358 K, for frequencies in the ran
from 10 to 105 Hz and for pressures up to 1.5 kbar. Tw
relaxation processes have been identified, discussed asa and
d process, with the latter showing much narrower width. T
fact that thed process had a width close to a single relaxat
time process was discussed as revealing a different me
nism for motion as compared to the more cooperativea pro-
cess. The third study@13# was made on two unaligned de
rivatives ~called H3 and H9) of poly~norbornene
diethylester! with different spacer lengths~3 and 9! giving
rise to a nematic and a smectic mesophase, respecti
Measurements were made in the temperature range from
to 433 K, for frequencies in the range from 1022 to 109 Hz
and for pressures up to 3 kbar. It was shown that the s
mental~a! process reflects the dynamic glass transition a
that the slower~d! process, observed only in the polym
with the longer spacer length (H9), reflects the side-chain
dynamics within the smectic layers. The possibility of com
©2003 The American Physical Society05-1
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plete reorientation of the mesogen around the backbone
excluded as a dynamic process due to the double bond
the norbornene backbone that restrict such a motion. In
dition, it was shown that the two modes merge by decreas
temperature and by increasing pressure, suggesting a
mon origin under conditions of lowT and/or high compres
sion.

In the present study we employ a side-chain liquid cr
talline polymer, composed from a~p-alkoxy-phenyl!-
benzoate side chain linked to a poly~alkyl acrylate! backbone
by six methylene spacer units exhibiting multiple m
sophases and investigate the effect of temperature and
sure on inducing phase transformations. Our aim is to c
struct aP-T phase diagram and to investigate the stability
the different ordered mesophases. Furthermore, we inv
gate how the dynamic processes are coupled to the the
dynamic state of the system. For this purpose we emp
both ‘‘static’’ @i.e., pressure-volume-temperature (PVT), dif-
ferential scanning calorimetry~DSC!# as well as dynamic
probes~i.e., dielectric spectroscopy!. We found that there is a
nice correspondence between the thermodynamic state
the associated dynamics.

II. EXPERIMENT

The structure of the polymer is shown in Fig.
The weight- and number-averaged molecular weights w
13 500 and 5900 g/mol, respectively. Details on the synth
and chemical characterization can be found in Re
@16,17#.

A Zeiss polarizing optical microscope was used toget
with a Linkam heating stage~THMS 600! with temperature
programmer. The experiments were made by heating to
initial temperature (T5410 K) corresponding to the isotro
pic state followed by subsequent cooling to temperatures
responding to the liquid crystalline structures. Subseque
images were taken corresponding to the smecticT
5366 K) and nematic (T5393 K) regimes. Representativ
optical microscopy images are shown in Fig. 2 with textu
exhibiting a smectic~x rays identified a smecticA me-
sophase! and a nematic mesophase, respectively.

A Mettler Toledo Star DSC capable of programmed cyc
temperature runs over the range 113–673 K was u
Samples were first heated with a rate of 10 K/min to te
peratures corresponding to the isotropic state and su
quently cooled to 273 K with the same rate. The experim
was repeated with a rate of 5 K/min and the results for
transition temperatures and enthalpies obtained with the l
est rate~5 K/min! are summarized in Table I. Typical DS
traces are shown in Fig. 3~top! on cooling and subsequen

FIG. 1. Schematic of the structure of the side-chain polym
liquid crystal.
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heating. Two exothermic peaks exist on cooling followed
a glass transition. On heating, the glass temperature is
cated at 300 K ~with a heat capacity step ofDcp
50.6 J/g K) followed by two endothermic peaks at 370
(DH52.5 J/g) and at 397 K (DH52.6 J/g) corresponding to
the smectic-to-nematic~SN! and nematic-to-isotropic~NI!
transitions, respectively.

The pressure-volume-temperature (PVT) measurements
were made using a fully automatedGNOMIX high-pressure
dilatometer. The powder material was modeled at 473
prior to the measurements and about 1 g was used in the
measurements. We first performed runs by changing p
sures from 10 to 200 MPa (1 MPa50.01 kbar) in steps of 10
MPa at constant temperatures~i.e., under ‘‘isothermal’’ con-
ditions! from 300 to 473 K. Subsequently, measureme
were made by heating/cooling experiments with a rate o
K/min at different fixed pressures~i.e., under ‘‘isobaric’’ con-
ditions! in the range from 10 to 100 MPa. The result from t
‘‘isothermal’’ measurements is shown in Fig. 3 at some pr
sures.

The setup for the pressure dependent dielectric meas
ments consisted of the following parts~described elsewhere
in detail!: temperature controlled sample cell, hydraulic clo
ing press with pump, and a pump for hydrostatic test pr
sure. Silicon oil was used as the pressure transducing

r

FIG. 2. Optical micrographs taken at 366 K~top! and 393
K ~bottom! corresponding to the smectic and nematic phas
respectively. The size of the micrographs is 200mm 3 150 mm.

TABLE I. Molecular characteristics and transition temperatur

Sample Mw Mn Tg ~K! Ttransition ~K! DH ~J/g!

PA6 13500 5900 300 S——→
370 K

N 2.5

N ——→
397 K

I 2.6
5-2
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FIG. 3. ~Top! DSC trace of the polymer taken on cooling an
subsequent heating~with a rate of 10 K/min! indicating a glass
transition at 300 K, a smectic-to-nematic transition at about 37
and a nematic-to-isotropic transition at 397 K. The transition te
peratures are indicated by vertical lines.~Bottom! Relative change
in the specific volume (DV) as a function of temperature for dif
ferent pressures in the range from 10 to 200 MPa. The data w
obtained under ‘‘isothermal’’ conditions. The lines through the
MPa data points are guides to the eye. The arrows indicate
pressure dependence of the glass temperature (Tg), of the smectic-
to-nematic transition (TSN), and of the nematic-to-isotropic trans
tion (TNI). Notice the steeper dependencies of the first order tr
sitions as opposed to the glass temperature. These dependenc
discussed in more detail with respect to Fig. 10.
03170
dium. The sample cell consisted of two electrodes of 20 m
diameter and a sample with a thickness of 50mm. The
sample capacitor was sealed and placed inside a teflon rin
separate the sample from the silicon oil. The dielectric m
surements were made at different temperatures in the ra
163 to 413 K, for pressures in the range from 1 bar to 3 kb
and for frequencies in the range from 1022 to 106 Hz using
a Novocontrol BDS system composed from a frequency
sponse analyzer~Solartron Schlumberger FRA 1260! and a
broad band dielectric converter. Measurements in the
quency range from 106 to 109 Hz were made with a coaxia
reflectometer based on theHP4191 impedance analyzer.

The complex dielectric permittivity«* 5«82 i«9, where
«8 is the real and«9 is the imaginary part, is a function o
frequency v, temperature T and pressure P, «*
5«* (v,T,P). In Fig. 4, some representative dielectric lo
spectra are shown under isobaric (P51 bar) and isotherma
(T5363 K) conditions. The spectra reveal multiple rela
ation processes which are indicated with the Greek letterb,
a, andd by increasing temperature. In the analysis of all D
spectra we have used the empirical equation of Havriliak
Negami~HN! @18#

«* ~T,P,v!2«`~T,P!

D«~T,P!
5

1

$11@ ivtHN~T,P!#a%g , ~1!

wheretHN(T,P) is the characteristic relaxation time in th
equation, D«(T,P)5«s(T,P)2«`(T,P) is the relaxation
strength of the process under investigation, anda, g de-
scribe, respectively, the symmetrical and asymmetr
broadening of the distribution of relaxation times. In the fi
ting procedure we have used the«9 values at every tempera
ture and pressure and in some cases the«8 data were also
used as a consistency check. The linear rise of the«9 at
lower frequencies is caused by the conductivity@«9

K
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FIG. 4. Dielectric loss spectra plotted~left! at atmospheric pressure for different temperatures@~m!: T5303 K, ~.!: T5308 K, ~l!:
T5313 K, ~b!: T5318 K, ~c!: T5323 K] and ~right! at 363 K for different pressures@~j!: P50.1 kbar, ~h!: P50.3 kbar, ~d!: P
50.6 kbar, ~s!: P50.9 kbar, ~m!: 1.2 kbar, ~n!: P51.5 kbar, ~.!: P51.8 kbar, ~,!: P52.1 kbar, ~l!: P52.4 kbar, ~L!: P
52.7 kbar,~d!: P52.9 kbar].
5-3
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FIG. 5. ‘‘Master-curve’’ construction of the isobaric~left! and the isothermal~right! spectra using the same data as in Fig. 4 shifted to
corresponding reference spectrum. The reference spectra were atT5303 K andP52.9 kbar for the isobaric and isothermal experimen
respectively.
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21, wheres0 is the dc conductivity and«0 is the

permittivity of free space# which has been included in th
fitting procedure.

III. RESULTS AND DISCUSSION

The results from the polarizing optical microscopy~Fig.
2! indicated a change of the mesoscopic structure at appr
mately 370 K that could imply a transition from a smectic
a nematic order. In addition, the isotropization temperat
was found at about 400 K. The same transitions affect
DSC trace on cooling and subsequent heating~Fig. 3!. Two
first-order transitions have been identified on heating, at
and 397 K, associated with the smectic-to-nematic a
nematic-to-isotropic transitions, respectively. In addition
glass transition has been identified at lower temperatu
(Tg5300 K). Another direct evidence of the nature of t
transitions in PA6 is provided by thePVT measurements
also shown in Fig. 3. Figure 3, depicts the relative volu
change (DV) as a function of temperature for different pre
sures in the range from 10 to 200 MPa. Notice the chang
slope associated with the glass temperature and, at hi
temperatures, the two first-order transitions accompanied
a stepwise increase in specific volume. The effect of co
pression on the three temperatures is very distinct. As
pected, pressure affects the glass temperature to a lesse
tent as compared to the first-order transitions at hig
temperatures~see the discussion with respect to Fig. 1!.
Thus, polarizing optical microscopy, DSC andPVT results
revealed the existence of considerable mesoscopic orde
well as transitions between the different liquid crystalli
phases. In addition, DSC andPVT, identified a temperature
of structural arrest (Tg). These ‘‘static’’ thermodynamic
properties will be compared with the associated dyna
changes, below.

DS: temperature dependence. The DS results, performe
over a broad frequency,T and P ranges are discussed nex
03170
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The effect ofT on the dielectric loss spectra at atmosphe
pressure~i.e., under ‘‘isobaric’’ conditions! are compared
with the corresponding spectra at 363 K~i.e., under ‘‘isother-
mal’’ conditions! by changing pressure in Fig. 4. Three d
namic processes affect the loss spectra within theT and P
ranges shown in Fig. 4. Starting from higher frequencies,
‘‘fast’’ b process is followed by the intermediatea process
and at lower frequencies by thed process. Two additiona
processes were found~which are not shown in Fig. 4 for
clarity reasons!: a g process at even lower temperatures a
another slower process under conditions of highT and lowP
~Maxwell-Wagner polarization, see below!. For the three
processes shown in Fig. 4, increasingT results in a strong
shift of thea andd processes to higher frequencies and to
smaller shift on theb process. The effect of increasingP is,
qualitatively, similar to decreasingT, that is, all processes
become slower but thea and d processes are again mo
affected. Increasing pressure, however, has more funct
than just decreasing temperature. The modes become m
intense due to the densification~a process! and due to im-
proved order~d process!. Furthermore, as a result of the im
proved order, pressure can stabilize certain mesophases~see
below!.

We attempted to construct master curves by shifting e
curve of Fig. 4 to thea process maximum loss at a referen
T andP, by multiplying the frequency axis of each curve b
appropriate shift factorsaT and aP at eachT and P. The
result of the attempted time-temperature superposition~tTs!
and time-pressure superposition~tPs! is shown in Fig. 5 and
reveal thattTs and tPs fail over a broadf-T-P range. Small
vertical shifts~with factorsbT and bP) were also required.
The failure of tTs and tPs reveals that the three process
have differentT andP dependencies involving different ap
parent activation energies or apparent activation volum
~see text below!.

The results from the HN fit to the relaxation times
maximum loss for each process are depicted in Fig. 6. T
5-4
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TEMPERATURE AND PRESSURE DEPENDENCE OF THE . . . PHYSICALREVIEW E 67, 031705 ~2003!
processes~b andg! with an ArrheniusT dependence exist a
lower temperatures that can be described as

log10tmax5 log10t01
E

2.303RT
, ~2!

where t0 is the relaxation time at practically infinite tem
perature andE is the activation energy. Theg process, with
an activation energy of 7.2 kcal/mol and with a consta
albeit low, dielectric strength ofTD«;30 reflects a very
localized librational motion of the side chain. Theb process,
studied here over 11 decades in frequency, has an activa
energy of 14.6 kcal/mol and dielectric strength which var
with T from a TD« value of 100 at lowT to about 300 at
higherT suggesting the unfreezing of dipoles with increas
T. Earlier NMR investigations@19# on a similar sample with
a deuterated phenyl ring on the phenylbenzoate mesog
group identified ab process operating on comparable tim
scales related top flips of the phenyl ring. Such a proces
would be dielectrically inactive but the similarity in the tim
scales of the two processes could suggest a concerted m
of the ester and phenyl ring within the mesogenic unit
responsible for theb process.

At higher temperatures, the two processes nameda andd,
have distinctly differentT dependence, when compared
the processes at lowerT, that conform to the Vogel-Fulcher
Tammann~VFT! equation

log10tmax5 log10t01
B

T2T0
, ~3!

where B is the apparent activation energy andT0
(5278.6 K) is the ‘‘ideal’’ glass transition temperature lo
cated 21 K below the calorimetricTg . We should mention
here that due to the small frequency range for the slowed
process theT0 value was kept fixed to the correspondin
value from thea process. This corroborates the notion th

FIG. 6. Arrhenius representation of the relaxation times for
different processes:~n! g process,~j! b process,~s! a process,
~d! d process and the process corresponding to the Maxw
Wagner polarization~.!. The vertical lines correspond to th
nematic-to-isotropic and smectic-to-nematic transitions.
03170
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the two processes will freeze at the same temperature as
found in a recent study of the dynamics of another side-ch
liquid crystalline polymer @i.e., poly~norbornene diethyl-
ester!#. It has been discussed earlier, that thea and d pro-
cesses reflect the dynamic glass transition and a local re
entation of the mesogen within the LC layers. T
parameters of all processes are summarized in Table II.
tice that at higher frequencies a single—albeit broad
dielectrically active process was found whose location lies
the extrapolation from the low temperatureb process. How-
ever, within this frequency range, the rate of the slow
a-process approaches the rate of the fasterb process, thus
making the deconvolution of the two processes a very d
cult task. A slower process with very high intensity whic
can not have molecular origin was also identified which
sociates with the Maxwell-Wagner~MW! polarization
mechanism due to the locally inhomogeneous environme

Most of the relaxation times of Fig. 6 are reported f
temperatures within the smectic mesophase and only thb
andd processes were followed within the nematic phase. T
effect of the smectic-to-nematic transition on the length sc
of the b process is insignificant due to the local character
the process that is unaffected by the loss of translatio
order. In contrast, the more cooperatived process is affected
by the transition becoming faster as a result of the chang
local friction.

DS: pressure dependence. Pressure is an additional the
modynamic variable that affects the dynamic processes~Fig.
4! @20–29#. For example, pressure was helpful in the stu
of the dynamics in type-A polymers@21,22#, in polymer
blends and block copolymers@23,20#, as well as in studying
the process of crystallization@24# and the associated kinetic
@25# in semicrystalline polymers. The pressure depende
of the relaxation times corresponding to the maximum lo
for the a and d processes is shown in Fig. 7. Notice th
different response to pressure for the two processes: a li
pressure dependence for thed process and a strongly nonlin
ear dependence for thea process. The linear dependence f
the d process can have different origins. Transition st
theory @20# predicts

DV5RTS ] ln t

]P D
T

, ~4!

whereDV is the difference in the molar volumes of activate
and nonactivated species. In addition, free volume the
@20# results in the same equation assuming the expone

e

ll-

TABLE II. Activation parameters for the different relaxatio
processes.

PA6 d a b g

log(t0 /s) 26.4 9.2 216.8 213.6
E ~kcal/mol! 14.6 7.2

B ~K! 23768 218626
T0 ~K! 278.6a 278.662

aValue held fixed.
5-5
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FLOUDAS, MIERZWA, AND SCHÖNHALS PHYSICAL REVIEW E 67, 031705 ~2003!
model, which results in a linear dependence of the logarit
of shift factors aP , defined as the ratio of the relaxatio
timestP at pressureP to the corresponding value at a refe
ence pressureP0,

ln aP5L~P2P0!. ~5!

In the above equation,L is independent of pressure and b
cause of the similarity of Eq.~4! to ~5!, the coefficientL is
interpreted also as an apparent activation volume, i.e.L
5DV/RT. The shortcomings of the free volume approa
have been discussed in the literature. The linear pres
dependence for thed process shown in the Fig. 7, results
an apparent activation volume ranging from 160 to
cm3/mol within theT range from 323 to 363 K. In contras
the P dependence for thea process can be parametrized a
cording to

tmax5ta expS DP

P02PD , ~6!

where ta is the segmental relaxation time at atmosphe
pressure at the given temperature,P0 is the pressure corre
sponding to the ideal glass transition, andD is a dimension-
less parameter. The lines through the data points corresp
ing to thea process in Fig. 7 are the result of the fit to E
~6!. Notice, that there exists a finite pressure (Px) at the
corresponding temperature (Tx), obtained by extrapolation
where the two processes merge.

The universality of Eq.~6! can be tested by plotting th
reduced relaxation times as a function of reduced press
This is shown in Fig. 8 and results in a reasonable linea
with a zero extrapolation. We mention here that the sca
of the a process shown in the figure represents relaxa
times obtained within the temperature range from 323 to
K, that is, solely within the smectic mesophase.

FIG. 7. Pressure dependence of the relaxation times corresp
ing to the maximum loss for thea ~open symbols! and d ~filled
symbols! processes at different temperatures as indicated. The
are fits to different equations~see text!.
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In addition, pressure can affect the mesophases by ind
ing order-to-order or disorder-to-order transitions as alre
shown by thePVT results~Fig. 3!. For example, based o
PVT, we can anticipate that compressing the nematic ph
will result in a nematic-to-smectic transformation. Figure

d-

es

FIG. 8. Pressure dependence of the normalized relaxation ti
of thea process as a function of reduced pressure for five temp
tures as indicated. The line is only a guide to the eye.

FIG. 9. Pressure dependence of the relaxation times of thd
process at four temperatures. Squares:T5368 K, circles: T
5373 K, up triangles:T5378 K, and down triangles:T5388 K.
The open and filled symbols correspond to data obtained in
nematic and smectic mesophases, respectively. Notice the sl
relaxation within the smectic mesophase as compared to the n
atic phase. The line gives the dependence of thed process relax-
ation times on pressure at the nematic-to-smectic transition, re
ing in a dP/dT of 0.035 kbar/K.
5-6
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TEMPERATURE AND PRESSURE DEPENDENCE OF THE . . . PHYSICALREVIEW E 67, 031705 ~2003!
depicts the change of the relaxation times at maximum
by pressurization of thed process in going from the nemat
~open symbols! to the smectic~filled symbols! mesophase
Notice that the effect of the mesophase transformation on
dynamics is to slow-down the relaxation times by a factor
2. The slower dynamics within the smectic mesophase ca
understood in terms of the higher translational order t
restricts the reorientational motion of the mesogen. The
sulteddP/dT dependence~arrow in Fig. 9! of 0.035 kbar/K
is in good agreement with thePVT results ~see Table III
below!. Furthermore, the linear pressure dependence of
logarithm of the relaxation times at a givenT is preserved in
the induced smectic mesophase with a similar apparent
vation volume as in the nematic phase implying essenti
the same molecular mechanism in both mesophases.

FIG. 10. Pressure dependence of the three characteristic
peratures:Tg ~open and filled circles correspond to data obtain
from thePVT and DS, respectively!, TSN ~open and filled triangles
correspond to data obtained fromPVT and DS, respectively!, and
TNI ~open and filled inverse triangles correspond to data obta
from PVT and DS, respectively!. The solid lines for the nematic
to-smectic and nematic-to-isotropic transitions are the result of
ear fits to thePVT data ~see text!. Notice the stronger pressur
dependence of the two first-order transitions. For theTg(P) depen-
dence the line represents the result of the fit of the DS data
Eq. ~7!.

TABLE III. Calculated change of specific volume (DV) from
the Clausius-Clapeyron equation.

Transition dT/dP ~K/kbar! DV(1023 cm3/g)

S——→
370 K

N ~DS! 3264 2.160.8

S ——→
370 K

N ~PVT! 31.460.8 2.060.5

N ——→
397 K

I ~PVT! 33.260.9 2.060.5
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Figure 10, compares the pressure dependence of the
temperatures separating the four different regimes~glass-
nematic-smectic-isotropic!. In this respect, Fig. 10 serves a
a phase diagram for the side-chain polymer liquid crys
sample. In the figure, both data from thePVT ~open sym-
bols! and DS~filled symbols! measurements are included fo
the Tg andTSN transitions, however theTNI transition could
only followed byPVT. In DS, we have employed the resul
of Fig. 9 for the nematic-to-smectic transformation where
for the Tg(P) we have used the usual operational definiti
of Tg as the temperature corresponding to ana-process re-
laxation time of 100 s. Notice the good agreement betw
the static (PVT) and dynamic~DS! results for the two tem-
peratures (Tg and TSN) suggesting that the dynamic pro
cesses are directly coupled to the thermodynamic chan
imposed by pressure. As expected, pressure affects mor
two first order transitions as opposed to the, largely kinetic
origin, glass-to-liquid transformation. The latter can be fitt
following the empirical equation@29#:

Tg~P!5cS 11
b

a
PD 1/b

, ~7!

wherea, b, andc are fitting parameters. The solid line in Fig
10 gives the result of the fit to the DS data alone with p
rameters c5Tg(0)5300 K, b55.760.05, and a515.7
60.5 kbar. For the former transitions, the linear depende
can be rationalized in terms of the Clausius-Clapeyron eq
tion

dP

dT
5

DH

TDV
, ~8!

whereDH is the latent heat associated with the smectic-
nematic or nematic-to-isotropic transformation andDV is the
associated volume change. Using thedP/dT value of 0.0319
kbar/K for the smectic-to-nematic transformation and the
sociated heat of fusion~2.5 J/g! from DSC, we obtain a
change of volume of 2.131023 cm3/g at the transition. Due
to the parallel behavior of theTNI(P) dependence, a simila
volume change is also calculated for the nematic-to-isotro
transition. These estimates are in excellent agreement
the volume changes associated with both transitions from
PVT result ~Fig. 3! as indicated in Table III.

Pressure can strongly influence the stability of the diff
ent mesophases. This results from the differe
P-dependence of the first order transitions among the
sophases and of the glass temperature. For example
smectic mesophase is stable over 70 K at atmospheric p
sure, but this range is doubled at 3 kbar. This brings forw
a new possibility of control of the mesophase structure
liquid crystals; application of pressure results in a broa
smectic mesophase within theP-T phase diagram. On the
other hand, the stability of the nematic phase is less in
enced by pressure due to the parallelTSN(P) and TNI(P)
dependencies.
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IV. CONCLUSIONS

Herein we investigated the structure and dynamics i
side chain polymer liquid crystal with a poly~methyl acry-
late! backbone and a~p-alkoxy-phenyl!-benzoate mesogeni
group. Three transition temperatures were identified sepa
ing the four equilibrium phases: glass, smectic, nematic,
isotropic. T and P were used in the study of the dynami
and the results have been compared with DSC andPVT
measurements. Apart from the identification of the differe
dynamic processes we presented a complete phase dia
of the four phases within theT range from 300 to 470 K and
for pressures in the range from 0.001 to 5 kbar. An excel
,

iu

o

ol

.
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agreement was found between the static (PVT) and dynamic
~DS! probes of the glass transition temperature as well a
the smectic-to-nematic transformation suggesting that
dynamics are coupled to the thermodynamic state of the
tem. Pressure exerts a strong influence on the melt
sophases by increasing the local order. As a conseque
increasing pressure results in a stable smectic mesop
over a larger temperature range.

ACKNOWLEDGMENT

We thank Mr. A. Best atM PI-P for the PVT measure-
ments and for fruitful discussions.
J.

, J.

em.

ys.

n-

tt.

C.

u,
@1# H. Finkelmann and G. Rehage, Adv. Polym. Sci.60, 99 ~1984!.
@2# V. P. Shibaev and N. A. Plate, Adv. Polym. Sci.60, 173~1984!.
@3# G. S. Attard, Mol. Phys.58, 1087~1986!.
@4# G. S. Attard, K. Arakia, and G. Williams, Br. Polym. J.19, 119

~1987!.
@5# S. U. Vallerien, F. Kremer, and C. Boeffel, Liq. Cryst.4, 79

~1989!.
@6# Ch. Cramer, Th. Cramer, F. Kremer, and R. Stannarius

Chem. Phys.106, 3730~1997!.
@7# S. A. Rozanski, F. Kremer, H. Groothues, and R. Stannar

Mol. Cryst. Liq. Cryst.303, 319 ~1997!.
@8# A. Schönhals, D. Wolff, and J. Springer, Macromolecules28,

6254 ~1995!.
@9# A. Schönhals, D. Wolff, and J. Springer, Macromolecules31,

9019 ~1998!.
@10# J. Mijovic and J.-W. Sy, Macromolecules33, 9620~2000!.
@11# W. Heinrich and B. Stoll, Colloid Polym. Sci.263, 895~1985!.
@12# J. J. Moura-Ramos and G. Williams, Polymer32, 909 ~1991!.
@13# M. Mierzwa, G. Floudas, and A. Wewerka, Phys. Rev. E64,

031703~2001!.
@14# A. Wewerka, G. Floudas, T. Pakula, and F. Stelzer, Macrom

ecules34, 8129~2001!.
@15# M. Mierzwa, G. Floudas, and A. Wewerka, J. Non-Cryst. S

ids 305, 159 ~2002!.
@16# G. Rodekirch, J. Ru¨bner, V. Zschuppe, D. Wolff, and J
J.

s,

l-

-

Springer, Makromol. Chem.194, 1125~1993!.
@17# A. Schönhals and H.-E. Carius, Int. J. Polym. Mater.45, 239

~2000!.
@18# S. Havriliak and S. Negami, Polymer8, 161 ~1967!.
@19# U. Pschorn, H. W. Spiess, B. Hisgen, and H. Ringsdorf,

Makromol. Chem.187, 2711~1985!.
@20# G. Floudas, inBroadband Dielectric Spectroscopy, edited F.

Kremer and A. Scho¨nhals~Springer, Berlin, 2002!, Chap. 8.
@21# G. Floudas and T. Reisinger, J. Chem. Phys.111, 5201~1999!.
@22# G. Floudas, C. Gravalides, T. Reisinger, and G. Wegner

Chem. Phys.111, 9847~1999!.
@23# G. Floudas, G. Fytas, T. Reisinger, and G. Wegner, J. Ch

Phys.111, 9129~1999!.
@24# M. Mierzwa, G. Floudas, P. Stepanek, and G. Wegner, Ph

Rev. B62, 14 012~2000!.
@25# M. Mierzwa and G. Floudas, IEEE Trans. Dielectr. Electr. I

sul. 8, 359 ~2001!.
@26# M. Paluch, A. Patkowski, and E. W. Fischer, Phys. Rev. Le

85, 2140~2000!.
@27# B. D. Freeman, L. Bokobza, P. Sergot, L. Monnerie, and F.

De Schryver, Macromolecules23, 2566~1990!.
@28# J. J. Fontanella, C. A. Edmondson, M. C. Wintersgill, Y. W

and S. G. Greenbaum, Macromolecules29, 4944~1996!.
@29# S. P. Andersson and O. Andersson, Macromolecules31, 2999

~1998!.
5-8


