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Pressure and temperature dependence of structural relaxation
in diglycidylether of bisphenol A
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The structural~a-! relaxation in diglycidylether of bisphenol A~DGEBA! has been examined using
three spectroscopic methods: dielectric spectroscopy~DS!, dynamic light scattering–photon
correlation spectroscopy~LS!, and mechanical spectroscopy~MS!. The DS and LS measurements
were carried out as a function of both temperature and pressure. Moreover, pressure-volume-
temperature measurements were obtained for the DGEBA. These data allow an assessment of the
relative contributions of thermal energy and free volume to structural relaxation in DGEBA. The
results clearly show a substantial role for both thermal and free volume fluctuations in the dramatic
slowing down of the dynamics. The combined temperature- and pressure-dependences of the
dielectric and light scattering relaxation times were analyzed using the Avramov equation, implying
that the fragility ~normalized temperature dependence! is pressure independent over the studied
range of pressures. The pressure dependence was the same as measured by the different
spectroscopies. Conformance to the time-temperature-pressure superposition principle was also
observed for all measurement techniques. ©2003 American Institute of Physics.
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I. INTRODUCTION

The behavior of supercooled liquids remains of subst
tial interest in condensed matter physics. Recently, sign
cant progress has been made through the use of pressu
an experimental variable.1–9 A glass former’s response t
pressure extends the characterization of structure-prop
relationships. In particular, measurements of combin
temperature- and pressure-dependences of the relaxatio
transport properties shed light on the relative importance
temperature and density.10–12Since models for the dynamic
of glass formers invariably focus on either therm
activation13–15 or free volume,16–18 pressure measuremen
can provide critical tests of theory.

In this paper, we report dielectric, dynamic mechanic
and dynamic light scattering measurements on the di
cidylether of bisphenol A~DGEBA!, a commercially signifi-
cant oligomeric epoxide.19 This material is well-suited for
studies of structural relaxation, since it is amorphous and
a convenient glass temperature. A lower molecular wei
DGEBA was previously investigated both by dielectr
spectroscopy20–22 and dynamic light scattering.2,8,23 In char-
acterizing the dynamics of supercooled liquids, it can
quite useful to employ more than one spectroscopy, si
different probes may weight differently the various molec
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lar motions. In the case of DGEBA, dielectric spectrosco
is sensitive to motion of the polar oxirane moiety, where
the optical anisotropy governing light scattering aris
mainly from the phenyl group. The dielectric and light sca
tering measurements herein were carried out at elevated
drostatic pressures. This allows the pressure dependenc
various dynamic properties, including the fragility, to be i
vestigated. Moreover, we have also carried out press
volume-temperature measurements on the DGEBA. T
equation-of-state data allow the relaxation properties to
expressed as a function of density, whereby the relative m
nitude of thermal and free volume effects on structural rel
ation can be quantified.

Recently, Avramov developed a model to describe
combined effects of temperature and pressure on the re
ation time or viscosity.24 Analysis of experimental data usin
the Avramov equation yields a determination of the effect
pressure on glass transition temperature. It is worth no
that this model offer an explicit connection to thermod
namic quantities. Herein we parameterize our data us
the Avramov equation, and also use it to test the mod
validity.

II. EXPERIMENT

The material used for this study was the epoxy res
diglycidylether of bisphenol A~DGEBA!, from Aldrich. This
oligomer, which has the linear structure shown in Fig. 1,
7 © 2003 American Institute of Physics
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synthesized by the reaction of bisphenol A with epichloroh
drin. Its number-average molecular weight,Mn , is about
1750 g/mol, corresponding ton'5.

For ambient pressure measurements, we used a N
Control GmbH dielectric spectrometer, equipped with a S
latron SI1260 frequency response analyzer and broadb
dielectric converter. We measured the dielectric permittiv
e* (v)5e8(v)2 i e9(v), in the frequency range
1022– 106 Hz. The sample was contained in a parallel pla
cell ~diameter510 mm; gap50.1 mm!. Temperature was
controlled using a nitrogen-gas cryostat, with temperat
stability better than 0.1 K.

For the high-pressure dielectric measurements, we u
the Novocontrol Alpha analyser. The capacitor, consisting
two parallel stainless steel plates separated by a qu
spacer, was filled with the sample, then placed in the hi
pressure chamber. Pressure was exerted on the chamb
silicone fluid, using a piston in contact with a hydrau
press. The sample capacitor was sealed and mounted ins
Teflon ring to separate the test material from the silicon
Pressure was measured by a Nova Swiss tensometric m
~resolution50.1 MPa!. The temperature was controlle
within 0.1 K by means of a liquid flowing from a thermo
static bath.

PVT measurements were carried out using a Gno
instrument, in which the sample is immersed in mercury
detailed description of the equipment can be found in R
25. Changes in sample volume were measured in the iso
mal mode. At a fixed temperature, starting at high tempe
ture, the pressure was increased, up to 200 MPa, with
recorded at various pressures. On completion of meas
ments along one isotherm, the temperature was decre
and the pressure measurements repeated.

In the dynamic light scattering–photon correlation sp
troscopy experiment, an argon ion laser~Model 2020, Spec-
tra Physics, USA!, operating at the wavelength of 488 nm
was used at a power of 400 mW. A digital correlato
ALV5000 ~ALV GmbH, Germany!, was employed to calcu
late the homodyne correlation functions. Light scattered a
angle of 90° was passed through the analyzer and into
optical fiber. Detection was via a high quantum efficien
~30%–35% at 500 nm! avalanche diode detector~High QE
Sanderkock!. Only the depolarized correlation functions~VH
geometry! were measured, since our interest herein is in
reorientational motion.

For the light scattering experiments, high pressure~in
the range of 1–160 MPa! was applied by means of nitroge
pressurized with a membrane compressor~Nova Swiss,
Switzerland!. The sample was contained in a thermosta

FIG. 1. The chemical structure of DGEBA (n55 herein!.
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high-pressure cell. The pressure was determined with a H
gauge~resolution of60.3 MPa!. The optical windows of the
high-pressure cell were made of fused silica in order to av
depolarization of the incident and scattered light at high pr
sure. The temperature was measured with an accurac
0.1 °C by means of a thermocouple, placed directly by
sample at beam level. For convenience, the measurem
were performed using ‘‘constant temperature–scan press
cycles, with the same values of pressure applied to facili
construction of the isobars.

Dynamic mechanical measurements were perform
with a Rheometics RMS 800 spectrometer. Shear defor
tion using parallel plates~1 mm separation! was applied un-
der stroke control, always remaining in the linear viscoelas
range. The sample was under a dry nitrogen atmosphere
ing the measurements.

III. RESULTS

A. PVT data

Figure 2 shows the specific volume data for the DGEB
measured at six hydrostatic pressures. A change in the
expansivity denotes the transition from the glassy to a liq
state. This transition temperature,Tg , is path-dependent
since the material falls out of equilibrium. AboveTg , the
specific volume conforms to the Tait equation26

V~T,P!5V~T,0!@12C ln~11P/B~T!!#, ~1!

FIG. 2. The specific volume measured at pressures equal to~from top to
bottom! 10, 40, 80, 120, 160, and 200 MPa. The symbols are the exp
mental points and the lines represent the fits to Eq.~1!. The inset shows the
thermal expansivity as a function of pressure, along with the fits to Eq.~8!,
for T5333 K ~.; k055.831024 K21, P5292 MPa! and 363 K~m; k0

56.431024 K21, P5307 MPa!.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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3179J. Chem. Phys., Vol. 118, No. 7, 15 February 2003 Structural relaxation in diglycidylether of bisphenol A
whereC(50.0894) is a constant. In this equation, the te
perature dependence at fixed pressure is described by a
dratic function

V~T,0!5v01v1T1v2T2, ~2!

while

B~T!5b0 exp~2b1T!. ~3!

From simultaneous fitting of all curves in Fig. 2, we obta
v050.685 ml/g, v153.51024 ml/~g C), v256.831027

ml/~g C2), b05331 MPa, andb154.4631023 C21. The in-
tersection of these fits with the linear expansion of the gl
yields theTg values shown as symbols in Fig. 3. At lo
pressures,dTg /dP5244610 K/GPa. At ambient pressure
we obtainTg5334.9 K andr51.41 g/ml. For comparison
the glass temperature determined by differential scann
calorimetry~DSC! at a heating rate of 10 K/min was equal
332 K. This value is consistent with theTg data of Koike19 as
shown in the inset to Fig. 3.

B. Dielectric spectroscopy

The dynamics in the vicinity ofTg were characterized
using dielectric spectroscopy. Toward lower frequencies
the dielectric loss,e9~v!, a conductivity contribution,eDC9
5sDC(ve0)21 where e0 is the vacuum permittivity, is
present. After subtraction ofeDC9 , the structural relaxation
function conforms to the Kohlrausch equation27

FIG. 3. The pressure dependence ofTg obtained from PVT measurement
~d! along with theTg values calculated from Eq.~10! using the parameters
obtained from dielectric~ ! and light scattering~ ! data~Table I!
for tDS(Tg)51.27 s, andtLS(Tg)511.9 s. The initial slope yields 0.244
60.01 K/MPa for the pressure coefficient of the glass transition temp
ture. In the inset are shown the DSC results of Koike~Ref. 19! ~h!, along
with the value for the DGEBA studied herein~j!.
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dtF2d

dt
exp2~ t/tDS!bDSGsin~vt !, ~4!

in which tDS is the Kohlrausch dielectric relaxation time
The stretch exponents are displayed in Fig. 4. Over
range oftDS , any dependence ofbDS on T or P is less than
the experimental scatter; averaging all values yieldsbDS

50.3660.02. Note that we have expressed results herein
all methods in terms of the physically more meaningful a
erage relaxation time, defined as^tDS&5tDSG(1/b)/b, with
G(x) being the gamma function, with the average values
the b parameter used.

The ionic conductivity and the dielectric relaxation tim
are related by the Debye–Stokes–Einstein equation~DSE!28

sDC^tDS&T

c
5const., ~5!

in which c is the concentration of charges. Sincec and T
change little over the range of structural relaxation measu
ments, it is common to plotsDC versus^tDS&, with the
expected slope of unity on double logarithmic scales. Ho
ever, except at high temperatures,29 the DSE equation mus
be modified to obtain agreement with experiment. A comm
empirical alternative is the fractional DSE equation~fDSE!30

sDCtDS
k 5const., ~6!

in which k,1.31–33 The conductivity and relaxation time
are plotted in Fig. 5, for the atmospheric pressure meas
ments. We obtain for the exponentk50.64560.004.

The dielectric relaxation times measured at all pressu
are plotted in Fig. 6 versus temperature for the isobaric d

a-

FIG. 4. Stretch exponents determined for the DS~solid symbols! and LS
~hollow symbols! relaxation functions@Eqs.~4! and~12!, respectively#. The
uncertainty is as indicated.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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and versus pressure for the isothermal measurements.
fact that the shape of the dielectric relaxation function~re-
flected inbDS) is largely invariant to pressure~Fig. 4! im-
plies that the temperature dependence of the relaxation t
will also be independent of pressure~given the usual corre
lation between the stretch exponentbDS and the slope of the
Tg-normalized temperature dependence of relaxa
times.34–36Thus we can fittDS for both the isobars and iso
therms simultaneously to the Avramov equation24,37

t5t` expF30S TR

T D zTS 11
P

P D zPG , ~7!

wheret` , TR , zT , P, andzP are material parameters.38 In
principle, this entropy-based model offers a connection
thermodynamic quantities.24,39 The parameterzT , a measure
of the system’s fragility~assumed to be invariant to pressu
in this model!, is defined aszT52Cp /(ZR), whereCp is the
heat capacity,Z the degeneracy of the system, andR the gas
constant. Parameterzp characterizing the pressure depe
dence of the dynamics is given byzp52k0VmP/(ZR),
wherek0 is the volume expansion coefficient,Vm the molar
volume of the system, andP is defined below. Note also tha
the Avramov model assumes that the cooperative mot
engendering structural relaxation are thermally activat
without consideration of any explicit effects due to volum
In fact, as shown below, volume exerts a significant influe
on the relaxation behavior.

FIG. 5. Double logarithmic plot of the ionic conductivity versus the diele
tric relaxation times for the atmospheric pressure measurements. We o
for the exponentk50.64560.004@Eq. ~6!#.
Downloaded 27 Feb 2003 to 132.250.151.235. Redistribution subject to 
he

es

n

o

-

s
d,
.
e

Among the parameters appearing in Eq.~7!, only P can
be estimated from independent measurements. To a good
proximation, P can be expressed in terms of the volum
expansion coefficient, k(P)[V0(P)21(]V/]T), where
V0(P) is the volume of the liquid at 25 C. The relation is24

k~P!5k0P/~P1P!, ~8!

where k0 is the thermal expansivity at zero pressure. T
thermal expansivity can be calculated from the Tait equat
fit to the PVT data in Fig. 2:

k~P!5V0~P!21S ~v112v2T!S 12C lnS 11
P

B~T! D
2V~T!S Cb1P

B~T!1PD D . ~9!

A weak dependence ofk(P) on temperature can be observe
in the inset to Fig. 2. At 363 K,P5307 MPa. Using this
value, we obtain the fits to the dielectric relaxation tim
shown in Fig. 6, with the Avramov parameters listed in Tab
I. It can be seen that the pressure dependence of the re
ation times is in good accord with the expansivity data
sults. Using the ratiozT /zp(5Cp /(k0VmP)) of the fitted
parameters and takingk055.831024 K21 and Vm5Mn /r
51241 ml/M, we estimate the heat capacityCp

5915 J/~M K), equivalent to 0.523 J/~g K!. This is a factor of
3 smaller than the value reported for a lower molecu
weight DGEBA.40

ain

FIG. 6. Mean relaxation times measured by dielectric spectroscopy for
baric conditions~at ambient pressure! and for isothermal conditions (T
5341.0, 350.8, and 360.0 K!.

TABLE I. Avramov parameters@Eq. ~7!#.

DS LS MS

log t` @s# 28.2360.05 26.7460.35 28.8760.05
Tr @K# 322.260.2 320.460.2 32363
zT 11.460.4
P@MPa# 307 ¯

zP 2.7560.2 ¯
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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By rearranging Eq.~7!, we can express the glass tran
tion temperature as

Tg~P!5TRS 30 loge

logt~Tg!2 logt`
D 1/zTS 11

P

P D zP /zT

. ~10!

The pressure dependence ofTg obtained from PVT measure
ments can be described by Eq.~10! using the parameter
obtained from fitting the dielectric data~Table I!, and taking
tDS(Tg)51.3 s, as shown by the dashed curve in Fig. 3.

The temperature dependence of structural relaxa
times is commonly assessed as the fragility~or steepness
index!, m[d log(t)/d(Tg /T)uT5Tg

.41,42 In terms of the Avra-
mov model,m5zT log(t(Tg)/t`), and is independent of pres
sure. Such pressure independence is not a general featu
glass forming liquids.8,9,43–45However, for DGEBA,m is not
a function ofP, whereby the Avramov analysis can be u
lized. For the dielectric data, we obtainmDS59665; thus,
DGEBA is a fragile glass former.36 Commonly in describing
relaxation data, a dynamic glass transition temperature,Ta ,
is used, defined as the temperature at which the relaxa
time equals an arbitrary constant, such as 10 s. Introduc
of Ta allows a comparison of results obtained from differe
techniques. This quantity is related to the Avramov param
TR as

Ta5Tr@30/ln~t~Ta!/t`!#1/zT. ~11!

FIG. 7. Mean relaxation times measured by dynamic light scattering
isobaric conditions~from left to right, 0.1, 10, 20, 40, 60, 80, 100, 120, an
140 MPa! and isothermal conditions~341.2, 352.2, 361.2, 368.2, 375.2, an
383.2 K!.
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For t(Ta)510 s,Ta5332 K. Calculating the fragility atTa ,
we findmDS510668. These results are collected in Table

C. Dynamic light scattering

Dynamic light scattering spectra were measured for
DGEBA at various pressures and temperatures. The obta
correlation functions were also fitted to the Kohlraus
function27

g~1!~ t !5A exp2~ t/tLS!bLS, ~12!

whereA is a constant. The best-fit values of the stretch
ponent for all temperatures and pressures are shown in
4. The meanbLS50.3860.02 is essentially independent o
temperature and pressure.

The mean correlation timêtLS& was calculated as be
fore. These values are displayed in Fig. 7. In fitting the e
perimental relaxation times to Eq.~7!, we assumed thatzT

andzP had the same values as obtained from fitting the
electric relaxation times. The parameterP is again taken
from the PVT data using Eq.~8!. The resulting fits of the
Avramov equation are included in Fig. 7, with the best-
parameters listed in Table I. Comparing the parameters
tained from different methods, only the values oft` differ
substantially.

Similarly to the dielectric data, usinĝt(Tg)& as a vari-
able, we again fit Eq.~10! to the glass transition temperature
obtained from the PVT measurements. The results are sh
in Fig. 3, with^tLS&(Tg)512 s. The fragility at this tempera
ture is mLS59066. At the dynamic glass temperature,Ta

5335.2 ~for which ^tLS&510 s), we findmLS589610. A
comparison with the dielectric results is given in Table II.

D. Mechanical results

The dynamic shear modulus of DGEBA was measured
ambient pressure and various temperatures. The frequ
dependencies of the storage (G8) and loss (G9) moduli ex-
hibit two relaxation modes. Thea-process is visible at highe
frequencies, whereas at about three decades lower in
quency, the normal mode, reflecting chain motions, is e
dent. Herein we focus only on thea-relaxation. The shape o
the a-relaxation peak was invariant to temperature, with
stretch exponentbDM50.3760.02. For polymers, a break
down of the time-temperature superposition principle is
norm for mechanical data extending from Newtonian flo
(G9}v) at low frequencies to the glassy response at
highest frequencies.46–48 Results for small molecule glas

r

TABLE II. Comparison of dynamics measured by different spectroscopies.

t(Tg) @s# m(Tg) Ta @K# m(Ta) at51 @K21# 2at /aP EV /H

Dielectric
spectroscopy

1.3 9665 332 10668 1.631023 1.8 0.62

Dynamic light
scattering

12. 9066 335 89610 1.331023 1.5 0.58

Mechanical
spectroscopy

0.50 98.565 331 113.567 ¯ ¯ ¯
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



-
po

if
m

in
h
rs
-
in

th
e
e
c

an
fo

w

es.

-
u-
the

la-
he

e

g
its;
this
e

or
-
ity

.
lar

-
e

t
c
r
e

ity,

3182 J. Chem. Phys., Vol. 118, No. 7, 15 February 2003 Paluch et al.
formers are more limited.11,49,50The thermorheological sim
plicity of the present data allows time-temperature super
sitioning of the storage,G8, and loss,G9, moduli, yielding
the master curve shown as an inset to Fig. 8. Only sh
along the frequency axis were performed, yielding the te
perature dependence of the shift factors,aT .

The mechanical relaxation times were obtained by fitt
the master curve of theG9(v) a-spectrum to the Kohlrausc
function,27 then using the time-temperature shift facto
a(T). The obtainedtDM are displayed in Fig. 8. For consis
tency with the analyses of the dielectric and light scatter
spectra, we fit thêtDM& to Eq. ~7!, yielding the parameters
listed in Table I. As seen by the equivalent values of
Avramov parameters, the magnitudes, as well as the temp
ture dependences, oftDM and tDS are almost equal. Thes
relaxation times are included in Fig. 8, along with the diele
tric and light scattering data at ambient pressure. The^tLS&
deviate from the corresponding results from mechanical
dielectric spectroscopy, in a fashion similar to that found
a lower molecular weight DGEBA.23

Using the Avramov equation to interpolate the data,
find that the mechanical relaxation time,^tDM&50.5 s at the
ambient pressureTg ~5334.9 K from Fig. 3!. The respective
steepness indices,m(Tg)598.565 and m(Ta5331 K)
5113.567, are consistent with the values ofm determined

FIG. 8. Dynamic mechanical relaxation times versus temperature aP
50.1 MPa~d!, along with the corresponding values from dielectric spe
troscopy~n! and dynamic light scattering~,!. The inset shows a maste
curve of the dynamic storage and loss moduli, for which the tim
temperature shift factors,a(T), were determined empirically, witha(T
5340 K) equal to unity.
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by dielectric and dynamic light scattering spectroscopi
These results are tabulated in Table II.

IV. DISCUSSION

Recently, different authors19,28,30–33discussed the phe
nomenon of coupling/decoupling, found in both low molec
lar weight glass forming liquids and polymers, between
ionic conductivity ~s! and thea-structural relaxation time
~t!. It was postulated that in a number of materials the re
tionship betweens andt could be expressed by means of t
fractional Debye-Stokes-Einstein~fDSE! equation@Eq. ~6!#.
Koike19 examined the effect of molecular weight on th
value of fractional exponentk in oligomers of DGEBA. He
found that k decreases with molecular weight, revealin
greater mobility differences between the two moving un
i.e., the ion charge carrier and the chain segment. In
case, the exponentk can be a useful indicator of the degre
of polymerization, especially sincek is practically insensitive
to the concentration of the ions~e.g., Na1 and Cl2).

In this work, we show that fDSE is also applicable f
the DGEBA studied herein (n55). The enhancement of ori
entational relaxation is evident in the plot of the conductiv
versustDS ~Fig. 5!, which yields 0.65 for the fractional DSE
exponent. This is consistent with data reported by Koike19

From measurements on a substantially lower molecu
weight epoxy, Corezziet al.30 observed proportionality be
tween s and tDS . This is also consistent with the invers

-

-

FIG. 9. The variation of the dielectric relaxation times with mass dens
for measurements at varying temperatures and ambient pressure~j! and for
varying pressures at the indicated temperatures in Kelvin~s!. The density at
Tg and atmospheric pressure was 1.41 g/ml.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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molecular weight dependence of the exponentk for DGEBA
oligomers reported by Koike.19 As we mentioned above i
has been ascribed to mobility differences between an ion
polymer segments;51 however, more work is required to fully
understand this effect.

Interpretations of structural relaxation properties are u
ally based on one of two diametrically opposed conce
that an accumulation of sufficient local free volume eng
ders local motion,16–18or that the process involves thermal
activated transport over potential barriers.13–15,52Experimen-
tal studies restricted to measurements of the effect of t
perature cannot resolve this issue; the use of pressure
variable is required.

In Figs. 9 and 10, we plot the respective dielectric a
light scattering relaxation times as a function of density. T
latter was determined from the data in Fig. 2, using the T
equation for interpolation~although some extrapolation wa
required for densities exceeding 1.42 g/ml!. Clearly, for both
spectroscopies, the relaxation times are not a unique func
of the density or of temperature. Variations of pressure
temperature both can change the relaxation time by m
than five decades.

Based on viscosity measurements on glycerol and s
other liquids, it has been suggested that for fragile gl
formers, temperature is the dominant control variable10

DGEBA is very fragile~Table II!, yet Figs. 9 and 10 reveal
strong dependence of the relaxation times on density. Na

FIG. 10. The variation of the dynamic light scattering relaxation times w
mass density, for measurements at varying temperatures and ambient
sure~j! and for varying pressures at the indicated temperatures in Ke
~s!. The density atTg and atmospheric pressure was 1.41 g/ml.
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et al.5 has ascribed temperature-controlled dynamics to
presence of hydrogen bonding. DGEBA is a norm
unassociated liquid, and thus reveals dynamics contro
by both temperature and volume effects. Similarly, f
cresolphthalein-dimethylether, for whichm573, the effects
of temperature and volume are quite comparable.11,12 Posi-
tron annihilation lifetimes, which are a measure of the un
cupied volume, have recently been shown to exhibit a te
perature dependence aboveTg which correlates with
fragility.53 These results suggest that the volume conce
cannot simply be ignored when analyzing the dynamics
the supercooled regime.

The results in Figs. 9 and 10 show that the dens
change for a given change in relaxation time is smaller
temperature than for pressure. Of course, this is expec
since temperature affects both density and thermal ene
Further analysis is required to accurately assess the de
dence of the relaxation times on these two variables.

One means to quantify the relative importance of te
perature and pressure is from a comparison of the coeffic
of isobaric expansivity,aP52r21(]r/]T)P , to the coeffi-
cient of isochronal expansivity,at52r21(]r/]T)t .10 The
magnitude of the ratiouatu/aP reflects the role of tempera
ture as a control variable. Using the Avramov fits to t
relaxation data, we calculate the temperature and pres
associated witht51 s, with at51 then calculated from Eq

res-
in

FIG. 11. Dielectric relaxation times calculated for a constant volume~dotted
lines! equal to 0.01~m!, 0.0125~d!, 0.015~l!, 0.0175~j!, and 0.02~.!
ml/g, and at constant pressure~solid line!. The inset shows the ratio of the
activation energy at constant volume to the enthalpy change at con
pressure. The mean value,50.62, is indicated by the dotted line.
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~1!. The value of aP58.6531024 g ml21/K for P
50.1 MPa is obtained directly from Eq.~1!. These results
listed in Table II, support the inference from Figs. 9 and
that neither temperature nor density governs the dynami

An alternative approach to assessing the contribution
thermal and free volume effects is from the relative mag
tudes of the activation energy at constant volume,EV

(5R(] ln t/]T21)uV), and the activation enthalpy at consta
pressure,H(5R(] ln t/]T21)uP).5 The ratioEV /H provides a
measure of the contribution of thermal energy to the te
perature dependence of the relaxation times.

We calculate these quantities for atmospheric press
thus,H is obtained from the slope of the atmospheric pr
sure data in Figs. 6 and 7. To determineEV , we calculate the
relaxation times at fixed volume, by taking vertical interse
of the data in Figs. 9 and 10. The obtained isochoric rel
ation times are shown in Figs. 11~dielectric data! and 12
~light scattering!. The respective slopes at the intersecti
with the P50.1 MPa data~shown as solid lines! yield EV

andH, respectively. The ratio of these quantities is display
in the insets to the figures. The average values areEV /H
50.62 and 0.58 for dielectric and light scattering spe
troscopies, respectively. These are consistent with the o
results in Table II, indicating a significant role of both the
mal energy and volume in determining the structural rel

FIG. 12. Dynamic light scattering relaxation times calculated for a cons
volume ~dotted lines! equal to 0.0075~hexagon!, 0.01 ~m!, 0.0125 ~d!,
0.015~l!, 0.0175~j!, and 0.02~.! ml/g, and at constant pressure~solid
line!. The inset shows the ratio of the activation energy at constant vol
to the enthalpy change at constant pressure, with the mean value,50.58,
indicated by the dotted line.
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ation times of DGEBA nearTg at ambient pressure. Th
apparent trend of the ratioEv /H seen in the inset of Fig. 12
seems to indicate that the importance of volume increase
approaching the glass transition; however, the large e
precludes any definitive statement.

Finally, we consider an alternative approach to the ana
sis of the pressure dependence of relaxation times. If, c
trary to the data in Table II, the assumption of a volum
activated process is made, then the following expressio
obtained,54

t5t0 expS PV#

RT D , ~13!

whereR is the gas constant andV# represents an activatio
volume. The latter is ostensibly a measure of the free volu
necessary for local motion. The fact that rarely isV# found to
be independent of either pressure or temperature support
conclusion that free volume is not the dominant control va
able for structural relaxation. Nevertheless, we calcul
V#(T,P)5RT(] ln t/]P)T for both the dielectric and light
scattering data, with the results displayed in Fig. 13. Wh
compared at the same temperature, the magnitudes
pressure-dependencies for the two spectroscopies are
close. Only at the highest pressures is there a suggestion
VDS

# .VLS
# .

At ambient pressure the activation volume increa
with decreasing temperature, fromV#550 ml/mol at 390 K
to 350 ml/mol at 330 K. This is the usual behavior for gla

nt

e

FIG. 13. Activation volume calculated from the pressure dependenc
^tds& ~solid symbols! and^tLS& ~hollow symbols! at approximately the same
temperature.
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forming liquids. In Fig. 14 are displayed the activation vo
umes calculated from the Avramov fits to the relaxation ti
data, for temperatures and pressures for which^t&510 s.

V. SUMMARY

The dynamics of DGEBA, an oligomeric epoxy having
degree of polymerization equal to 5, was studied as a fu
tion of temperature and pressure using three different s
troscopies. Although the dielectric and light scattering m
surements accentuate different parts of the DGE
molecule, and the relaxation timesper seare different, the
relaxation properties obtained by the two spectroscopies
quite similar. Given the bulky structure of DGEBA, on
might expect the mechanical response to diverge from
results from the other methods. However, at least at at
spheric pressure, the temperature dependence of the
chanical relaxation times was equal to within the experim
tal error.

For all three spectroscopies, time-temperature superp
tioning was valid, and for the dielectric and light scatteri
measurements, this invariance of the relaxation function
tended to pressure. The fragility was invariant to press
enabling the combined temperature- and press
dependencies to be parameterized using the Avramov e
tion.

An especially significant determination herein is th
thermal energy and density exert a comparable influence
structural relaxation in DGEBA. This implies that theori
focusing exclusively on either variable can be misleadi

FIG. 14. Activation volumes, calculated from Avramov model using t
parameters listed in Table I, at the indicated temperatures and correspo
pressures for whicĥt&510 s.
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Models in which intermolecular barrier heights are related
the local density may offer a more realistic approach to
derstanding the highly cooperative dynamics near the g
transition.
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