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Influence of temperature and pressure on dielectric relaxation in a supercooled epoxy resin
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Isothermal and isobaric dielectric measurements of a supercooled epoxy resin have been compared. A simple
scaling relates isobaric and isothermal spectra corresponding to the same frequency of the main loss peak.
Thus, the main and secondary processes retain a relative weight that is the same under isothermal and isobaric
conditions. It is inferred that both pressure and temperature, equivalently, are able to take effect on the
relaxation processes, without changing the relaxation mechanism itself. Careful analysis of the structural
relaxation time behavior revealed that the traditional free volume equation, where only the macroscopic
volume controls the pressure evolution of free volume, is not a suitable description of the data, as well as a
Vogel-Fulcher(VF) type pressure dependent function. Based on a derivative method, a different function for
describing the bidimensional surfae€T,P) has been proposed, which accounts for the observed behavior
through a nonlinear correction of the critical temperafigen the VF law. The function we propose predicts
pressure dependencies of the glass transition temperature and fragility which are appealing in view of a
comparison with experimental results in this and many other systems. Interesting hints for interpreting the
phenomenological results can be obtained within the Adam-Gibbs thekit063-651X99)09610-5

PACS numbgs): 64.70.Pf, 77.22.Gm, 64.96b

I. INTRODUCTION structural relaxation time, the empirical Vogel-Fulcher equa-
tion provides a suitable representation for most glass-
Many fluids turn into glasses when cooled at sufficientlyforming liquids over a wide dynamic range. Similarly, an
high rates. In the glassy state the system appears frozen in attempt at finding a relation that describes the pressure de-
amorphous phase conventionally characterized by values g@endence of the relaxation time for as wide as possible class
viscosity exceeding 10 Poise, typical of the solid state, cor- of glass-forming systems seems to be in general justified. In
responding to dielectric relaxation times longer thaA40A  this connection, many efforts in the past were made on the
similar phenomenon occurs in liquids in which the molecularbasis of a free-volume approa¢6—8J; the outcomes were
motions are slowed down as the result of an increase cfomewhat ambiguous, leading both to claims of validity of
pressure, and several features of the temperature-dependémte-volume descriptions,8] and to indications of their fail-
response are recognized in the pressure-dependent response [6,9]. Of some appeal was the expectation of a VF-like
of glass-forming systems. dependence on pressU®10]. An alternative approach that
Compared to the great number of investigations carriethas given a physical explanation to the temperature depen-
out under varying temperature, little work has been done sdence of the relaxation behavior in glass-forming liquids is
far under varying pressure, and the similarities between therovided by the Adam-Gibbs theof¥1], based on the con-
behaviors observed by cooling the systems and those whiakept of configurational entropy earlier discussed by the
occur under compression have not been completely exploretheory of Gibbs and DiMarzip12]. An extension of this last
In particular, experiments yielding full information on the theory to incorporate the effects of pressure was developed
relaxation spectrum as a function of pressure are rare, arf{d3], although it does not provide an explicit pressure-
only a few experimental papers are available which analyzelependent function for the relaxation time. At present, the
the influence of pressure on the shape of dielectric spectrsearch for an appropriate description of the relaxation times
[1-4]. The natural question of whether differences in thewith pressure is still partially entrusted to a phenomenologi-
relaxation dynamics exist on approaching the glass transitiooal approach.
via isobaric cooling or isothermal compression arises. The aim of this paper is to study the isothermal and iso-
One of the basic problems concerning the relaxation bebaric dielectric response of a fragile glass forrttepon828,
havior in the supercooled state is finding a universal descripin order to compare the relaxation dynamics under cooling or
tion of it. As regards the temperature dependence of theompression and to investigate the relaxation time vs pres-
sure relationship. Epon828 is a highly pressure-sensitive sys-
tem, relatively moderate pressure changes being able to in-
*Author to whom correspondence should be addressed. FAXduce significant changes of the structural relaxation time.
+39.050.844333. Electronic address: rolla@mailbox.difi.unipi.it  This work exploits isothermal dielectric measurements car-
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ried out in a wide pressure range, and previous dielectric g'" [FgTTT T T T T
studies on the thermal vitrification of the same compound P=0.1 MPa

[14]. The contribution of the secondary relaxation process, 15 % & ¥4 X

which strongly affects the relaxation spectra, is taken into
account, and great care is devoted to the extraction of the
structural relaxation time data in view of being able to dis- 19
tinguish among different fit models and looking for a unified
temperature-pressure description.

05 &
Il. EXPERIMENT

Dielectric measurements of the commercial grade com- e
pound diglycidyl ether of bisphenol-AEpon828 by Shell 0.0 " ” . < - . 5 -
Co., equivalent epoxy weight-190) were performed in a o° 100 10" 100 100 100 10° 100 10
previous experiment at atmospheric pressure in the fre- frequency [Hz]
quency range #3-2x 10'° Hz for temperatures from 163to €
353 K [14]. Measurements by changing the pressure from
0.1 up to 235 MPa were carried out on the same compound L5
in the frequency range 16—10' Hz at the fixed temperature ’
of 293 K. i

For isobaric dielectric measurements the impedance ana-
lyzer HP4194A and two network analyzers, HP8753A and 1.0+
HP8720C, were employed. In the lower frequency range, up
to 40 MHz, a stainless steel cylindrical capacitor ¢ethpty
cell capacitanceCy,=2.4 pH was used. In the higher fre- 5] "
guency range, up to 20 GHz, the scattering parameters of a 7
transmission coaxial line ended by a céll=0.3 ph in the
infinite sample configuration were measured. The sample
temperature was controlled by an electronic proportional 0-0-
controller using a heated dry nitrogen flux. Details about the ~ 107 107 10° 10! 10 10° 10 10° 10° 10’
experimental setup are reported elsewHéfs. frequency [Hz]

For isothermal high-pressure dielectric measurements the ) , .,
frequency response analyzer Solartron SI-1260 and the im- FIG. 1. (a) Dielectric loss factoe” of Epon828 at 0.1 MPa; the

: temperatures of the spectra are the followifrpm the left side:
pedance analyzer HP4192A were employed. In this case g™ 7,70 “53 985 293 208, 303, 313, 323, 333, 343, 353 K.
parallel stainless steel plates capacitor was us€g (

*_Solid lines represent the fitting E¢L). (b) Dielectric loss factoe”

=9.6 pF)..The pressure was measured by a Nowa SW'S‘Bf Epon828 at 293 K; the pressures of the spectra are the following
tensometric pressure meter, and the temperature was co&xr—Om the right side 0.1, 14.9, 30.1, 45.2, 60.4, 75.2, 89.9, 109.7

trolled by means of a liquid flow provided by a thermostatic 159 g 150.1, 169.8, 190.1, 209.8, 230.5 MPa. Solid lines represent
bath. More detailed description of the experimental setuppe fitting Eq.(1).

with the diagram of the high-pressure dielectric cell can be
found in Refs.[s,le]. cording to the Vogel-Fulcher and the Arrhenius law, respec-
In all experimental arrangements the sample was pre,

i tively. The presence of the two relaxations is again clearly
served from the contact with external agents. The temperazcivie in isothermal spectrfFig. 1(b)]. By increasing the

:Ere of Ithe Sample \tlv?ﬁ stabilized within 9[.1b'il('l V\:jh”e.t'r?. 'Sg' ressure then-relaxation shifts towards lower frequencies,
ermai experiment e pressure was stabilized within ©.g,; the y relaxation seems to be less sensitive to the pres-
MPa. Different measurement runs, separated from each Othg[ne changes

by long time intervals, turned out to be consistent. The glass The secondary process is well distinguishable from the

transition temperature of Epon828 as dielectrically dEter'structural one in the isobaric spectra extending to GHz, while
mined[14] was Ty=257 K. only its low frequency tail appears in the frequency window
of the isothermal measurements. Anyway, the secondary re-
IIl. RESULTS laxation strongly affects the dielectric response and its con-
) ) . tribution was taken into account in the fitting procedure. Be-
The dielectric loss facta”, as a function of frequency, of cayse of this, the spectra at different pressures were fitted by

tures is plotted in Fig. (B). The isothermak” spectra of the

same sample are drawn in Figbl at the fixed temperature
T=293 K for different pressures. The presence of a main
(structural ora) and a secondarty, see Ref[14]) relaxation
process is clearly shown in the isobaric spe¢fay. 1(a)]. In this equation,s(w), €9, and e, represent the complex
As discussed in a previous papg¢f4], the a- and dielectric permittivity and its low and high frequency limits,
y-relaxation times increase with decreasing temperature acespectivelyg,—e, ande;—¢., are the main and secondary

LRALLL BB Nl R SR B B Rl EE R

T=293 K (b)

e(w)—e,=(gg—e)Li(w)+(e1—ex)lo(w). (D)
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10 T T ' i L B IV. DISCUSSION
00286006000 0 DOV RO %q o Eg 78 8 . . . .
N : o | feeessaoce .: 6 A. Comparison between isobaric and isothermal spectra
2 ,.......-“‘ ©e |, The dielectric response of the system undergoing a tem-
61 “aas perature or pressure change, was analyzed by comparing iso-
n ®) Mg 2 baric and isothermal spectra having the main loss peak at the

—— 0 same frequency position. Apart from the spectra at 0.1 MPa
atatta i, aust m o8 and 293 K, which obviously coincide in the two sets of mea-
N surements, each isobart spectrum is higher than the cor-
responding isothermal, but they superimpose very well when
YogvRer oISy L0 4 normalized to the value},.,. From this result, shown in Fig.

log, (11,5, [s7']

0.6

2 T ~eq.(2) A\ L0.2 3 for one representative couple of pressure-temperature val-
(@) —() * (©) 0.0 ues, some considerations can be drawn.
0 50 100 150 200 250 O 50 100150200250 (i) Isobaricep and isothermak’ loss spectra with the
P [MPa] P [MPa] same frequency position of the peak simply differ by a

scaling factorS, i.e., ¢"(w)p=Se"(w)1. As the Kramers-
FIG. 2. (8 Main (7, solid circles and secondary®, open  Kronig equations imply that S=[&'(w)—&.]p/
diamond$ relaxation timer,,=1/(27f 2 VS pressure. The lines [¢'(w)—¢.]7, the corresponding’ spectra are made coin-
represent fitting equations as indicated in the legsee text later cident by the operatiofie’ (©) — e..]/"(wma), Wheree” is

(b) The overall(squares the main (circles, and the secondary . eniently determined at the angular frequency of the loss
(triangles relaxation dielectric strengths vs pressum®.The shape peakw,. [Fig. 3b)].

parametersn, andn, vs pressure for the main relaxation. (i) Eg((:ording to Eq.(1) each relaxation must indepen-
dently fulfill the Kramers-Kraig relations. Consequently, as
we observed that for thea relaxation is &/ (w)p
=S¢’ (w)7, the same scaling fact@&has to be valid for the
secondary relaxation. In particular, from the real parts of the
Yermittivity we obtain S=[e/(w)—ei]p/[el(w)—e1]r
=[sé(w)—sw]p/[8k(w)—8m]1-, which for =0 becomes
The pressure change of the dielectric parameters s plottefojrt 58 %8 1¢lano, n tha sobaric and isothermal
in Figs. 2a), 2(b), and 2c). As a characteristic relaxation .o esnonding spectra, of both the main relaxation strengths
time we have chosen to repof,=1/27fma [Fig. 28)],  and the secondary relaxation strengths.

corresponding to the frequency of the dielectric loss peak. (il ) The same relaxation time can be obtained by different
When possible;ry, was determined from the spectra di- couples of values of pressure and temperature, each of them
rectly, otherwise it was analytically calculated from the HN corresponding to different values of the strengths. Consider-
fitting parameters. For the main relaxation the shape paramng that the change of the strength is related to the change of
etersm=1—« andn=(1—«a)p, describing the power law the density, this finding could be a straight consequence of
behavior of the dielectric loss in the low and high frequencythe equation of state of the system. In this sense pressure and
limits respectively, do not appreciably change with pressuréemperature would behave as equivalent thermodynamic
[Fig. 2(c)] and their values agree with those obtained fromvariables for the relaxation of our supercooled sample and
the isobaric spectra having an absorption peak falling intdor the measurement ranges here considered. A different be-
the same frequency rani&4]. havior was observed for phthalate derivatives in the super-

dielectric strengthd, (w)=[1+ (iw7)1~ %]~ # represents the
normalized HN function, where the indexes 1 and 2 are re
ferred to as the main and secondary relaxations, respectivel
The fitting procedure was carried out on bethand&” data
simultaneously.

- -. as e e U S - T ey —rerrempr—rreom—1- 12
) a5

(b)

v3)

(3)

Y O S — qx 0
100 102 10° 10* 105 10° 107 10® 10° 10" 10" 10 16° 10* 10° 10° 107 10® 10° 10'°
frequency [Hz] frequency [Hz]

FIG. 3. (a) The &” spectrum labeledl) was acquired at 277.5 K under atmospheric pressure; ttepectrum labeled) was acquired
at the pressure of 89.9 MPa at 293 K. The spectra lab@edre normalized to the valug.,. The dashed and dotted lines represent the
contributions to the normalized spectra of the main and secondary relaxations, respeijV€he ¢’ spectra labeledl) and (2) are the
isobaric and isothermal spectra, respectively, corresponding te"tpectra in(a). The data labele@3) represent the spectra normalized

4

according to the ratiod’ —e..)/ e ax.
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TABLE I. Results from the fit ofr,,,, for isobaric measurements Bt=0.1 MPa and isothermal measurementsTat293 K. The
parametersry, By, and Tq in the table are those obtained by fitting the VF law — 7o{By/[T—Ty]}, to the experimental data at
atmospheric pressure: lgm,) =11.97+0.07 s,Bq=676=15 K, Tq=235.7-0.5 s.K, andK; are the isothermal bulk modulus and its
pressure derivative, respectively, at atmospheric pres;ﬁrks. the reduced chi-square statistical variable.

Fit equation Fitting parameters X2
Eq. (2) 7=7exp({BV../[Vo—V..— (Vo /a)In(1+BP)]} Ko(fixed)=2.9 GPaK;=9.3+2.7,B=1.8+0.4, 3.3
X[BV. /(Vo—V.)]) with a=1+Kj, V..=0.760+0.009 cni/g
B=(1+Kp)/Kq
Eq. (4) 7= 7o exp{BoP/(Py—P)} By27.8+0.3, Po=644+5 MPa 3.4
Eq. (7) 7= 7o exp{Bo/[T—(To+bP-+cP?)]} b=(19.7+0.1)x10"2 MPa 'K, c¢=(—2.43+0.04) 0.98
X 10" % MPa 2K

cooled state, where pressure seemed to increase the strength=0.760+0.009 cni/g, K=9.3=2.7. The resulting free-
of the secondary relaxation more than the equivalent temygjyme parameters seem to be quite acceptable and similar

perature changg4]. to that found in free-volume descriptions of viscosity data for
several material§8,9]. In particular, the value oB is con-
B. Pressure dependence of the structural relaxation time sistent with that (0.5B=<1.5) considered as physically

In this section a more quantitative analysis of the pressur@€aningful in the model of Cohen and Turnbjulr], and the
behavior of the structural relaxation time is reported, starting/@lue of the fractional free volume/(-V..)/V~0.11 is rea-
from the check of ther(P) functions most frequently in- Sonable. In spite of the good appearance of the fitting curve
voked in the literature. The next paragraph will be devoted tdn the Arrhenius-plofdash-dot line in Fig. @], the value of
a more general approach, accounting for both the pressuff€ reduced chi-square, 3.3, clearly indicates that the devia-

and temperature dependences of the structural relaxatidiPn from the experimental data is well beyond the experi-
time. mental errors. This provides evidence that the free-volume

Among many attempts to give a physical basis to the ob&quation in the .fom(2) takeg the ess.ential featurgs of the
served behavior of the relaxation time of systems in thePréssure behavior of, but it is not suitable for a rigorous
amorphous phase, a simple picture is provided by the freedescription over a wide pressure range. _
volume model5,17], that lends itself to be applied both to The analogies observed in the response of glass-forming

isobaric and isothermal conditions. According to this modeliquids when temperature is decreased or pressure is in-
the dependence of the relaxation timen free-volume has Creased, have driven some auth@se Ref[21], and refer-

often been expressed as ences thereinto describe empirically the rapid increase of
the structural relaxation time with pressure in isothermal
T BV, BV, measurements by simply replacing temperature with pressure
T—0=exy{ VoV, m) () into the phenomenological VF law
whereV is the volume of the fluid an&/—V., is the free- =10 exp{ BoP ] (4)
volume, V.. being a limiting molecular volume whose physi- Po—P

cal meaning is still debateld,8]; 7, andV,, are the quanti-
ties in a reference condition. Using the Tait equation of stat
to represent the V(P) relationship [18], V=
Vo[1—(1/a)In(1+BP)] with a=1+K; and B=(1

+K )/ Ko being, respectivelyK, andK the isothermal bulk
modulus and its pressure derivative at zéroatmospherig
pressure, Eq2) can be considered to describe the isotherma
pressure dependence of the relaxation time. To fit the isoﬁ
thermal data of Fig. @) we used the value of, at atmo-
spheric pressure, while the volunvg=0.8554 cri/lg was
deduced from the density=1.169 g/cmi at 293 K. The
isothermal bulk modulu&,=2.9 GPa at 293 K was valued
from the relaxed longitudinal acoustic velocity measured
by an ultrasonic techniquel9], using the relation

gvhere Py is the limit pressure where diverges,B, is a
constant, and is the relaxation time measured in the low-
pressuré~ atmosphericlimit. The precision of ther values
(the relative error is between 1.5 and 3 &lowed to analyze
our data by applying the derivative analy$®2], which is
ore sensitive to changes of the functional dependence. Ac-
Eordingly, the quantity®p=[—dlog,o(1/7)/dP]~ 2 was
umerically calculated and plotted as a functionPofFig.
4). As in this representation a linear behavior ®f vs P
corresponds to a VF-like behavior aefvs P, it is apparent
that the structural relaxation time does not comply with a
pressure-VF behavior over the whole pressure range investi-
gated(dashed line; see parameters in TableAl linear fit of
the data in Fig. 4 is acceptable within the experimental errors
2 up to pressures not higher tharl50 MPa, so that a VF-like
_ PCo 3) description covers only four of the seven decadesrof
0 1+pc§)\2TV/Cp’ spanned by the data. On the contrary, the temperature depen-
dent data do not show any deviation from VF behavior in the
where\ is the thermal expansion coefficient aGg the iso-  same 7 region [23]. The failure of Eq.(4) in the case of
baric specific heaf20]. The best values of the adjustable Epon828 disagrees with conclusions reported in previous
parametersB, V.., and K}, were (Table ) B=1.8+0.4, works [3,4,10,21, where the pressure-VF law was consid-
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o -0.10 -
S N
5 7 -
=
]
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FIG. 4. The quantity®p=[—d log;o(1/7ma/dP]"¥? vs pres-

sure at 293 K. The lines represent fitting equations as indicated i? FI_G._S.bDe_rlvatlve with re?pect to the gfesst” "ihOf the templera- f
the legend(Inse): pressure derivative of Iqg(1/7m,y) VS pressure Ure In 1sobaric measurements corresponding to the same vaiue o

at 293 K. The straight line represents a second order polynomiaTmaX n |sotr_1erma_l m_easurements. The e>§per|mental data us_ed _to
function calculate this derivative are shown in the inset. The dashed line is
' the best fit obtained by a linear regressigimse): open circles

represent couples of temperature and pressure values corresponding
ered a satisfactory representation of the experimental behays the same value of,.y in isobaric and isothermal measurements,
ior for several glass-formers. However, Fig. 4 indicates thatespectively. The error bars are smaller than the symbol size. The
the deviation from Eq(4) is appreciable only at enough high dashed line is the best fit obtained by a second order polynomial
pressures and it becomes apparent only if the data analysisriggression according to E¢6). The pressure behavior of the glass
performed in theb-P plane. The fitting free volume equa- transition temperatureTy(P), predicted by using Eq(7), is re-
tion [Eq. (2)] is also drawn in Fig. 4 as a dash-dot line. The ported on this plot by full points.
clear deviation from the experimental points confirms the
high value of the reduced chi-square. Incidentally, we noteof pressure in the usual VF law assuming some pressure
that, although it remains an essentially empirical law, thedependence of its parameters, as already tried in various pre-
VF-like equation has been also derived within a free volumevious studieg6,26,27 and in general expressed by the fol-

approacHh 3,6]. lowing equation:

The derivative path followed to test E@) shows that the
values of the log-derivative of 4/have linear correlation HT,P)=r exp[ Bo(P) ] (5)
coefficient 0.997, thus suggesting the possibility to use a ' 0 T-To(P)]’

second order polynomial function lgf§l/7)=ay+a,P

+a,P? (straight line in inset of Fig. % This function con- where in the first place the effect of pressure is considered
tains the same number of free parameters as the VF-like on&gr By and Ty, which are in the exponential argument, and
but the reduced chi-square is close to YfiB7). To date no neglected for the pre-exponential factey [26,27). In the
explanation of such description has yet been proposedpllowing, to come to an appropriate form of E¢b), the
though other authors, by close inspection of dielectric relaxindication given by the isobaric and isothermal sections of
ation times in polypropylene glycp24] and viscosity data in the bidimensional surface(T,P) will be joined with the
orthoterphenyl and saldgR], pointed out that parabolic ex- observation of recurrent empirical behaviors and some physi-
pressions provide excellent phenomenological parametrizasal considerations.

tions of experimental data for different isotherms as well. Concerning the bidimensional surfae€T,P), both the
isothermal section(T,,,P) at the measurement temperature
T,=293 K and the isobaric sectiom(T,P,) at P,
=0.1 MPa are monotonous functions, therefore a one-value
transformation T(P) must exist such as#(T,,P)

A more general approach for describing the change of the= 7[T(P),P,]. The T(P) function can be experimentally
relaxation time can be attempted, taking into account fobtained by considering the couples of temperature-pressure
both pressure and temperature dependence. Any effort in thaalues corresponding to the spectra with the same structural
direction has to face up to the well-established result that theelaxation time for the isobaric and isothermal measure-
VF equation is able to describe the change of the relaxatioments, respectivelyinset of Fig. 5. An inspection of the
time over a wide temperature range for a large number oflerivativedT/dP (Fig. 5, numerically calculated from the
glass forming system25]; in particular, such description is data in inset of Fig. 5, reveals an almost linear trétiee
quite appropriate for our system over more than eight delinear correlation coefficient is 0.997This behavior sup-
cades ofr, including the dynamic range covered by the ports with good accuracy a quadrafi¢P) dependence
pressure-dependent measuremefitd,23. As a conse-
guence, the most natural approach is to incorporate the effect T(P)=T,—bP—cP? (6)

C. Temperature-pressure dependence of the structural
relaxation time
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: : : : : : lecular weights[24]. Temperature- and pressure-dependent
10 oo - studies of epoxy resins, different but very similar to Epon828
M [10,29, have shown in a similar pressure range that a linear
. - pressure dependence ©f can be applied only in the first
.% ., r approximation and that deviations from linearity are anyway
% . - detectable. If limited pressure ranges can obscure some non-
] * | linearity [26,27,3Q, the need of taking account of deviations
% 10| eee - from linear behavior seems to be a natural consequence of
% m1 * R | [ the investigation of wider pressure ranges.
o . - The fragility parameteD =By(P)/To(P) accounts for
2 nl ™" senpieni®® | | the departure from Arrhenius behavior on approaching the
8 0 T3 2ol glass transition and is widely employed in classifying the
. : . — - — glass-forming liquids astrong(high D) andfragile (low D)
3 4 5 6 [31]. Concerning this parameter, E) simply provides the
1000/T=1000/T(P) K] expression D(P)=B,/(To+bP+cP?), which is a
) o ~smoothly decreasing function in a wide pressure range and
FIG. 6. The main and the secondary relaxation times under isogyeny eventually increasing. The study of pressure effects on
baric (full symbols and isothermalopen symbolsconditions, re- ¢4ty is of recent interest, and the available data generally

ported on the same scale according to the correspondence showndra not reach very high pressures. However, the experimental

inset of Fig. 5. In the inset: the same rescal_mg is shown for thedatabase seems to indicate a general tendency of fragility to
shape parameters; andn; of the main relaxation.

increase(of D to decreasewith pressure, as implied by Eq.
(7). In particular, a considerable increase of fragility in the
o . intermediately strong glycerg8], and a small but significant
(dashed line in inset of Fig.)kan be used to transform the change toward a higher degree of fragility in polypropylene-

data from pressure to temperature doméfiig. 6. This glycol [24] have been found. Also the somewhat complicated

gives a different way to observe the results drawn in Se ; : !
IV A and shown in Fig. 3: after the pressures are rescale(cjrp;htz\g?;;:;rﬁrzvg?og aﬂr;t(:_(la_n}%/;Tc?metir%;;%gé gfnﬁsl
the superposition of both isobaric and isothermal relaxation. =" 2 fragility lBarame%eD Tc_oTugid be described by

times and shape.parame.ters for the main relaxg'uon can tfﬁeans of Eq(7). It is worth noting that the findings that
observed. In particular, Fig. 6 shows up the equivalent temfragility of methanol over a limited pressure ranf@2],

perature range covered by the pressure measurements. orthoter : -
. ) . - . phenyl[9], dibutyl-phthalate[8], and epoxy resins
Replacing Eq(6) in 7(T,Pr) = 7o i Bo/(T—To)], yields [10,29 is almost pressure independent within the experimen-

(T, P) = 70 eXHBo/(Tyy~To—bP—cP)]. This result sug- ;" o6 can also be accounted for by thi i
) y this equation. The
gests that in Eq(5) Bo(P) may be a constant arity(P) a values of the fitting parameteis and c can be reflected,

quadratically pressure-dependent parameter according to indeed, in a change ob that is within the experimental

error. This is proved in the case of Epon828, where only a
#T,P)=1, exp[ Bo 5 ) change oD from 2.9 to 2.5 is predicted when the pressure is
’ T—(To+b'P+c’'P?))’ increased up to 235 MPa. Some suggestion that fragility does
not really change appreciably with pressure in our system
whereb andc are constant. It is worth stressing that E€).  could be inferred from the shape of the main relaxation
is specially suitable for representing our pressure dependethich is almost invariant under temperature and pressure
data, as shown in Fig. 4 by the solid line obtained by a fittingchanges. Boemeret al.[33] found a correlation between the
procedure giving the parameter®=(19.7-0.1)10>  shape and the fragility parameter. If that holds for Epon828,
MPa ! K andc=(—2.43+0.04)10 * MPa 2 K. The value  one should expect that fragility is approximately constant
of the reduced chi-square for this fit is 0.6Bable ). and Eq.(7) is suitable to represent our data.

As a further support of the reliability of E¢7), we com- Really, since the relaxation times of Epon828 are compat-
pare its predictions with the observed pressure change dble with a constant fragility they do not allow us to exclude
some quantities which play an important role in defining thethe description provided by E@5) with the parametrization
behavior of glass-forming liquids, such as the glass transitioB,(P)=DTy(P), whereD is constant and,(P) is a qua-
temperaturél ; and the fragility parameter. Taking=Tg in  dratically pressure-dependent paramdtie fit gives a re-
correspondence of=10 s, Tg is predicted by Eq(7) to  duced chi-square of 0.99Some distinction from Eq(7)
increase with pressure according to a parabolic function witlwould become possible at higher pressures only. Anyway,
downward concavity, and4(P)—Ty(P)=const (the pre- we think that the possibility that pressure affects the fragility
dicted T4(P) for Epon828 is shown in inset of Fig).5A  may be in general physically more realistic. In fact, a relation
similar behavior is fairly well documented in the literature, between the deviation from Arrhenius behavior and the de-
where a nonlinear rise dfy (or the closely related tempera- gree of cooperativity in the molecular motion is generally
ture Ty) with pressure has been reported for several glasshought, and it is connected with the topological features of
forming liquids. In particular, a marked deviation©f from  the potential energy hypersurface characteristic of systems of
linearity was experimentally recognized in some polymericdifferent bonding characte31], and with the fluctuation
systems[13,28, in glycerol and dibutyl-phtalat¢8] and, AN, of the coordination number of the molecules in the fluid
more recently, in polypropylene-glycol of two different mo- [34]. In this view, strong liquids, which are structurally char-

log (11,0 [s”']
T

Incidentally, the best-fitting function according to E@®)
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acterized by highly directional bonds and a well-defined netthe size of the cooperatively rearranging region, the relax-
work coordination, have a relatively small density of minimaation time is related to the configurational entropy of the
on the energy surface and a sm&MN,, while fragile liquids, = melt through the expression

with nondirectional or weakly directional bonds, are charac-

terized by a high density of accessible minima and a greater 7=ToeXpCITS), ®

AN Under_ compression the atoms are dr!ven c!c_)ser Oy here S. is the configurational entropy, which reflects the
geth(_ar! _and it is plausible to e_xpect a change in fraglllty. The,umber of potential energy minima in the hypersurface
possibility of such a change is supported by the previouslyyich are accessible to the system, ahdontains a poten-
mentioned experimental evidence obtained in different glass;g) energy Ay, hindering the cooperative rearrangements.
forming systemg8,9,24. The configurational entropy can be developed in terms of the
Pressure dependencies Bf and T, different from that  transition temperature and of the difference in specific heat
here proposed have been considered in the literaBgeon-  AC,, between the melt and the glass at the transition. Like-
stant andTy(P) linearly dependent on pressure were em-wise the dependence on temperat{ité], it is reasonable
ployed to get an equation suitable for fitting conductivity that in first approximation the dependence on pressuteuof
data of molten salts under pressure over a very limited conandAC, can be neglected. This is qualitatively confirmed by
ductivity rangd 27]. Starting from a free-volume approach, a the pressure invariance of the shape paramdtes Fig.
linear dependence on pressure of bBIP) andTy(P) was  2(c)], whose values can be related to the extent of intermo-
tested to describe the relaxation times obtained by photocotecular and intramolecular interactiof5]. From these con-
relation, specific heat, and dielectric spectroscopy of supesiderations it can be inferred that a pressure dependence of
cooled orthoterphenyl, proved to be unsucceséRdf.[6],  the temperature _of vani;hing configurational entropy, i.e.,
and references therginin a later study of epoxy resfi0], o, May be dominant with respect to that of the other pa-
such a linear behavior of boBy(P) andT,(P) was verified ~ameters, i.e.Bo. ,
in first approximation. A more careful analysis reveals that S & final remark, we note that along the thermodynamic

also those data can be better described by means of a q gatment of the liquid-glass trans_ition, the changé’@ﬁvith
dratic pressure dependence Bf(P) and a constanB, as pressure has been shoj8] to satisfy th? Ehrenfgst relation
expressed by Eq7). On the other hand, it must be noticed valid for a second-order thermodynamic transition
that _Iinear parametrizations &py(P) and'l_'o(P) just give a dTo/dP=ToVroAa/ACp, 9
VF-like pressure dependence ofor any fixed temperature,
together with a linear behavior dfy with pressure, which whereVy, is the molar volume af,, andAa andACp are
are not suitable for fitting the data in the present and manyhe differences in the thermal expansion coefficient and the
other case$8,10,13,24,28,20 heat capacity across the transition. According to &gthe
The pressure dependenceRyf is quite possible, but the parametetb=19.65< 102 MPa 'K should give the right-
present results indicate that this dependence is at worst rathkand side of Eq(9) at P=0, and it can be used to predict the
weak, and it can be considered as a higher correction thamermodynamic quantitAC, at atmospheric pressuf86],
that given by the second-order termTig. The need to re- which can experimentally be easily accessed by calorimetry.
gard the influence of pressure dnp as overwhelming the The value we expect iAC,~39.8 cal mol iK1 or 0.11
effect onB, can be supported by those theories that drive tacal g K~ that is a quite reasonable value.
focus onT, as a basic parameter in the interpretation of the
liquid-glass transitio11,12. If the critical temperaturd V. CONCLUSIONS
in the empirical VF equation is identifig@1], or in any case
closely related, with the transition temperature where, ac- In this paper the dielectric response of the epoxy resin
cording to the equilibrium theory of Gibbs-DiMarzid.2], Epon828 under isobaric and isothermal conditions has been
the configurational entropy vanishes, then it is reasonable téompared over more than seven decades of relaxation times.
think a significant influence of pressure on this latter tem-The isobaricep and isothermat T loss spectra with the main
perature does exist. A proof is given by the statistical modeloss peak at the same frequency position differ by the scaling
for amorphous polymers by Gibbs-DiMarzio, extended to in-factor S=ep ./eT nax= (0 €D)p/(e0—e)1=(e1—€-)p/(e1
corporate the effects of pressurg3], that also provides a —e&,)r. This scaling behavior means that the main and sec-
basis to consider nonlinear increases with pressure of thendary processes contribute to the overall relaxation with a
transition temperature. In fact, the extended theory, thoughelative weight which is the same under isothermal and iso-
not providing an explicit expression of it, also predicts thatbaric conditions. Moreover, also the shape parameters, which
the transition temperature where the configurational entropgescribe the influence of intramolecular and intermolecular
is proved to vanish should deviate from linearity under presinteractions[35], are the same, thus suggesting that relax-
sure, initially increasing and eventually approaching a finiteation processes with the same relaxation times are controlled
asymptote at very high pressures. A similar behavior is welby the same microscopic interactions, in spite of the different
parametrized for not too high pressures by a simple quadratihermodynamic conditions. These findings could indicate
correction ofT, with downward concavity, as that included that pressure and temperature behave as equivalent thermo-
in Eq. (7). dynamic variables for the studied sample in the investigated
Furthermore, in the molecular-kinetic treatment of Adam-range, and no appreciable difference in the molecular relax-
Gibbs[11], where the transition probabilities of cooperative ation mechanism is involved on approaching the glass tran-
rearrangements in the glass-forming liquid are determined bgition via isobaric or isothermal paths.
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Concerning the structural relaxation time behavior, we Our proposal, though arising from a phenomenological
have found that a free-volume equation in the form of @). approach, could be a useful spur for further theoretical stud-
is not a satisfactory representation of the data. This observaes in this field. Moreover, singling out a more appropriate
tion agrees with recent results on viscosity data of orthoterfunction for describing temperature and pressure-dependent
phenyl[9], but disagrees with previous claims that such freerelaxation times should be helpful to extract more reliable
volume description is valid in very wide pressure ranffls  quantities when extrapolations of the experimental data are
up to the glass transitiofv]. We note that according to EQ. needed. It is known that the calculation of physical param-
(2) itis the macroscopic volum¥ that governs the pressure- eters connected with the relaxation time behavior is strongly
induced variation of free-volum¥—V.., while there is N0 5ytered by the use of different fitting functiof,9,29.
provision for a change o¥... The inadequacy of Eq2) The limited number of available experimental data still
might be due to this crude representation of free-volume. i, 4erq an accurate check of B@). For this purpose more
o 0! estgallon s bee) prred by POV femperatur ad presure aependentcata are sraie, e

L i . : cially those extending at higher pressures, where the bending

of relaxation times and eventually linearizes its trend. Clear

. . o : f To(P) predicted by the Gibbs-DiMarzio theory should be
h f f VF-lik ot Yo
evidence has been given of deviations from a <e pres ore visible. A check of the predicted valdeC, could be

sure dependence, that has been frequently invoked on tB > N )
basis of empirical observations or free-volume approache&n additional test of the suitability of a nonlinegg(P) de-

Guided by the results of the derivative analysis, a differenP€ndence, besides of the consistency with the underlying
function has been here proposed, accounting for both thhysical model.

pressure and temperature dependence of the structural relax- On the whole, the analysis here proposed has developed a
ation time[Eq. (7)]. It retains the well-established VF law for Procedure able to distinguish between different functions less
the temperature-dependent behavior, which is proved to bambiguously than it was done in the past. It is clear that a
verified in the dynamic range investigated, and incorporategeeper experimental investigation, involving a similar analy-
the effects of pressure into the VF paramefg(P). Equa-  sis on more glass-forming systems is still required, in order
tion (7) reveals remarkable features in view of its predictionsto have a more comprehensive view of pressure effects on
for the evolution under pressure of the glass transition temelielectric spectra, as well as their comparison with tempera-
perature and the fragility parameter. In particular, it accountsure effects.

for an increasing or almost constant fragility, as recently rec-

ognized in several systems, and for nonlinear raise with pres-

sure of the glass transition, as theoretically expected for suf- ACKNOWLEDGMENTS

ficiently high pressures and confirmed by experimental

findings. Equatior(7) is also qualitatively supported by the-  The authors wish to thank Professor M. Lucchesi and Dr.
oretical models that, ascribing the sluggish relaxation behavs. Capaccioli for helpful discussions and valuable comments.
ior governing the glass transition to a dearth of configura-This research was partially supported by the Scientific Re-
tions, i.e., to a vanishing configurational entrdfy, make it  search Committee of Poland under Grant No. 2 PO3B 043
plausible to expect that pressure mainly influences the tenit5. One of us(M.P.) also acknowledges financial support
perature wher&, vanishes, i.e.T, rather than other physi- from the Foundation for Polish Science. The financial sup-

cal parameters, connected wil. port of the INFM is also acknowledged.

[1] H. Forsman, Mol. Phys53, 65 (1988. [12] J. H. Gibbs and E. A. DiMarzio, J. Chem. Phy&8, 373

[2] H. Forsman, J. Phys. D2, 1528(1989. (1958.

[3] M. Paluch, J. Zioto, S. J. Rzoska, and P. Habdas, Phys. Rev. EL3] E. A. DiMarzio, J. H. Gibbs, P. D. Fleming, and I. C. Sanchez,
54, 4008(1996. Mater. Charact9, 763(1976.

[4] M. Paluch, J. Zioto, S. J. Rzoska, and P. Habdas, J. Phys[14] R. Casalini, D. Fioretto, A. Livi, M. Lucchesi, and P. A. Rolla,
Condens. Matte®, 5485(1997). Phys. Rev. B56, 3016(1997).

[5] M. H. Cohen and G. S. Grest, Phys. Rev2& 1077(1979. [15] D. Fioretto, A. Livi, P. A. Rolla, G. Socino, and L. Verdini, J.
[6] H. Leyser, A. Schulte, W. Doster, and W. Petry, Phys. Rev. E Phys.: Condens. Mattd, 5295(1994.

51, 5899(1995. [16] P. Urbanowicz, S. J. Rzoska, M. Paluch, B. Sawicki, A. Szulc,
[7] C. A. Herbst, R. L. Cook, and H. E. King, Jr., Natuteondon and J. Zioto, Chem. Phy201, 575(1995.

361, 518(1993. [17] D. Turnbull, M. H. Cohen, J. Chem. Phy34, 120(1961); D.
[8] R. L. Cook, H. E. King, Jr., C. A. Herbst, and D. R. Hersch- Turnbull and M. H. Cohen52, 3038(1970.

bach, J. Chem. Phy&00, 5178(1994. [18] H. Schlosser and J. Ferrante, J. Phys.: Condens. Mate&27
[9] K. U. Schug, H. E. King, Jr., and R. Baer, J. Chem. Phys. (1989.

109 1472(1998. [19] D. Fioretto, L. Comez, G. Socino, L. Verdini, S. Corezzi, and

[10] M. Paluch, J. Zioto, and S. J. Rzoska, Phys. Reh6E5764 P. A. Rolla, Phys. Rev. B9, 1899(1999.
(1997). [20] In fact, the longitudinal acoustic velocit(w) is related to the

[11] G. Adam and J. H. Gibbs, J. Chem. Ph¥8, 139(1965. real part of the adiabatic longitudinal acoustic modulibw)



4452 COREZZI, ROLLA, PALUCH, ZIOtO, AND FIORETTO PRE 60

asM’(w)=pc(w)?, wherep is the density. In the static limit [26] G. Fytas, Th. Dorfmller, and C. H. Wang, J. Phys. CheBY,

the relationshigvl ' (0)= yKj, is valid, beingK, the isothermal 5041(1983.
bulk modulus andy the ratio of the isobaric to isochoric spe- [27] C. A. Angell, L. J. Pollard, and W. Strauss, J. Chem. Pbgs.
cific heats, so that the relatigre3= yK is obtained, between 2694(1969.
Ko and the relaxed longitudinal acoustic velocity. Replac-  [28] H. A. Schneider, B. Rudolf, K. Karlou, and H.-J. Cantow,
ing y via the Mayer relationy=(1—\?KoTV/C,) ! with X Polym. Bull. 32, 645(1994).
the thermal expansion coefficient a@g the isobaric specific  [29] M. Paluch, S. Hensel-Bieleka, and J. Zioto, J. Phys. Chem.
heat, Eq.(3) follows. Using the values aT =293 K: ¢, (to be published
=1.65x10° ms! (from Ref. [19]), p=1.169 g/cm, \ [30] M. Naoki, H. Endou, and K. Matsumoto, J. Phys. Ché,
=4.87<10 * K tandC,=1.88 Jg K™, Eq. (3) givesK, 4169(1987).
=2.9 GPa for Epon828. [31] C. A. Angell, J. Non-Cryst. Solid431-133 13(1991).
[21] M. Paluch, S. J. Rzoska, P. Habdas, and J. Zioto, J. Phys[32] N. Karger, T. Vardag, and H.-D. ldemann, J. Phys. Chem.
Condens. Mattell0, 4131(1998. 93, 3437(1990.
[22] F. Stickel, E. W. Fischer, and R. Richert, J. Chem. Phg, [33] R. Bohmer, K. L. Ngai, C. A. Angell, and D. J. Plazek, J.
6251(1995. Chem. Phys99, 4201(1993.
[23] S. Capaccioli, S. Corezzi, G. Gallone, P. A. Rolla, L. Comez,[34] T. A. Vilgis, Phys. Rev. B47, 2882(1993.
and D. Fioretto, J. Non-Cryst. Solid®385-237, 576 (1998. [35] A. Schanhals and E. Schlosser, Colloid Polym. S267(2),
[24] S. P. Andersson and O. Andersson, Mater. Cha@i;t2999 125(1989.
(1998. [36] We used the relatioh C,=TVroA a/b, with the valuesT,
[25] F. Stickel, E. W. Fischer, and R. Richert, J. Chem. Phygl =235.7 K; V10=3.16x10"* m¥mol; Aa=4.4x10* K™%,
2043 (1996; C. Hansen, F. Stickel, R. Richert, and E. W. b=19.7x10"2 MPaK™, which gives AC,=166.8

Fischer,ibid. 108 6408(1998. J/mol K=39.8 cal/mol K=0.11 cal/g K.



