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Thermodynamical scaling of the glass transition dynamics
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Classification of glass-forming liquids based on the dramatic change in their properties upon approach to the
glassy state is appealing, since this is the most conspicuous and often-studied aspect of the glass transition.
Herein, we show that a generalized scaling (g T-V-7, wherey is a material constant, yields superposi-
tioning for ten glass formers, encompassing van der Waals molecules, associated liquids, and polymers. The
exponenty reflects the degree to which volume governs the temperature and pressure dependence of the
relaxation times.
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Studies of the glass transition have been ongoing foms a function off"'v~4. Since we recently measured dielec-
many years, due to both the fundamental and the practicafic relaxation times over a wide range of frequencies, tem-
significance of the phenomenon. Theoretical efforts remaimperatures, and pressures for glass formers for which we also
at the model building stage, with no consensus reached comletermined the equation of state parameté(s, P), it is of
cerning the detailed causes of the slowing down and ultimatterest to attempt to extend the scaling of T§ll€] to these
arrest of molecular motiond—7]. It is generally agreed that other materials. Our analysis reveals strong deviations from
the spectacular loss of molecular mobility upon approach tdhe proposed *v-#scaling. For example, in Fig. 1 dielectric
the glassy state reflect®) increased molecular packing and relaxation times measured for 1,1tdimethoxy-5-
consequent jamming, as well &$) a decrease in thermal methylphenyjcyclohexane(BMMPC) [11] and D-sorbitol
energy which causes trapping of molecules in the potentiall6] are displayed versus tfie*Vv. Clearly, the data do not

wells of the energy landscape. The relative importance ofuperpose when plotted in this fashion.
these two factors, volume and thermal energy, is a conten- 1000/(TV*
t!ous |ssue{8—1_1ﬂ. It cannot be resolved _frqm thg usual prac- 4.0 : s_éT ) 55 6.0
tice of employing only temperature variations in experimen- . 1 . 1 . 1 .

tal studies, since the volume and thermal energy both depend
on temperature. The problem is circumvented by using pres-
sure, P, as an experimental variabld4,15, whereby the
specific volume,V, can be altered while maintaining tem-
perature T, constant. From recent experiments of this type, it
has become clear that for most glass formers, nefher V

is the dominant variable controlling the temperature-
dependence of the relaxation times. For van der Waals lig-
uids, T andV play an almost equivalent role, while for poly-
mers T assumes a somewhat greater importance, although
volume effects are not negligibl¢8,10-13. Only for
strongly hydrogen-bonded liquids do&sappear to become
dominant[9,16]. These results indicate that neitflenorV is

log, (<[s])

the appropriate thermodynamic variable for describing the =

dynamics of glass formers, but rather some function of these & | A

two quantities is required to uniquely represent relaxation o i 5 @ o O

times, viscosities, etc. L | go @ o ot} lfica
Tolle et al. [17] deduced from inelastic neutron scattering 64 = o 363_&

under high pressure that the behavioroeterphenyl(OTP) ] a 286.4K

Prtsive poiontal. Thve hypothesis yiece o descrnton o IR N

P P ' VP y P 1000/(TV*)

OTP in terms of a single quantitf~V-4. Subsequently,
Dreyfuset al. [12] showed that light-scattering data for OTP
can be effectively rescaled onto a master curve when plotted

FIG. 1. Dielectric relaxation time for BMMPCsee Ref[11])
d D-sorbitol(see Ref[16]) plotted vs the quantitfy V4. The

data were measured at atmospheric pressure and various tempera-
tures and at constant temperature and various presdigtes in
*Electronic address: casalini@ccs.nrl.navy.mil figure). Specific volumes were obtained from pressure-volume-

"Electronic address: roland@nrl.navy.mil temperaturgPVT) measurements.
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FIG. 2. Dielectric relaxation time measured vs the parameter ) ) ) ) 1y )
T~V for (8) BMMPC (see Ref[11]), (b) PDE (see Ref[10]), (c) FIG. 4. D_|elec_tr|c relaxation time v& *V~? normalized by the
D-sorbitol (see Ref[16]), and(d) 1,2-PB(see Ref[19]). The data  value for which7=10's.
were measured varying at atmospheric pressuf@.1 MP3 and In Fig. 2 the dielectric relaxation times are shown for four
varying P at constant temperatures listed in the figurne Specific materials [(@ BMMPC [11], (b) phenolphthalein-
volumes were obtained from PVT measurements. dimethylether(PDE) [10], (c) D-sorbitol [16], and (d) 1,2-
polybutadieng(1,2-PB [19]] measured at varyind at at-
mospheric pressur€0.1 MP3 and varyingP at constant
?emperature(as listed in the figure These are representa-
- IR i J. . tives of various classes of prototypical glass formers: strong
scaling in Fig. 1 can be considered as one specific applicgjan ger Waals liquids, moderately fragile van der Waals lig-

: : : Ay
tion of a more general relationship, lag TV™?, with yas  i4s  H-bonded liquids, and polymers. The data are plotted
a material constant, that can be applied to all glass formers;ersys T-2v-7, where y, which equals 4 in the model of

The use ofT"v* follows directly from an assumed*?
repulsive potential; however, this is just a special case of th
more general~3” interaction energy18]. Accordingly, the

11 Tolle, is adjusted to yield superpositioning of the curves. It
o A - T dominated can be seen that for a given, material-specific valug @s
1.0 B - Sorbitol reported in the figure a master curve is obtained, encom-

1 G- LEPE passing nine decades of frequency and very different condi-
0.9 Z ) ll:lzgg tions of T andV. This scaling is able to accurately depict the
0_8_' F -OTP dynamics for both van der Waals and associated liquids, as

] G - PDE well as polymers.

o 07- H - PMPS The parametery provides a measure of the relative im-
% 1 5 ) ]S;;;]',C portance ofV as opposed td. For strictly activated dynam-
w064 X - BMMPC ics, in which thermal energy dominates the behavjer,

0_5_‘ while for the hard sphere limity— 0 [18,20. Therefore, we

! expecty to correlate with the ratio of the activation enthalpy
0.4 at constant volumé,{=R[dlog(7)/d(T Y]y} to that at con-

f stant pressurd&p{=R[dlog(7)/d(T)]p}, Ey/Ep. This ratio
8.3+ e assumes the value of 1 or 0, for temperature or volume domi-

6 1 2 3 4 5 6 7 8 9 10 nated dynamics, respective]§]. In Fig. 3 this ratioE,/Ep
for ten glass formers is plotted versus the paramgtéeter-

Y mined herein. We include the ideal caseTeflominated dy-
namics. The strong inverse correlation of the scaling param-
eter y with Ey/Ep is evident.

The results in Fig. 3 can be rationalized by considering a
simpleV and T dependence of, corresponding to an acti-
vated process having a volume-dependent activation energy

FIG. 3. Ratio of the activation enthalpy at constant voluie
and at constant pressuig plotted vs the parametey. The solid
line is the best fit to the data of ER). B, D-sorbitol (see Ref.
[16]); C, 1,2-polybutadienésee Ref.[19]); D, poly(vinyl methyl
ethey (see Ref. [19]); E, polyphenyl glycidy etherco-

formaldehyde(see Ref[10Q]); F, ortho-terpheny(see Ref[8,12)); C

G, phenolphthalein-dimethylethgsee Ref.[10]); H, polymeth- T(Trv):TOeXl<Wy>= (1)
ylphenylsiloxandsee Ref[22]); |, phenyl salicylatésee Ref[21]);

J, 1,1-bigp-methoxyphenykyclohexaneg(see Ref[11]); K, 1,1'- where 7, and C are constants. This relation gives a linear
di(4-methoxy-5-methylphenydyclohexangsee Ref[11]). dependence of Idg) on T"V7, although such is not actu-
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ally observed in Fig. 2. Notwithstanding, from Ed) it is
straightforward to show that
Ey 1

S B @
plT, Yigp

where ap is the expansion coefficient at constant pressurépite theT”

(ap<<0). Taking the produclyap to be constant as a first
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In Fig. 4 for BMMPC[11], in whichV is known to be more
dominant thanT (E,/Ep=0.41), the nonlinearity seen in a
conventional Arrhenius plot is almost removed. On the other
hand, for D-sorbito[16], in which T is the dominant control
variable (E/Ep=0.86), strong curvature is maintained de-
/7 scaling. BMPC[11] and salol[21] have the
samem, so that their fragility plots are very similar; how-

approximation, we can obtain a satisfactory description ofVe": in Fig. 3 they exhibit quite different curvatures, reflect-

the observed behavior. The best fit to the data in Figold
line) gives Tyap=0.19+0.01. Interestingly, for the ten glass
formers considered in Fig. 3, we finiap=0.16+0.03.

The scaling parametey is larger for glass formers in

ing different relative contributions oV and T (E,/Ep
=0.38 and 0.43, respectivaly

In conclusion, we have shown that the dynamics of glass-
forming liquids and polymers can be described over many

which V is the more dominant control variable, such thatdecades of frequency and a wide range of temperatures and

scaling the relaxation times according To'V~” effectively

specific volumes, through the use of the scaling parameter

“removes” the volume contribution to the super-ArrheniusT-V-?. The exponenty is dependent on the material and

behavior observed nedr,. Deviation from an Arrhenius

found to account for the volume contribution to the dynam-

temperature dependence is usually quantified by the steefs. A consequent modification of the usual fragility plot re-

ness indexm=d Iog(q-)/d(Tg/T)|T:Tg [5]. The activation en-
thalpy Ep differs only by a constant from the fragility. In Fig.

veals directly the relative contributions to the super-
Arrhenius character from temperature and specific volume,

4 we have constructed a plot, analogous to a conventiongotentially “redefining” our concept of fragility.

fragility (or cooperativity plot [5], but using as the abscissa
T-v~7 normalized by its value for=10 s.(This is a conve-
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