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Effect of pressure on the dynamics of glass formers
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A description of the pressure dependence of the structural relaxation time has been derived from the
Adam-Gibbs theory by writing the configurational entropy in terms of the excess heat capacity and the molar
thermal expansion. This new equation was tested successfully on dielectric relaxation data for an epoxy
compound over a wide range of temperature and pressure.
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One of the major challenges in condensed matter physigsression forS,(T) in Eq. (1) a Vogel-Fulcher-Tammann
is to understand the ability of some materials to avoid crys{VFT) dependence of the relaxation time is found
tallization during cooling below their melting temperature,
even when only moderate cooling rates are applied. In the _ DT,
supercooled state the relaxation timeand the viscosityy 7= TofX T-T,)°
increase dramatically with decreasing temperature and the
glassy state is conventionally defined as the state in whicMhere the fragility parameter [8=C,cA u/k and the Vogel
the material cannot reach equilibrium within a time period oftemperature i ,=Ty=k/S, (with Ty the Kauzmann tem-
100 s. The glassy state can be induced either by decreasifigratur¢[3]. The agreement between the temperature depen-
the temperature or increasing the pressure of the Systerﬂ_ence of the structural relaxation time and experimental data
However, for many materials the pressure required to apof S¢(T) for several glass formers was recently shown by
proach the glass transition is very high, therefore the glasRichert and Angel[3]. Some limitations to the AG theory
transition has been mostly studied by measuring the temperavere recently pointed out, in particular, how this theory may
ture dependence of viscosity and relaxation time. Neverthefail to take into consideration some kinetic aspects of the
less, a full study of the temperature and pressure dependengi@ss transition5,6]. Nevertheless, this theory seems to give
of the relaxation time and viscosity can give a very interestan interesting insight for the understanding of the role of
ing insight for the understanding of the glass transition andressure in controlling the glass transition and, in particular,
allows a more stringent test of theoretical modélk if its effect can be explained in the conceptual frame of ther-

The Adam-GibbgAG) model[2] provides an expression Modynamics.
for the relaxation time that contains the configurational en- Recently, a new equation to describe both pressure and

)

tropy, S; temperature dependence of the relaxation tinf&, P), was
derived starting from the original result of the AG theory
CacgAu [Eq.(1)][7]. The pressure dependence of the configurational
T= roex;{ TS, ) (1) entropy was estimated by including a term related to the

molar thermal expansion together with the contribution re-

whereA w is the free energy barri€per molecule per coop- lated to excess heat capadi§

erative rearranging regiorio rearrangementg, is the abso- TACH(T') P gV

lute temperaturer, is the relaxation time at very high tem- SC(T,p):f P—dT’—f A(—) dpP’, (3
peratures,Cag is a constant, an&®.(T) is defined as the T T o \dT/y,

excess entropyS,(T)=S"e"'— s¢vstal and measures all the elt
entropy of the melt apart from the vibrational contribution. Where ACp(T)=k/T —and A(dV/dT)p=(dV/dT)p

At atmospheric pressure the dependencéobn the tem-  — (9V/dT)g”*'is the difference of the molar thermal expan-
perature, as calculated from the excess heat capA@y, sivity of the melt and the crystal, respectively. Therefore, the
of the melt respect to the crystal, is well described a<effect of the pressure is taken into account in the integral of
S.(T)=S,.—k/T, wherek is a constant an8,, is the limit of the molar excess thermal expansivity and, by compressing

S, at very high temperaturg8,4]. By substituting this ex- the material, an isothermal reduction of the configurational
entropy is expected. However, evidently the excess expan-

sivity integral is expected to have a finite limit fBr—co [9]
*Corresponding author: Email address: and the conditiorS.(T,P)=0 has to be satisfied at arly
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In general, the substitution of E(B) in Eq. (1), yields a temperature dependence of the thermal expansivity of the
VFT-like expression forr(T,P) in which the Vogel tem- melt was estimated by using the Tait equatifit6,17]
perature is substituted by the temperat@ifg T,P) defined  V(T,P)=V(T,0)[1-CIn(1+P/B(T))] where C is a di-
as mensionless constant am{T) is a temperature dependent
factor with the same dimension as pressure that can be ex-
pressed byB(T)=b, exp(—b,T) [18]. Both the value and

T
T5(T,P)= 1P Oav , (4)  the pressure dependence of the crystal thermal expansivity
1— _J A(—) dp’ are usually smaller than that of the melt; as no complete set

S.Jo \dT/, of data were available, at first approximation\V(JT) &Y

was considered independent of pressure and fixed to the

while the fragility parameteD results independent of pres- value at atmospheric pressure. This approximation was
sure, with the condition thak x does not change. As a con- found to be correct for the calculation of E@) up to very
sequence, if the temperature dependence of the excess dx¥gh pressurdfor P/B(T)<2] [19]. Consequently in the
pansivity integral is negligibleTy is dependent only on present paper, beinB~300 MPa(considering the typical
pressure, and(T,P) data at a fixed pressure should be de-values for liquidsb;~10*> MPa and b,~4x10"3 K~*
scribed by VFT equations with the same fragility parametef16]), this approximation is expected to have only a minor
D. This behavior agrees with the results of several high preshfluence in the pressure range investigated.
sure experiments on different glass formgt6—15. As a result, by calculating the integral of the excess ther-

The evaluation of the integral in E¢¢) requires values of mal expansivity the following expression fai; (T,P) was
the volume of both melt and crystal state. The pressure anfbund[7]:

To

TH(T.P)= T )
1+ g —(,8+y—l)P+[(y—l)B(T)+yP]ln(1+W)H
[
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FIG. 1. Structural relaxation time data, lg@l/7[s]): (a) obtained from dielectric relaxation at ambient presqsid circleg and at
P=95.5 MPa (open circle} vs. reciprocal of temperaturép) obtained from dielectric relaxation &t=303.4 K (open circley T
=293 K (solid diamonds T=283 K (open triangles andT=274.5 K(solid circleg vs pressure. When not reported the error bars are
smaller than the symbol size. The solid lines are the best fits obtained by Tussupstituted byT; [Eq. (5)], the parameters are reported
in Table I.
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47500 culated from the typical thermal expansivity data found in
1 3001 the literature for polymers and liquids.
3 i zgg' In this paper we investigated the temperature and pressure
> 20 behavior of polyphenyl glycidyl etherco-formaldehyde
— ] 260] (PPGE)M,,=348). The model was tested on six different
E{ 20 30 4 s0 e sets of data forr(T,P) (estimated asr=1/27v,,,,) Mmea-
B sured by varying temperature at two fixed pressufég.
50' 1(a)] and by varying pressure at four different temperatures

[Fig. 4b)]. Moreover, the variation of the volumeV(T,P)

] (Fig. 2) was measured over a wide range of temperature and

2 % pressure to determine the thermal expansivity properties for
] % PPGE. Experimental details can be found 7,21]. This al-

-3 —— T lowed to independently estimate some of the parameters in

10 20 30 40 50 60 70

TICl

Eqg. (5) and to make our test more stringent.

From the analysis of the derivative ofwith respect to the

FIG. 2. Variation of the volume with temperature at different temperaturgreported elsewherf22]) it was found that at
pressure. The data are referred to a quantity of 1.021 g of PPGEtmospheric pressure shows a change of dynamics at a
The pressure was, from top to bottom, from 0.1 MPa to 200 MPa bytemperaturdl g~ 305 K, below which the VFT equation ap-
step of 10 MPa. The solid lines are linear fit to the data. In the inseb“eS [23]. Therefore in the following, for the analysis of the
is shown the \{alue oB(T) e;timated at the different temperatures yaasyrement at atmospheric pressure, only the data in the
and the best fit to the equati@®d(T)=b, exp(—b,T) (solid line). range 260—301 K were considered.

The structural relaxation time as a function of the recip-
rocal of temperature is shown in Fig(al for two isobaric

= IN(V/JT) poymand the molar volume of the melt and the Measurementsi=0.1 MPa and 95.5 MPaBy the best fit
crystal, VMt and VeYSt  respectively, being & of the data a_t at_mosphen_c pressuF_é{O) obtained by using
=CVMe(T,0)b,, B=[A(IV/IT)par]l S, andy= albs,. Eq. (2) [solid line in Fig. 1a)], it was found A=DT,

It has to be noted that the paramet@sy, andd in Eq. = 1634526 K, T,=217.4-0.4 K, and log(1fy[s])
(5) can be considered almost independent of temperature; 15.08£0.1.
and the variation oB(T), although appreciable, has only ~ The structural relaxation time as a function of the pressure
weak repercussions oh , provided that the investigated is shown in Fig. ib) for four isothermal measurements (
temperature rangdT<1/b, and P<B(T) [19]. In these =303.4 K,T=293.5 K, T=283 K, andT=274.5 K).
conditions, the temperature variation ©f is smaller than From the analysis of theAV(T,P) data we
the experimental sensitivity and, therefofig, can be con- determined: a(P=0.1 MPa)=(5.8+0.1)10“ K™%, b,
sidered dependent on the pressure only, though deviatiors1040+1 MPa,  b,=(4.15+0.03)10° K™!,  and
from the VFT behavior for isobaric measurements should b&=(9.1+0.2)10 2. By using these values we estimated
expected at very high pressure. the parameter y=(1.4+0.03)10% and B(T)=1040

In the analysis of the experimental data in terms of thisX exp(— Tx4.15<10 %) MPa. Moreover, in the analysis of
modified AG model, the values of the parametB(§), 8,  the isothermal data the paramet€&gsandA were fixed at the
v, and § can be directly derived from the thermal expansiv-values estimated by the best fit at atmospheric pressure,
ity properties of the investigated material. In a first test thiswhile the parameter log(14) was adjusted within the esti-
model was found to well describe the dielectric relaxationmated errordetermined by the best fit at atmospheric pres-
measurements for two different materif’s20] and the val-  sure so that the values foP=0 coincided with the data at
ues for the fit parameters were reasonably close to what caR=0 of the isothermal measurement.

where the parametegs, y, and§ are related to the thermal
expansion coefficient at atmospheric pressure,

TABLE I. Best fit parameters obtained by using E®). with T, substituted byTs [Eqg. (5)] to fit the structural relaxation time of PPGE
for two isobaric measurement and four isothermal measurements. The second column Aepbifts. As discussed in the text the
parameter$;=1040 MPa,b,=4.15<10"* K™, and y=0.14 were independently determined from the thermal expansivity data.

T andP range A [K] To[K] —logyo( 7o[ S]) B 81S. [MPa!] B[MPa]
260+-301 K at 0.1 MPa 1634 26 217.4-0.4 15.1+0.1
0.1+270 MPa at 303.4 K 1634 217.4 15.04 1:2@.02 (5.2-0.1)x 104 295.7
1+200 MPa at 293 K 1634 217.4 15.08 140.03 (5.3:0.2)x 104 308.2
4.2+-128 MPa at 283 K 1634 217.4 15.03 148.08 (5.3:0.4)x 1074 321.3
2.3+76 MPa at 274.5 K 1634 217.4 14.9 0.2 (6.2:1)X 1074 334.9
279+-312 K at 95.5 MPa 16278 217.4 14.90.1 1.2 5.x10 4 306
279312 K at 95.5 MPa 16288 217.4 14.90.1 1.2 5.2 10 b,exp(—b,T)
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In conclusion, to fit the isothermal data €fT,P), only 8 eters estimated from this best fgee Table), only a small
and §/S,, were free parameters. The best fit parameters fodifference, within the error, on the paramefeican be ob-
the different temperatures are reported in Table |, while theserved(a plot of this second best fit is not reported, because
best fit are shown in Fig.(b) (solid lineg. The values ofg ~ not distinguishable from the previous onéience, as ex-
and§/S.,, estimated from the best fits of the four set of data,Pected, the temperature dependence of the paraB€tgrin
coincide within the error. Moreover, the estimated values aréh€ investigated range does not induce any appreciable de-
in agreement with what was expected from the physicaV'at'on from a VFT behavior for isobaric measurements.

properties of PPGE. In fact, substituting the best fit param- " conclusion, from our test of the modified AG model on
eters and usingy™'(T,0=2.9x10% m® mol"* at T  SX different sets of data we found that the model gives a

—208 K we calculatedS.=211+4 JK ! mol! and good description of both pressure and temperature behavior
A(AVIT) = (1.310.04)X 16—7 m® K1 mol~?, respec- o_f 7(T,P) over a wide investigated range by means of a
tively. The value ofS, results very close to that found for single equatiortand therefore of an unique set of fitting pa-
other glass former§3], while the value forA(aV/aT) is rameters. Moreover, here we have shown how some of the
very reasonable considering that(™e'y4T) = aV™e'(T 0) parameter§y andB(T)] can be calculated by a direct mea-
—(1.68+0.03)x10 7 m® K ! mol ! atT=298 K ' sure of the pressure and temperature dependence of the mo-

Fi.naIIy, ihe best fit of the isobaric measuremﬁmxli.d line lar vo!umeV(T,P). The other parameters;_ estimated by the
in Fig. 1(a)] was obtained by fixing the parametéFs, 3, best fit of ther(T,P) reasonably agree with the values ex-

. : ected from the physical properties of the material. Ergo, the
gggt(s]{i?“agijs'?hgetzzlfmzzgevgrutgio\;agj:; E? (s_lt_l)nlaée(l)?g th{)resent extension of the Adam-Gibbs theory seems suitable
— M1

(—b,T) from the thermal expansivity data. The parameter Jo describe both the temperature and pressure behavior of the
2 .

estimated from the best fiTable ) of the isobaric measure- structural relaxation time.

ment at 95.5 MPa resulted in agreement with those at atmo-The work undertaken in Pisa was partially supported by
spheric pressure. To estimate how the temperature depeiNFM (TREB-Sez.C-PAISS199%nd MURST. M.P. would
dence ofB(T) affects our results, the previous analysis waslike to acknowledge the financial support of KBbhe com-
repeated in the same conditions by simply considering amittee for scientific researghGrant No. 5 PO3B 022 20.
average value foB(T), instead of including its temperature The authors would like to thank S.Presto for her help in the
dependence in the fitting function. By comparing the paramdata analysis.
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