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Scaling behavior of thea relaxation in fragile glass-forming liquids
under conditions of high compression
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The effect of pressure variation on dynamics ofa relaxation process in poly@~phenyl glycidyl ether!-co-
formaldehyde# has been investigated both under isothermal (T5293 K) and isobaric (P50.1, 60, 120, 180,
and 240 MPa! conditions using broad band dielectric spectroscopy (1022 to 106 Hz). The a relaxation is
analyzed by means of the Havriliak-Negami relaxation function which has two shape parameters~a andg! to
characterize non-Debye behavior. As a result we found that the shape parameters of the dielectric function
collected for different pressures fall on master curves constructed by plottinga andag against the logarithm
of relaxation time. The scaling of shape parameters for different pressure stems from pressure independence of
fragility. This provides strong experimental evidence supporting correlation of non-Debye behavior with non-
Arrhenius relaxation under high pressure. From an analysis of the shape parameters of relaxation function, in
terms of the Schonhals and Schlosser model, we drew conclusions that the molecular mobility of PPG is
controlled in the same way by temperature and pressure. The relaxation times exhibit a clear non-Arrhenius
behavior under isothermal and isobaric condition.

PACS number~s!: 64.70.Pf, 77.22.Gm, 65.50.1m
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INTRODUCTION

The vitrification process both in low molecular weig
liquids and in complex systems, like polymers, is usua
studied as a function of temperature at ambient press
Although cooling of a metastable liquid is the procedu
most often applied to induce the liquid-glass transition
does not mean that it is the only route leading to glassy s
@1#. Among other ways there is also the possibility to gen
ate glass transition by compressing liquid. The influence
pressure on the dynamics of supercooled liquids is in m
respects similar to the effect of temperature@2#. In a previous
paper we showed that the isothermal pressure dependen
dielectric relaxation times~or viscosity! can be described
analogously to temperature dependence at atmospheric
sure @2,3#. As the glass transition is approached throu
compression of the liquid, thea-relaxation timet increases
in the non-Arrhenius fashion and shows a curvature an
gous to the temperature dependence oft. As a result, it was
found for fragile glass-forming liquids that isothermal da
t(P) does not obey the simple volume activation modelt
5t0 exp(PV/RT) @2#.

A non-Arrhenius temperature~or pressure! evolution of
relaxation times is not the sole characteristic feature of
namics of supercooled liquids and glasses. It has been kn
for a long time that dynamics glass transition also featu
the non-Debye behavior of the relaxation function or equi
lently nonexponential character of response function@4#. Un-
fortunately, only few experimental papers that analyze
influence of pressure on the shape dielectric function
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available @5#. It is still unclear how the pressure variatio
would influence on the nonexponentiality. The exploration
this question is partially possible due to the correlation wh
has been established between the shape of relaxation f
tion ~nonexponentiality! and the degree to which normalize
the temperature dependence of relaxation time departs f
Arrhenius behavior~fragility! @6#. Analyzing the pressure ef
fect on fragility one can come to some conclusions regard
the influence of isothermal density changes on nonexpon
tiality. In particular, if t(Tg /T) dependencies obtained a
different pressures constitute a master curve~fragility is pres-
sure independent! then one would expect that temperatu
characteristics of nonexponentiality for various pressu
will also fall onto a single scaling curve. In these consid
ations we have skipped, however, over a fundamental q
tion, whether or not the correlation quoted is still preserv
under the condition of high compression. Therefore, it m
be of interest to explore the consequences of pressure v
tion on correlation between fragility and nonexponentialit

The aim of this paper is to study the problems discus
above. Among other things we examine if the scaling beh
ior of a relaxation in glass-forming liquid is influenced b
high pressure. To this effect we carried out the measurem
of dielectric relaxation function in poly@~phenyl glycidyl
ether!-co-formaldehyde# over a wide range of pressure, tem
perature, and frequency.

EXPERIMENT

Poly@~phenyl glycidyl ether!-co-formaldehyde# ~PPG!
with an average molecular weight of about 345 was p
chased from Aldrich Chemicals. This compound, similarly
other epoxy systems, exhibits a permanent strong dipole
ment originating from the epoxy ring@7–9#. It is noteworthy
526 ©2000 The American Physical Society
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PRE 61 527SCALING BEHAVIOR OF THEa RELAXATION IN . . .
that the glass transition temperatureTg5264 K at ambient
pressure@determined from differential scanning calorimet
~DSC!# is relatively high which facilitates the high-pressu
experiments.

The complex dielectric permittivity«* 5«82 i«9 was
measured in the frequency range from 1022 Hz up to 106 Hz.
In this frequency range two systems were used: a freque
response analyzer~Solartron SI-1260! and an impedance
analyzer~HP-4192!. The experimental setup used for hig
pressure dielectric studies has been described in detail
where @10#. The pressure was measured by a Nova Sw
tensometric pressure meter, with resolution60.1 MPa and
accuracy60.4 MPa. The temperature was varied in interv
270–330 K and was controlled within60.1 K by means of a
liquid flow provided by a thermostatic bath.

RESULTS

Measurements of complex dielectric permittivity ha
been carried out for five different isobars~0.1, 60, 120, 180,
and 240 MPa! and one isotherm~293 K!. Typical dielectric
spectra measured in PPG for various temperatures an
constant pressure are displayed in Fig. 1. The presented s
tra exhibit two different relaxation modes. The most prom
nent relaxation process, occurring as a maximum of l
curve, is associated with thea process whereas an upgoin
trend in«9(v) at the lowest frequencies is identified as d

FIG. 1. Real and imaginary parts,«8 and «9, of the dielectric
permittivity of PPG versus frequency at constant pressure and
ferent temperatures. The experimental data have been fitted b
superposition of a conductivity contribution and a relaxation fu
tion according to Havriliak-Negami.
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conductivity relaxation which occurs due to the presence
charged carriers in liquid. In order to extract informatio
about the shape of the relaxation function of thea-relaxation
process, the experimental data«8(v) and«9(v) have been
analyzed by an empirical relaxation function introduced
Havriliak and Negami~HN! @11#. Since loss spectra als
cover dc conductivity, the appropriate term,s0 /v«0 , which
accounts for such behavior has been added to the HN fo
Therefore, the fit function representing the frequency dep
dence of the complex dielectric permittivity takes the follow
ing form:

«HN* ~v!5 i
s0

v«0
1«`1~«s2«`!@11~ ivtHN!a#2g, ~1!

wheres0 and «0 denote dc electrical conductivity and pe
mittivity of free space,«` represents the asymptotic value
the permittivity at high frequency,«s is the value of the
opposite limit,tHN is the characteristic relaxation time, an
a andg are parameters ranging between 0 and 1.

Equation ~1! yields satisfactory fits~solid line! to data
given in Fig. 1. At very high frequencies, deviations fro
assumed behavior were only observed. These deviat
could be attributed to the second relaxation process,
maximum of which is situated beyond our measurement
quency range~the peak of the secondary process was
seen even in the lowest temperatures studied here!. Since it
has been assumed that its influence on the result of
analysis can be neglected, therefore, this additional re
ation process was excluded from the fitting procedure. T
fits by means of Eq.~1! were not made simultaneously fo
the real and imaginary parts of complex permittivity. How
ever, the similar values of parameters in Eq.~1! have been
obtained in both cases. Finally, we used parameters resu
from fits of the imaginary parts of the dielectric permittivit
for further analysis. An independent analysis of dispers
and absorption spectra should lead to the same result du
the fact that«8(v) and «9(v) are related by Kramers
Kroning relations@12#.

if-
the
-

FIG. 2. Parametersa andag determined from isobaric and iso
thermal data versus logtHN . The solid straight lines are guides fo
the eyes. The symbols are the same as in Fig. 3.
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528 PRE 61PALUCH, HENSEL-BIELÓWKA, AND ZIOŁO
DISCUSSION

The main results of our study are presented in Figs. 2
The parametersa andag, determined from isobaric and iso
thermal measurements, are shown in Fig. 2 as a functio
dielectric relaxation time. It is evident that values of para
eters that characterize the shape of the relaxation functio~a
and ag!, collapse onto two masterplots, respectively. T
only region of small discrepancies in the scaling of sha
parametera is at the longest relaxation times, where t
relaxation peak is at very low frequencies. These appa
discrepancies result from limited frequency range~the low-
frequency part of the dielectric response is truncated!. It
leads to an increase in size of the error bars of thea param-
eter for logt.21. On the contrary, error bars are no larg
than the size of symbols for logt,21. Figure 2 also shows
that value a slightly decreases with the rise of logtHN
whereas the second parameterag seems to attain a consta
value of 0.4. A slight drop in the value ofag for shorter
relaxation times is probably caused by the second relaxa
process, which gives a contribution to high-frequency tails
the primary process in the high range of temperatures.
well established that the majority of low molecular weig
glass-forming liquids follow the behavior witha'1 whereas
the behavior witha,1 features mainly polymers. In th
tested systema,0.7 is observed in whole range of logt.

The low- and high-frequency tails of the primary rela
ation peak follow the simple power-law relations:

«9~v!;vm, v!vp ~2a!

«9~v!;v2n, v@vp ~2b!

where m5a, n5ag. Therefore, the values ofa and ag
determine the asymptotic behavior of permittivity at freque
cies lower and higher than the maximum dielectric loss f
quency. Such behavior agrees with the theoretical mod
which have been developed to explain the shape of the
electric relaxation function at the glass transition of polym
@13,14#. The model proposed by Scho¨nhals and Schlosse
@14#, which is based on the idea that the molecular mobi
at the glass transition is controlled by intramolecular a

FIG. 3. ~a! Isobaric and~b! isothermal data of relaxation times
Solid lines indicate the quality of the fit according to Eqs.~3a! and
~3b!, respectively. The dashed line represents the Arrhenius la
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intermolecular interactions, provides interpretation for sha
parameters in polymeric systems. According to this mod
the parametern describes the local chain dynamics of amo
phous polymers whereas the other parameterm is related to
the intermolecular correlation of segments of differe
chains. Applying this scheme to our data we can find t
molecular mobility at the glass transition is controlled in t
same way by both thermodynamic variables:P and T. It is
also worth noting that simple scaling couples of isobaric a
isothermal dielectric spectra have also been observed in
other epoxy system, namely EPON 828@11#. In view of the
above results one can expect an adequate scaling beh
also for relaxation times.

The temperature and pressure dependence of the re
ation time is shown in Fig. 3. It has been observed that b
isothermal and isobaric relaxation times systematically de
ate from the Arrhenius behavior on approaching the gl
transition. They can be very well reproduced by the tempe
ture Vogel-Fulcher-Tammann~VFT! law @Eq. ~3a!# @15# and
its pressure counterpart~3b! @16#

t5t0 expS DTT0

T2T0
D , ~3a!

t5t0P expS DPP

P02PD , ~3b!

FIG. 4. Data of Fig. 3 after normalizing temperatureTg at which
dielectric relaxation time equals 10 s. The inset shows that
steepness index~fragility! of PPG is pressure independent with
experimental error.
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PRE 61 529SCALING BEHAVIOR OF THEa RELAXATION IN . . .
where t0 is a characteristic time constant of the order
magnitude 10213, t0P is the relaxation time at atmospher
pressure,T0 and P0 are the temperature and pressure of
ideal glass transition,DT and DP are dimensionless param
eters.

The displacement of isobart(T) in Fig. 3 with increasing
pressure along the temperature axis reflects the fact tha
glass transition temperatureTg of PPG is strongly dependen
on pressure. In such cases,Tg normalized Arrhenius plots
become the common method for comparison of tempera
dependencies of primary processes at different press
@17–20#. Such an approach is frequently applied for the co
parison of segmental relaxation of polymers with a differe
molecular weight@17,21#. To find out whether relaxation
times superimpose we reanalyzed the isobaric data from
3~a! in terms of the reduced temperatureT/Tg . From Fig. 4
it can be seen that the temperature dependence of relax
times for different pressures collapses onto a single sca
curve. Thus, aT/Tg normalized scheme provides eviden
for the pressure independence of fragility of PPG.

To extract the value of the fragility parameterm(P) from
the dielectric data shown in Fig. 3 the standard procedure
been applied. The starting point is the definition of fragil
for relaxation data introduced by Angell and co-workers@6#

m5
d logt

dTg /TU
T5Tg

. ~4!

As the VFT expression reproduced the experimental d
very well we calculated the steepness index by means
VFT relation @Eq. 3~a!# with the use of the above definition

m5
DTT0Tg

~Tg2T0!2 , ~5!

whereTg is determined and identified as the temperature
which t510 s. We have chosen a 10 s time scale in defin
Tg due to the fact~i! the dielectric data are available on
over a limited range of frequencies and~ii ! the glass transi-
tion temperature,Tg5263.3 K, determined from dielectri
data at ambient pressure agrees with the data f
DSC (Tg5264 K!. The values of the steepness index~fra-
gility ! calculated for each isobar are presented~as a function
of pressure! in the inset in Fig. 4. These data confirm th
previous result that fragility is pressure independent wit
experimental error. Due to the large value of the steepn
index and the strong non-Debye character of relaxation fu
tion PPG can be classified as a fragile system.

The question that arises immediately is whether or not
results obtained for PPG are in quantitative agreement w
correlationm(b) from Ref. @6#. In order to bring to effect
such comparison, at first, we have to determine the stretc
exponent –b. Therefore, the frequency-dependent dielec
spectra have been transformed by means of inverse Fo
transform to time domain and subsequently fitted by
Kohlrausch-Williams-Watts ~KWW! relaxation function:
Q(t);expb2(t/t)bc. From KWW fitsb50.39 is found which
correspond to fragility parameterm5116. This result is in
accord with the correlation cited above and agrees perfe
well with narrower correlation for polymer systems~see Fig.
4 in Ref.@6#!. It should be stressed that the value of fragil
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parameterm5116 has been calculated applying the sa
definitionTg as in@6#, i.e., the glass pointTg was defined as
temperature at which the relaxation time equals 100 s.

Within the framework of this work it is instructive to
demonstrate the effect of pressure and temperature on
intensity of thea-relaxation process. The information abo
the relaxation strength is comprised inD«5«s2«` . As can
be seen from the plot given in Fig. 5, temperature and p
sure variables when scaled on the same relaxation time
not give identical results. The change ofD« with the relax-
ation time is stronger for isobaric than isothermal data. Fr
data given in Fig. 5 we can infer that pressure suppresses
strength of the primary relaxation process. Compar
changes in relaxation strength brought about byT andP one
should take into account that pressure affects only the d
sity whereas the temperature alters the volume as well as
thermal energy.

The effect of pressure on the glass transition tempera
in PPG is shown in Fig. 6. The change inTg with pressure
can be attributed to an increase of molecular packing indu
by squeezing. The results for glass transition tempera
show thatTg is strongly dependent on compression. It can

FIG. 5. D« versus logtHN for both isothermal and isobaric data
The symbols are the same as in Fig. 3.

FIG. 6. Pressure dependence of Tg~main plot! and T0 ~inset!.
The solid lines represent a second-order polynomial fit to the
perimental point. The open symbol denotes data from isother
measurements.
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also noted that changes inTg brought about by changing
pressure have a nonlinear character. Such behavior is o
experimentally observed in many glass-forming liqui
@18,22–24#. By fitting the second-order polynomial toTg(P)
dependence we could estimate the value of the
(dTg /dP)P50.1 MPa50.154 K/MPa60.004 for the tested ma
terial. A similar value of (dTg /dP)P50.1 MPa50.156 K/MPa
60.001 has been reported by us for another epoxy sys
namely poly~bisphenolA-co-epichlorohydrin!, glycidyl end-
capped@20#.

According to arguments presented in a recent paper
Richert and Angell@25# the ideal glass transition temperatu
T0 , which for the theoretical approach is a more fundam
tal quantity thanTg , appears to be close to the Kauzm
temperatureTK . However, the results of analysis ofT0(P)
dependence become far less precise than ofTg(P) data ow-
ing to a large extrapolation, which is required to determ
T0 . The character of pressure dependence ofT0 seems to be
very similar toTg(P) dependence~see the inset in Fig. 6!.
The value of (dT0 /dP)P50.1 MPa50.1 K/MPa and thus is
nearly the same as forTg(P) dependence.

CONCLUSION

Introducing pressure as an additional thermodyna
variable to study a liquid-glass transition valuable inform
tion about the effect of molecular packing on dynamics oa
relaxation in poly@phenyl~glycidyl ether!-co-formaldehyde#
has been obtained. It has been shown that the shape pa
eters of the dielectric function collected for different pre
sures fall on master curves constructed by plottinga andag
against logt. The scaling of shape parameters for differe
pressure stems from the pressure independence of frag
This finding provides strong experimental evidence that
correlation between fragility and the shape of the relaxat
function at atmospheric pressure may be also preserved
ys
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der high pressures. Furthermore, the shape parameters o
relaxation function have been analyzed in terms of
Schonhals and Schlosser model. From this analysis we d
the conclusion that the molecular mobility of PPG is co
trolled in the same way by temperature and pressure.

A non-Arrhenius behavior of relaxation times is a com
mon feature of both isothermal and isobaric data. This re
shows the isomorphism of the dielectric relaxation times
havior when approaching the glass transition along the p
sure and temperature path. Similar to our previous resu
other glass formers we also find nonlinear character pres
dependence of glass transition temperature.

In order to provide a comprehensive description of t
behavior of dynamics of the primary process under h
pressures further studies are required. First of all the stu
should focus on the materials that exhibit a strong press
dependence of the steepness index~fragility!. In such sys-
tems, the change of fragility with pressure should be
flected by a lack of the scaling pattern for shape paramet
In agreement with the correlation between fragility and no
exponentiality, one can expect that an increase of fragi
with pressure should result in an increase of no
exponentiality. On the other hand, the drop of fragili
should correspond to a decrease of non-exponentiality
good candidate for such studies seems to be glycerol. H
ever, due to the very small value ofdTg /dP, a much higher-
pressure range~up to a few GPa! has to be used in such a
experiment to obtain meaningful results.
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