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A. Gitsas and G. Floudas
Department of Physics, University of loannina, P.O. Box 1186, 451 10 loannina, Greece
and Foundation for Research and Technolebigllas (FO.R.T.H), Biomedical Research Institute (BRI), loannina, Greece

G. Wegner
Max-Planck Institut fu Polymerforschung, Postfach 3148, D-55021 Mainz, Germany
(Received 16 October 2003; published 30 April 2D04

The structure and the associated dynamics have been investigated in melts of hairy-rod macromolecules
composed from a poly-phenyleng backbone with sulfonate ester and dodecyl side chains. For the structure
investigation, polarizing optical microscopy, differential scanning calorimetry, pressure-volume-temperature,
and wide-angle x-ray scattering have been employed whereas for the dynamics dielectric spectroscopy as a
function of temperature and pressure was used. Based on the combined information from structure and dy-
namics the relaxation mechanisms were identified and the origin of the glass transition has been discussed in
terms of insufficient thermal energy rather than insufficient free volume. The relevant phase diagram has been
constructed and the stability and mobility of phases is discussed.
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[. INTRODUCTION freezing of the backbone dynamics, including bending
modes.

Hairy-rod macromolecules belong to a class of materials The dynamics in substituted poly{phenyleneswith sul-
known as “shape persistent” molecules with possible appli-fonate ester and dodecyl side chains have been stidied
cations as elements of construction for larger scale moleculdh toluene solutions up to 50% in concentration with depo-
devices(for a recent review sefl]). These materials are larized light scattering and dielectric spectroscopy probing,
envisioned as molecular rods embedded in a continuous m&espectively, the backbone and polar side group orientational
trix of the liquidlike side chains and, in this respect, they candynamics. The main findings wers the presence of a non-
be considered as “molecular composites.” The ponmerDebye orientational relaxation for dilute solutions<4%)

backbone is composed mainly from payphenyleng in the isotropic state, an@i) the coupling of the main-chain

(PPPB that provides the required stiffness and flexible sidedms;nigg%wnh the side-chain dynamics for concentrations

chains are attached to the backbone to improve solubility ang In the present investigation we study the structure and the

avoid aggregation. The system under investigation consists . . .
of a poly(p-phenyleng backbone with sulfonate ester and associated dynamics of the same pphhenylene with

dodecyl side chains. The dodecvl chai it te with thsulfonate ester and dodecyl side chains in the absence of
odecyl side chains. 1he dodecyl chans alternate wi Solvent. For the structure investigation we employed, polar-

voluminous sulfonate ester groups as side chains and it Sing optical microscopyPOM), differential scanning calo-
this property that provides the good solubility of the polymer imetry (DSC), pressure-volume-temperature measurements
in conventional solventg2]. (PVT), and wide-angle x-ray scatterir@VAXS). POM and
The present investigation is a part of an ongoing effort imyaxs identified a liquid crystalline order up to high tem-
exploring the complex dynamics in systems possessing imeratures, whereas DSC and PVT, in addition, identified a
trinsic orientational order. Recently we identified the mo-glass transition. For the dynamics we have employed
lecular origin of the dynamic processes in rigid-rod poly temperature- and pressure-dependent dielectric spectroscopy
(p-phenyleneswith short ethylene oxidéEO) side chains  (DS). The aim is ta(i) identify the relaxation mechanisms in
using dielectric spectroscopy and NMR]. Two processes the absence of solvertij) obtain the most important param-
were identified, calledr and 8, with distinctly different tem-  eters leading to glass formatiofiii) construct the relevant
perature and pressure dependencies. Bh@rocess with a phase diagramR-T), and finally,(iv) access the stability of
low activation energy and low activation volume reflected aphases under high pressures for these promising materials.
very localized motion of the outer ethylene oxide side
chains, whereas the slower process associated with the
glass transition. The molecular origin of tleprocess was
complex comprising at lower temperatures the outer EO Materials and structureThe polymer(PPB consists of a
units, at intermediate temperatures small-angle fluctuationgoly(p-phenyleng backbone with sulfonate ester and dode-
of the substituted rings, and at higher temperatures, the ureyl side groups and was synthesized by a Pd-catalyzed cou-
pling of the 1,3-propanediol diester of 2-dodecyl-5-methyl-
1,4-benzenediboronic acid with 2:;Bis(3,5-ditert-butyl-
*Corresponding author. Email address: gfloudas@cc.uoi.gr benzenesulfonajet,4' -dibromobiphenyl. Details on the syn-
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FIG. 1. Molecular structure of the polgtphenylenepwith the FIG. 2. DSC trace of P2 obtained on heating, indicating a glass
sulfonate ester and dodecy! side chains. transition at 357 K, followed by an exothermic peak at 430 K

(structure reorganizatiorand by an endothermic peak at 485 K
thesis and characterization of the polymers, can be foungstructure melting

elsewhere in deta[l2]. Figure 1 gives the chemical structure
of the samples and Table | their molecular characteristics. temperaturesi.e., under “isothermal” conditionsfrom 293

Differential scanning calorimetrfDSC). A Mettler To- 0 510 K. Subsequently, measurements were made by

ledo Star DSC capable of programmed cyclic temperature, . otina/cooling experiments with a rate of 1 K/min at differ-
runs over the range 113-673 K was used. The samples we ng g exper " ! !

first heated with a rate of 10 K/min from e}mbient tempera—rjgégﬁggrigsgr%gi\/llg]; e‘lr'h(lesg?lai\l/lch%r;?;?vne)sr:enc;[gfained
ture to 550 K an(_:i then c;ooled to 250 K with the_ same rateby extrapolation from the higher pressures.
The second heating ruwith the same rae shown in Fig. 2
for P2, was used to identify a glass temperature at 357 K
with an associated change in specific haaf,=0.22 J/gK,
an exothermic peak at about 430 K with an associated heat of
6.8 J/g, and an endothermic peak at 485 K with a heat of
fusion of about 5 J/g. These results will be discussed in con-
nection with the results from the PVT and DS studies.
X-ray scattering Wide-angle measurements were made
with a Siemensé-6 diffractometer(model D5007 in the
reflection geometry. The Ci« radiation was used from a
Siemens generatdKristalloflex 710 H operating at 35 kV
and 30 mA, and a graphite monochromator was utilized in
front of the detector(A\=0.154 nn). Measurements were
made in the 2range from 0.1 to 40° in steps of 0.01° within
the temperature range from 303 to 503 K. In addition, an
oriented fiber of P8 was prepared using a miniextruder at 453
K and was subsequently investigated using a WAXS setup
with a two-dimensional detector. The scattering from the fi- 300 -
ber at 303 K is shown in Fig. 3. :
Pressure-volume-temperature measuremerfsessure-
volume-temperatur¢PVT) measurements were made using =,
a fully automated GNOMIX high-pressure dilatometer. The —
PVT measurements were made on the P8 sample Mith
=4.4x 10" g/mol. Abou 1 g was used in the measurements.
First, we performed runs by changing pressures from 10 to ' . . 12 ,34 .
200 MPa(1 MPa=0.01 kbay in steps of 10 MPa at constant 20 19 q 0( nm ’)"_1 20

=

J

150 -

TABLE I. Molecular characteristics of the PPP$S&amples.

FIG. 3. (Top) WAXS profile from an oriented P2 fiber using a

Sample M,, (Kg/mol) M, /M, two-dimensional detector. Fiber orientation is along the vertical di-
rection.(Bottom) Radially integrated intensity of the WAXS profile
P2 153 2.2 as a function of the wave vector. The vertical lines indicate the
P4 104 2.1 positions of the most intense reflections. Reflections are numbered
P8 44 2.0 consecutively(1, strong equatorial reflection; 2, strong meridional
reflection.
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FIG. 4. Pressure-volume-temperatf@VT) measurements of
P8 measured for pressures in the range from 10 to 200 MPa. The FIG. 5. Dielectric permittivity(s') (top) and loss(e") (bottom
PVT measurements reveal a glass transition temperature followe¥Pectra of P2 shown at low and higher temperatures. TheTlow
by a melting temperature that are increasing functions of pressur§Pectra indicate a wegg process in the glassy state. The high
The dashed and solid lines give the approximate pressure depefPectra reveal two mechanisms associated with the glass transition
dence of the glass temperatufg,) and of the melting temperature and the Maxwell-Wagner polarization mechanisms.

Th)-

(T values at lower frequencies. The two processes reflecthe

The result from the isobaric measurements is shown in Fig. #rocess associated with the glass transition dynamics and the

for the different pressures as indicated. slower process due to the Maxwell-Wagner polarization
In the figure it is the relative change of specific volume mechanism(see below:

(AV) that is plotted. A glass transition at 355 K and a melt-  |n the analysis of the DS spectra we have used the em-

ing temperature at 490 K are indicated by the change in slopgirical equation of Havriliak and NeganiHN) [5,6]:

and a discontinuous increase/®Y, respectively. Notice that

the effect of pressuréarrows in Fig. 4 is to increase both e*(T,P,w)—e.(T,P) 1

transition temperatures. These pressure effects will be com- Ae(T,P) - {1+ iwrun(T,P) ]} (o)
pared with the corresponding effects in the dynamic investi-

gation using dielectric spectroscopy. where 74(T,P) is the characteristic relaxation time in this

Dielectric spectroscopyrhe sample cell consisted of two equation, Ae(T,P)=g4(T,P)—&x(T,P) is the relaxation
electrodes with 20 mm in diameter and the Sample with %trength of the process under investigation’ andy de-
thickness of 5qum. The dielectric measurements were madescribe, respectively, the symmetrical and asymmetrical
at different temperatures in the range 123 to 453 K, for presproadening of the distribution of relaxation times. In the fit-
sures in the range from 1 bar to 3 kbars (1 kbarting procedure we have used thevalues at every tempera-
=100 MPa), and for frequencies in the range from 3@  ture and pressure and in some casessheata were also
3% 10° Hz using a Novocontrol BDS system composed fromused as a consistency check. The linear rise oftret lower
a frequency response analyz8olartron Schlumberger FRA frequencies is caused by the conductivitfe”
1260 and a broadband dielectric converter. The complex-(o,/ef)w ™, whereo, is the dc conductivity and; is the
dielectric permittivitys* =¢'-ie”, wheree’ is the real and  permittivity of free spackwhich has been included in the
¢" is the imaginary part, is a function of frequenay tem- fitting procedure.
peratureT, and pressur®, £* =&*(w,T,P). The setup for
the pressgre—dependent dielectric measurements consisted of IIl. RESULTS AND DISCUSSION
the following parts: temperature controlled sample cell, hy-
draulic closing press with pump, and pump for hydrostatic The DSC curve of P2 shown in Fig. 2 displays a glass
test pressure. Silicon oil was used as the pressure transducitgmperaturgat 357 K followed by an exothermic peafat
medium. In the pressure-dependent measurements tlkdoout 430 K associated with structure reorganization and by
sample capacitor was sealed and placed inside a Teflon rirgn endothermic peatat 485 K associated with the disap-
to separate the sample from the silicon oil. pearance of the liquid crystalline order. The latter is con-

In Fig. 5 some representative dielectric permittivity andfirmed by polarizing optical microscopy exhibiting birefrin-
loss spectra are shown for P2 at low and high temperaturegence up to this temperature. The liquid crystalline order
The spectra shown at low temperatures reveal a weak praviginates from the packing and order along the backbone.
cess in the glassy stat@ procesy whereas the spectra at Furthermore, the random position of the;&,5 groups along
higher temperatures show two processes beyond the proceis® chain is responsible for the absence of crystallization.
due to the ionic conductivityi.e., the steep rise of the di- The complete structural assignment can be made from the
electric loss at low frequencigand a process due to surface macroscopically oriented fiber using the two dimensional
polarization indicated by the rise in the dielectric permittivity WAXS pattern of Fig. 3. The pattern displays strong equato-
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rial and meridional reflections together with other more iso- : . : o
tropic reflections at higher wave vectors. The radial inte- 6
grated intensity is shown in the same figure and the peaks ari
identified with numbers. The primary equatorial reflection
(depicted as JLwith a corresponding distance of about 1.6 4
nm is assigned to the interchain distance. The primary me-
ridional reflection(2) with a corresponding distance of about
1.2 nm is assigned to intrachain correlations of the sulfonate
ester group, i.e., to monomer size correlations. The two re-
flections at higher wave vecto(8 and 4 reflect the packing

of the dodecyl side chains. Subsequently, Thdependence
was investigated. The characteristic spacing corresponding tc
the primary equatorial reflection had a strong temperature 2]
dependencdgnot shown herg Since this reflection arises
from interchain correlations the slope of tléT) depen-

max/S )

2

T

-log 10(

ryi

dence(betweenT, and T, the slope is 3.8107* K1) re- 2.0 303 i 6 7 8
flects the coefficient of thermal expansion. 1000/T (K )

These structural findings are supported by the thermody- _ _ _
namic study using PVTFig. 4). Two transitions can be iden-  FIG. 6. Relaxation map of the different processes iné2les,

tified in the specific volume data at least for some low presP4 (squares and Pg(triangles in the usual Arrhenius representa-

sures. The change in slope in the relative specific volumeion- Three processes are shown associated witjs precesghalf-

AV(T), at 10 MPa at about 355 K is in agreement with thefilled symbols, the segmentakx process(open symbols and a

DSC T,. At higher temperatures the melting of the liquid “slow” process due to the Maxwell-Wagner polarizatidfilled
g : e ymbols. Lines are fits to the Arrheniu§3 process and Maxwell-

crystalline structure can also be identified at about 490 agner mechanisiand VET (« process equations

which again agrees with the DSC result. Notice that at abou g @P q '

440 K, the AV(T) has a peculiar dependence, suggesting... . . .
structural reorganization on heating similar to what Wag[fled the sulfonate ester side chain as well as the substituted

found in DSC. ring with the dodecyl chains as responsible for gherocess.
Therefore, both the sidechain and the backbone contribute to

d this process.

At higher temperatures, the response is dominated by the

The results from the structure investigatiddOM, DSC,
WAXS, PVT) identified a liquid crystalline order compose
from the rigid PPP backbones, up to 485 K. In addition, a . .
glassy state exists below 357 K and structure reorganizatio process TASNQOO K) displaying a strong dependence
takes place at about 430 K. Next we explore how these strudhat can _be described by the Vogel-Fulcher-TammifF)
tural findings affect the dynamics as well as the effect ofeduation:
pressure on inducing orientational order.

The dynamics were investigated subsequently with dielec- 10g 7= 109 7+ DTo &)
tric spectroscopy and revealed three processes in all PPP’s max L B
apart from the ionic conductivity at higher temperatures
and/or low frequencies. Starting from lower temperatureswhere r, is the limiting value at high temperatures,
the dielectric permittivity and loss spect(gig. 5) reveal a (=DT,) is the apparent activation energy, afg the
broad («=0.33+0.03, y=1) localized dipolar relaxation, <deal” glass temperature. The parameters kggD, andT,
called the 8 process. The strength of the procesEA¢  are summarized in Table Il. Notice that therelaxation
~2K) and its Arrhenius temperature depende(fég. 6) times are nearly indistinguishable for the three samples, im-

plying that they all freeze at the sariig and have the same
2 apparent activation energy. The molecular origin of the
process cannot be easily identified in the present system as
opposed to the PPP system with the short EO side chains
whererg is the characteristic time at very high temperaturesbecause the present structure in not as favorable for NMR.
andE is the apparent activation energyable Il), are sug- Nevertheless, NMR studies on the present system identified
gestive of a partial dipolar relaxation of the side chain com-unfreezing of the backbone at temperatures above 350 K,
prising the sulfonate ester group. We mention here, pareri-e., a similar situation as with the PEOD) system[3].
thetically, that a8 process was found in polgéphenylenes A slower, very intense procesge., TAe~9000 in P2
with short ethylene oxid€EO) side chaing3] with an acti-  with an ArrheniusT dependence and a Debye-like distribu-
vation energy of 8 kcal/mol, which, based on NMR wastion (see below was found in all samples. This process is
identified as being due to the outer EO units. The results foidentified as due to Maxwell-Wagner polarizatif#] origi-
the apparent activation energyable Il) reveal some depen- nating from the presence of a residual Pd catdlyggregates
dence on the chain length that is not the norm for a localize@f size 2—5 nm Despite their low concentratio®.1% to
motion well belowT,. As for the molecular assignment, 0.2% these aggregates create a heterogeneous dielectric en-
preliminary NMR studies as a function of temperature iden-vironment. The shape parameters and their temperature de-

|097‘=|097’3+m,
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TABLE Il. Activation parameters for the different relaxation processes in P2, P4, and P8.

Polymer P2 Polymer P4 Polymer P8
a B MW a B MW @ B MW
—log(p/9) 12.2 9.0 20 11.85 10.1 21.2 12.4 12.2 21.3
E (kcal/mo) 35 38 4.08 39.3 5.27 40.3
D 4.13 3.94 4.11
To (K) 279 279 279

pendence for the two processes is shown in Fig. 7. Noticenum loss for the two processes are plotted in Fig. 9 and
that the distribution, for ther process, is not symmetric and, display a linear pressure dependence within the investigated
moreover, there is a spectral narrowing above 430 K, i.e.pressure range.
within the temperature range where structure reorganization The linear dependence of lagwith P can be used to
takes place. The latter implies that structure reorganization idefine an apparent activation volumé&/ as[7]
assisted by segmental motions. Overall, within the broad
temperature range investigated, #ag@rocess does not obey
the principle of time-temperature-superposit{6Fs), i.e., the
system is thermorheologically complex at the segmental
level. The origin of the broadening of theprocess is largely g itsT dependence is plotted in the inset to Fig. 9. Notice
mtramolecular as shown by the solut|o_n stuey. . _the strongT dependence of this quantity for tlaeprocess as
Next we discuss the phase behavior of I_DPP S. F_or th'?ound in other polymers and glass-forming liquid. Con-
purpose we employ a pressure-dependent dielectric inveslizaq; this with the nearlyT-independent apparent activation

gation in conjunction W'tz the ITVT r?;ults. The ef;ec; of volume for the slower process which lacks a molecular ori-
pressure was Investigated mainly on uerocess and the 4, Notice that the apparent activation volume for tae

slower process due to MaxweII.-Wagr?(eMW) polarization. process is much smaller than the volume required for a
Trr:e eff_ecth_)f pgessz;% (})<n the dielectric loss spectra of P2 i onomer unit to rotate about its backbaiaebroad estimate
shown in Fig. 8 at : gives 2800 crivg), suggesting localized motions as the ori-

Both the « and the process due to the MW polarization o, o the process within the temperature rariger 60 to
become slower with increasing pressure. The analysis of t +100 K

) : . Tg
relaxation times, however, shows that the MW process is ® 5nq central issue in liguid-to-glass dynamics is defining
only moderately affected by pressure in c_ontrgst to the strc_mgm controlling parameter leading to glass formafier12).

slow down of thea process. The relaxation times at maxi- In free volume theories, volume is the only controlling pa-

rameter and a glass is formed as a result of insufficient free

4

dlog r
AV=230RT|
P

10bunssissssssssssssss o

0508844 -
T
Dunuéﬁéégegﬂaﬂ@
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FIG. 7. Temperature dependence of the HN shape paranteters  FIG. 8. Dielectric permittivity €') and loss £”) spectra of P2
and ay) for the a process(open symbolsand the slower process at 433 K for different pressure, P=0.1 MPa; ®, P=30 MPa;
due to the Maxwell-Wagner polarizatiaffilled symbolg for the A, P=60MPa; V, P=90MPa; &, P=120MPa; <, P
three samples: P&ircles, P4 (squarel and P8(triangles. The =150 MPa;>, P=180 MPa. The two relaxation mechanisfiise
vertical line indicates the onset of structure reorganizatidn ( « process and the process due to the Maxwell-Wagner polarization
=430 K from DSQ. mechanismare shown.
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FIG. 10. Relaxation time&he « proces} plotted as a function
FIG. 9. Pressure dependence of the relaxation times at maxf density: open symbols, obtained by changing temperature under
mum loss for the polymer P2, corresponding to dherocesgfilled “|soba_r|c" conditions atP=Q.1 MPa; filled symbols, obtained by
symbol$ and the slower process due to the Maxwell-Wagner polar-changing pressure under “isothermal” conditiondl, T=453K;
ization (open symbols at four different temperaturesl, T A, T=443K/ 'V, T=433K; and<4, T=423K. In the inset, the
=453 K: A, T=443K: ¥, T=433K: and<€, T=423K. In the ratio of apparent gctl\{atlon energies under constant \_/olume and
inset, the apparent activation volume of thefilled symbolg and ~ constant pressure is givenalculated aP=0.1 MPa). Notice that
of the Maxwell-Wagner(open symbols processes is plotted as a the ratio assumes values well gbove 0.5, suggestlng the dominance
function of temperature. Notice that the process possesess the Of thermal effects over volume in glass formation.
highest apparent activation volume with the stronger temperature
dependence. lar character of thex process suggested by the dilute solution
) studies of the same materia]. We mention here that ther-
volume (normally when the free volume is only 2.5% of the mga| energy was also the dominant parameter governing glass
perature is the controlling parameter; by loweriighere is  in systems with strong hydrogen bonds. This situation for the
|ns_uff|C|ent thermif\' energy to cross an energy barrier rehaijry-rod polymers studied here, as well as for the hydrogen
quired for the motion. Since changing temperature alone afyonded systems mentioned above, is in contrast to the situa-
fects both the thermal energy and the volume, an additionalon found in flexible polymers and glass-forming liquids
parameter is required to deCOUp|e the two effects. This |§9_12], where volume is equa”y important to thermal en-
possible through the application of pressure that can be agsyqy.
plled under isothermal Conditions, i.e., affecting SOIer the The results of the PVT and the pressure_dependent dielec-
density(or volumg and not the temperature. Then the relax-tric investigation can be combined in a single phase diagram
ation times under “isothermal” and “isobaric” conditions (T.p) [10,15,16. This is shown in Fig. 11 depicting the
can be cast together on a single representafising the T (p) and T, (P) dependencies for P8. We mention here
PVT data by plotting the relaxation times as a function of that this should be considered as a “pseudo” phase diagram
density in Fig. 10. _ _ in the sense that not all phases are at equilibrium, the
For a quantitative comparison the apparent activation engjassy “phase}. Furthermore, despite the phase coexistence
ergies at constant voluni®y=—RT*(d In 7JT)y] and pres-  in lines, there is no triple pointthe latter would require
sure[Qp=—RT?(dIn 7dT)p] are needed. These quantities negative pressurgsn DS, theT,, is operationally defined as
can be obtained from th&(T) dependencies under isochoric 4 temperature corresponding to a relaxation time éfsLan
and isobaric representations, respectively. Then a ratio gbyT, theT4(P) is already defined by the change in the spe-
Qv/Qp near 0 would imply that volume is the dominant cific volume in Fig. 4. The two independent definitions of
parameter whereas a value near 1 would suggest thermgl = one dynamic and the other purely thermodynamic, are in

energy as the controlling parameter. The r&ip/Qp calcu-  excellent agreement. Both can be described by the empirical
lated at atmospheric pressure is plotted in the inset to Fig. 18quation[17]:

and shows that glass formation is dominated by thermal en-
ergy rather than volume. The highly packed structures al-
ready in the melt state make the system less prone to volume
variations. On the other hand, the freezing of backbone rota-
tional freedom by lowering temperature seems to be the
dominant parameter in rigid rod polymers, resulting in glass
formation. This finding is in agreement with the intramolecu-whereT(0) is the glass temperature at atmospheric pressure

b 1/b
T4(P)=T40) 1+5P) (5)
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| ; elevated pressures near the borders to the isotropic state is
Isotropic P8 more mobile[a greaterAT(P)=T.(P)-T,(P) differencq

520 1 as compared to the same phase formed at atmospheric pres-
sure. These results suggest a large effect of pressure not only
on themobility but also on thestability of the liquid crystal-

€ 480 LC line mesophase that could find some applications in fuel cell
technology.

(K)

T

440 - IV. CONCLUSIONS

The investigation of the structure and mobility in a system
of high orientational order comprising poly{phenylenes
with sulfonate ester and dodecyl side chains in the absence of
solvent revealed the following.

(1) Rigid rod poly(p-phenylenepwith sulfonate ester and
dodecyl side chains form highly anisotropic structures with
T 1 T T T T T T I liquid crystalline order up to 485 K at atmospheric pressure
0 100 200 300 400 500 600 (WAXS, POM, DSC, PVT.

P (M Pa) (2) Three dynamic processes exist associated (@jtho-
calized dipolar relaxations of the sulfonate ester side chain as

FIG. 11. Phase diagram of P8 displaying an isotropic phase awvell as of the substituted ring with the dodecyl chains in the
high temperatures, a liquid crystalline state, and a glass phase gtassy stat€g proces}, (ii) an « process associated with the
lower temperatures. The pressure dependence of the smectic-tglass transition, andii) a slower process of higher intensity
isotropic transition(open squargsis used to extract the change of associated with the Maxwell-Wagner polarization associated
volume associated with this first-order transition. For the glass tranyith the presence of small amounts of palladium catalyst. It
sition, both the DS datdfilled circles and the PVT datdopen s surprising that such systems with high orientational order
circles are used. In I_DS they is oper_atior_1a|ly defined as the tem- ghow ana process—which is thought to exist only in amor-
perature corresponding to a relaxation time of 100 s. phous polymers and glass-forming liquids—but the origin of

" this process associates with the unfreezing of the backbone
anda, b are fitting parameters. The use of the above equagynamics. From the ratio of activation energies at constant
tion to the combined results for théy(P) results ina  \olume and pressure we conclude that the main control pa-

400 1

T (K)

360

=5.3 MPa anth=9.7. _ rameter giving rise to glass formation in rigid rod polymers
Inl the sameT-P r_epresentanon thé’m(P) dependence, g temperature rather than volurfiee., Q,/Qp>0.5).
obtained from PVT, is also shown. Notice thg(P) has a (3) Pressure was found to induce the liquid crystal—to—

linear pressure dependen@as expected for a true first-order isoropic transition following basic thermodynamidthe
transition, in contrast to theT4(P). The slopedP/dT of  cjausius-Clapeyron equation for first order transitioasd
Tm(P) can be used to calculate the change in specific VOlihe calculated change of volume is in agreement with the
ume (AV) at the transition from the Clausius-Clapeyron measured change of volume from PVT. Pressure induces also
equation[18]: the glass transition but to a lesser extent. TheP) depen-

dP  AH dence as obta_ined from a dynamic styg) is in very good

— = (6) agreement with the same dependence obtained from the

dT TAV “static” investigation (PVT). Based on the constructed phase
where T=485 K, dP/dT=1.7 MPa/K from Fig. 11, and diagram, we find that the different pressure dependencies of

AH=5J/g from DSC. The resulingAV, of 6 Tm andTg result in a more stabléover a broadeil rangs,

%102 cm?/g, is in good agreement with the change in spe-zlrk;igur?gsre mobile, liquid crystalline mesophase, at elevated

cific volume found in the PVT measuremeriEg. 4).

There are some implications from the phase diagram
shown—because of the differeif, and T4 pressure depen-
dencies, increasing pressure results in a larger region in the We thank Dr. R. GrafMPI-P) for stimulating discussions
phase diagram where the liquid crystalline phase is stablen NMR as well as for the NMR experiments, A. Best
i.e., pressure effectively stabilizes the liquid crystalline me-(MPI-P) for the PVT measurements, and G. Tsoumanis for
sophase. Moreover, the liquid crystalline phase formed atechnical support at the University of loannina.
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