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Cohen-Grest model for the dynamics of supercooled liquids
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Recent experiments have established that, at least for van der Waals glass formers, volume fluctuations
contribute significantly to the slowing down of the dynamics rigar Accordingly, we use the Cohen-Grest
(CG) free-volume model to analyze dielectric relaxation data for six van der Waals liquids. The CG equation
accurately describes the structural relaxation times over broader ranges of temperature than the more common
Vogel-Fulcher relation. Moreover, the CG equation requires two less adjustable parameters when the data span
the Stickel temperatur€z associated with a change in the dynamics. The characteristic tempeFgtoféhe
CG model can be identified witfig, suggesting that the crossover reflects onset of percolation of the free
volume. The CG parameters used to fit the structural relaxation times allow the free volume per liquidlike
molecule to be calculated. These results, however, are at odds with free-volume estimates extracted from
pressure-volume-temperature data.
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INTRODUCTION In these expressions, 7., ¢, andc, are constants, while
Ty and Ty are, respectively, the Vogel temperature and an
Amorphous liquids near their glass transition displayarbitrary reference temperature. Although the VF is an em-
complex relaxation and transport properties, making their inpirical equation, it can be obtained either from the theory of
vestigation especially interesting. Experiments measuring thadam-Gibbs, a thermal activation modgll], or derived
dependence of the dynamics on both pressure and tempeffgem a free-volume moddll5]. On the other hand, the WLF
ture enable assessment of the relative contributions of theequation reflects a free-volume appro@t8]. Notwithstand-
mal energy and volumédensity to the behavior. Although ing their different origins, the two equations are mathemati-
for associated liquids, such as hydrogen-bonded polyalcoholsally equivalent, viz.b=c,/c, and T, =Tg—c, [14].
[1,2], and perhaps for polymef8], temperature may be the  Although these equations are routinely used to fit experi-
variable governing the structural relaxation times, for vanmental data, their accuracy is known to be limited to a range
der Waals molecular glass formers, thermal energy andf temperatures. Stickedt al. [17] have shown that two VF
density have a comparable effect an[4—8]. In fact, equations are required to describfom just aboveT 4 up to
for 1,1'-bis(p-methoxyphenyl)cyclohexandBMPC) and  very high temperatures, where Arrhenius behaviby=0)
1,1'-di(4-methoxy5-methylphenyl) cyclohexan®MMPC), s obtained for temperatures beyond those considered herein.
density exerts atrongerinfluence than does thermal energy At some intermediate temperaturB;~1.2T,, a change in
[9]. Recent positron annihilation lifetime spectroscopythe VF parameters is required, evidently reflecting some
(PALS) measurements on BMMPC were interpreted in termshange in the dynamics. This aspect of the behavior of su-
of free volume and its influence on the local dynanfit8].  percooled liquids has evoked much interest. It has been
These developments in our understanding of the propertieshown from high pressure measurements that for a given
of glass-forming liquids suggest that free-volume modelsjiquid, the change transpires at a fixed valuerpindepen-
however long discreditefl,3,11-13, perhaps deserve reex- dent of T and P [18,19. It has also been shown that other
amination. alterations in properties transpire at the temperature associ-
Various theoretical approaches to the dynamics of supemted with the change from one to another VF fitting function
cooled liquids provide an equation to describe the temperg-17,19,20—2% nevertheless, the molecular mechanisms un-
ture dependence of Far and away the most common are thederlying this “dynamic transition” are unknown. The general
Vogel-Fulcher(VF) equation[14] consensus is that beloWg, the dynamics become “fully
cooperative,” although the non-Arrhenius characterr(r)
(1) aboveTy indicates that the intermolecular cooperativity re-

In7(T)=In 7.+

T-Ty mains extant.
. ] To describe fully the relaxation times of glass formers
and the Williams-Landel-FerrfWLF) equation[14] throughout the supercooled regime requires additional pa-

rameters beyond the three found in Ed). or (2). In particu-
cy(T—Tg) .
= X (2) lar, as many as six parameters would be necessary for the use
Co+tT—Tg of two VF equationgwithout taking into account Arrhenius
behavior at very high temperatujen this paper, we exam-
ine the Cohen-GresiCG) model [25,26], which treats the
*Electronic address: roland@nrl.navy.mil supercooled dynamics considering diffusion to be governed

N7 (T)=In7(Tg)—
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by free volume. The system is divided in liquidlike and sol- 2
idlike cells, only the former having free volume. The model
expresses the temperature dependence of the relaxation time ¢ |
as

B 21
l0g;0 7(T)=A+ T Tyt [(T—To)2+ CT]?2 3 -
2,
in which A, B, C, and T, are material constant3, is iden- ;e
tified as the temperature at which continuity of the liquidlike = 5] oo
molecules is attained. This percolation threshold is reached
when each liquidlike molecule is proximate to at least two 1 o000
other liquidlike molecules. Since EQ3) has one parameter -84 oo
more than the VF or WLF equations, superior data fitting is 1
expected, and has in fact been demonstrf®&d27,28. Of o2 20 W W e _ . '
course, over a sufficiently broad temperature range, the dy- 240 260 280 300 320
namics of supercooled liquids requires two VF equations for T (K
a good description, so that the number of parameters in the
CG approach is fewer. FIG. 1. Dielectric a-relaxation times for 1/t

Since an ability to fit experimental relaxation times is notbis(p-methoxyphenykyclohexangO), along with the fit of Eq(3)
unique to the CG model, an assessment must rely on intepsing the parameters in Table I. The derivative funcfigg. (4)] is
pretation of the physical significance of the obtained paramshown in the upper inset, with the value ©f indicated by the
eters. Specifically, we examine whether the threshold for penvertical dotted line. The lower inset displays the difference between
colation of liquidlike domains can be associated with anythe experimental and calculated
experimental observablf, has been interpreted as being . . i ,
equal to the glass temperatUit5,28 or to the Vogel tem- dominates the relaxatlo_n, a value of zero tha_t density _doml-
peraturg21], but as shown herein, these suggestions are ndtaes, and equal contributions #¢T) would yield a ratio
borne out by analysis of data on various van der Waals glasgd0se to unity. The highest value in Table I is for PDE, for
formers. Instead, we show that the characteristic temperatuiéhich |a,|/ap=1.25, while for all others the ratio is less
of the CG model can be identified with the temperature athan 1. S
which supercooled liquids exhibit a change in their dynam- A Sécond measure of the relative significance of tempera-
ics. ture and volume is the ratio of the activation energy at con-

A more important consideration is whether free volumeStant volumeE,,, to that at constant pressurép [3,7]. A
can serve as a tenable basis for a theory of the glass trangifedominance of the effect of temperature gifggEp~1,
tion. This issue has a long history, with recent opinion siding®f volume a value close to zero, afg/Ep=0.5 if the two
with the notion that temperature is overwhelmingly the
dominant control variablgl,3,12,13. However, experiments 101
have established that volume fluctuations contribute substan ]
tially to the dynamics neally, at least for van der Waals 0
glass formerg4—9]. Thus, we investigate application of the
CG model, not only how well it can describe experimental
results, but the significance of the obtained parameters.

ORER
e 4
RESULTS AND DISCUSSION gf"
Temperature dependence of dielectric relaxation times -60.07

In Figs. 1-6 are the structural relaxation times versus 8 | 0.00
temperature, as reportg@9] for the supercooled liquids
BMPC, BMMPC, phenylphthalein-dimethylethe(PDE), o0z
cresolphthalein-dimethylether(KDE), phenyl salicylate ) 250 300 350 400
(salo) and orthoterphenylOTP). We choose these six glass 250 275 300 325 350 375 400 425
formers because each has been shown to héVg which
are governed to a significant extent by volume. T K)

This is seen in Table I, which lists two quantities reflect- g1 2. Dielectric  a-relaxation  times for 1/t
ing the relative contribution of density and thermal energy togi(4-methoxy-5-methylphenydyclohexane(O), along with the fit
the structural relaxation. The first is the ratio of the isobaricef £q. (3) using the parameters in Table I. The derivative function
expansion coefficiengp=—p~* (dp/dT)p, to the isochro-  [Eq.(4)] is shown in the upper inset, with the valueTf indicated
nal coefficient of expansivitya,=—p~* (dp/dT), [1]. A by the vertical dotted line. The lower inset displays the difference
large |a,|/ap reveals that temperaturéhermal energy  between the experimental and calculated
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FIG. 3. Dielectrica-relaxation times for phenyl salicylat®), FIG. 5. Dielectric a-relaxation times for phenylphthalein-

along with the fit of Eq.(3) using the parameters in Table I. The dimethylether(O), along with the fit of Eq(3) using the parameters
derivative functionEq. (4)] is shown in the upper inset, with the in Table I. The derivative functiohEq. (4)] is shown in the upper
value of Ty indicated by the vertical dotted line. The lower inset inset, with the value oT, indicated by the vertical dotted line. The
displays the difference between the experimental and calcutated lower inset displays the difference between the experimental and
calculated values.
factors governr(T) equally. Among the liquids in Figs. 1-5,
PDE again has the largest contribution from thermal energypbtained for these data, which cover as much as 12 decades
E\ /Ep=0.52. For the other four liquids, the ratio is less thanof relaxation time. Shown in the inset to the figures is the
0.5, indicating that the structural relaxation times are condifference between the measured and calculat&knerally,
trolled somewhat more by volume than by thermal energy. these deviations are small and randomly scattered. For OTP,
Such glass formers are the most appropriate candidatege have included viscositie29] in order to extend the
for application of a free-volume model. Accordingly, we fit range of the data. The obtained fitting parameters for all
Eq. (3) from the CG model to the experimentg(IT) in Figs.  liquids are listed in Table I. Note that dielectric relaxation
1-6. As shown by the solid lines, a satisfactory description igimes for salol have previously been fit to E(), with

log,, © (s)

log t (s)
A
1

0.06.
0.03
0.00

10.03

240 300 360 420 480
T . .
300 350 400 450 500 T (K)

T (K)

-10 300 '350 4(')0 450‘ 500

FIG. 6. Dielectrica-relaxation times fofO) and viscosities[],
FIG. 4. Dielectric a-relaxation times for cresolphthalein- Shifted vertically by 8.77 decades to superpose ontledinate
dimethylether(©), along with the fit of Eq(3) using the parameters Scalé for o-terphenyl, along with the fit of Eq3) using the param-
in Table I. The derivative functiofEqg. (4)] is shown in the upper €ters in Table I. The derivative functidiEg. (4)] is shown in the
inset, with the value oT, indicated by the vertical dotted line. The UPper inset, with the value of, indicated by the vertical dotted

lower inset displays the difference between the experimental antine. The lower inset displays the difference between the experimen-
calculatedr. tal and calculated-
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TABLE |. Glass-forming liquids whose(T) are governed by s90F ~ T ¢t v 1
both temperature and volume. | ,,’
- ,/
T, B C T. Ts 360 - 7 .
K A K K K (K |allap Ey/Ep ! e
BMPC 243 —11.43 197 6.64 288 270 058 0.39 [ 7
BMMPC 263 —10.97 285 10.82 314 320 072 0.4 o 3301 . 7
salol 220 —10.96 190 5.15 249 265 0.43 = ’,;' 1
KDE 313 —10.87 397 115 357 385 0.9 e e A
PDE 249 —10.26 319 6.85 320 325 1.25 0.57 | I
OTP 244 —12.44 296 7.35 276 280 0.59 i . ’,g ]
e 270 | P ]
8Referencd 17]. Referencd5]. | e
bReferencd9]. Referencd4]. _,,' . |
c g A . L . N Il . . 1 N A 1 N N L
d';zzi:ﬁg?]' Reference 7] 270 300 330 360 390
T, (K)

equivalent result30]. FIG. 7. The characteristic temperature of the CG model ob-

tained from fitting Eq.(3) to the experimental relaxation times of
the liquids in Tables | and I(H), plotted vs the temperature at
As discussed above, when the VF relat[@. (1)] is fit which 7(T) departs from the lower temperature VF function. The
to experimentah-, a different set of f|tt|ng parameters is re- latter values Wer.e taker.] from the ||teratl[ﬂg,18,29 Also shown
quired above and below a characteristic temperatlige, &€ theT, from fits to viscosity data _for salol gnd OTP) [25].
(>Ty) [17]. This temperature is a function of pressure, such!'he dashed Ilne_ represer_ﬂf§= Tg, which describes the data well,
that (Tg) is constant for a given liquifil8,19. It is obvi-  €XCept for the highest point for KDE.
ously of great interest to understand the fundamental mech
nism giving rise to this apparent change in dynamics.
Deviation from the VF equation can be assessed fro
plots of the derivative functiohl7]

Characteristic temperatures Ty and Tg

?ﬁeory by introducing an additional term, proportional to
rTi,)ressure, into their expression for the local free eng2dy.
t has been shown that this overpredicts the effect of pressure
on the relaxation timeg32]. Notwithstanding, herein we ex-
-1/2 amine the proposed relation for the dependence of the per-

- d Ioglo T .
— ] (4)  colation temperature on pressygs,

¢<T)=( i

, , - To(P)=To+KP, )

wherein the VF behavior appears as a straight line. Although
there is no discontinuity in(T) atTg, the derivative func- whereK is a constant. Since the data in Fig. 7 suggest a
tion identifies the presence of the two distinct dynamicalcorrespondence betwe@g andTg, Eq.(5) in effect offers a
ranges. We have includet(T) in an inset to Figs. 1-6, with  prediction for the variation of the latter with pressure.
the obtainedl, denoted by a vertical dotted line. Its corre-  High pressure measurements have been carried out on
spondence td g is evident. PDE and two polychlorinated biphenyls, PCB42 and PCB62,

In Fig. 7, the characteristic temperaturg is plotted ver-  having chlorine contents of 42% and 62%, respectively
susTg, the latter obtained from the literatui#7,19,29. We  [18,19. Although the relative contributions from tempera-
have also included th&, obtained by CE25] from fitting  ture and density to the structural relaxation times of the PCB
viscosities for both salol and OTR25] There is a good cor- have not been determined, we expect from their chemical
respondence between the two parameters. Excepting the dstructure that molecular interactions will be primarily of the
tum for KDE, we find thafTy=~Tg. van der Waals type. Thus, the expectation is that volume

The identification ofTy with Tg implies that the change in plays a significant role, justifying application of the CG
dynamics, accompanied by changes in various propertiesiodel. The 7(T) reported for atmospheric pressure for
[17,19,20,23,2}4 is a reflection of the high-density percola- PCB42 and PCB62 are displayed in Fig. 8. As can be seen,
tion of free-volume containing sites; that is, @, each the data are well described by E®), with the results sum-
liquidlike molecule(i.e., molecules associated with free vol- marized in Table Il.
ume is adjacent to at least two other liquidlike molecules.  High pressure measurements on the PDE and PCB extend
Identification of Tz with the percolation of free-volume clus- to sufficiently high frequencies to allow a determination of
ters is reminiscent of positron PALS experiments showinghe crossover temperature, associated with the change in dy-
that theTg is associated with a change in the temperaturenamics. This crossover temperature is a couple of degrees
dependence of the free-volume hole di3&)]. aboveTg, when the latter is defined as the temperature at

This concept ofT in terms of free volume naturally im- which the data deviate from a low temperature VF fit. In Fig.
plies a pressure dependence, as has been obgei8gd). 9, the crossover temperatures determined for the three liquids
Cohen and Grest incorporate the effect of pressure in themre displayed as a function of pressure. The variation devi-
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FIG. 8. Dielectrica-relaxation times for polychlorinated biphe-  FIG. 9. The temperature associated with the change in dynamics

nyl having 42% chlorine conte©) and 62% chlorind[), along  (crossover temperaturéor PDE (M), PCB62(A), and PCB42V)
with the fit of Eq.(3) using the parameters in Table Il. The arrows vs pressure. The data were taken from R&g]. The lines through
denote the values df. the data represent second-degree polynomial fits.

ates from the linear relationship predicted by E5). Note  enabling its calculation using the fitting parameters of B).
that for both PDE[33] and the polychorinated biphenyls to 7(T) data[34]. The total free volume of a liquid can be
[19], the variation ofTy with pressure is also nonlinear over obtained from experimental pressure-volume-temperature
this range ofP. (PVT) data, using an equation of state derived from a lattice

Fitting the data in Fig. 9 to a second-order polynomial, themodel. The Simha-Somcynsk$9 lattice mode[35], origi-
linear term(i.e., the pressure dependencelgfat low pres-  nally developed for polymers, places each molecule in a cell.
surg is set equal to th& in Eq. (5). Using the parameters Lattice imperfections give rise to empty cells, constituting
from Eq. (3), the molecular volumey,,, can then be calcu- the free volume. For atmospheric pressure, the SS equation
lated ag 25] of state is[36]

2B
Clne’

®) = 2 ®)

(YV)Z[1—-2"Yoy(yV) =14 Lzowill
(yV)?

=K

We obtainv,,=563 A3 for PDE, which corresponds to a mo-
lecular radius equal to 5.1 A. For PCB42 and PCB62,
=122 and 254 A respectively, with molecular radii equal to wherey is the fraction of lattice cells containing molecules,
3.1and 3.9 A and thus vy is the fractional free volume. The reduced
variables are defined as ratios of the experimental quantities

Free volume to constants characteristic of the particular flNt=\V/V*

andT=T/T*, whereV is the molar volume.
Published PVT data for BMPC and BMMP®] were fit
to Eqg. (8). The total free volume per moleculey, is then
v In(e) obtained as the product of (ly)V. Results are shown in
v=—pg (T-To+[(T-Ty)2+CT]¥3, (7)  Fig. 10 for BMPC and in Fig. 11 for BMMPC. These are the
two glass formers in Table | for which density is most domi-
_ _ nant relative to the effect of temperature. Included in these
TABLE II. Results for polychlorinated biphenyls. figures are theys calculated from Eq(7) using the param-
M T B ¢ T T . eters thained from fi_tting the(T) data(Table |). For the
(g/mwol) (Kg) A K (K (Ke) (KB) ) occupied cell volume in Ed7), we use the molar volume at
the temperature for which the free volume goes to zgro (
PCB42 258 221 —-10.44 193 6.22 258 256 3.1 =1); that is, whenyy=0, V=uv,,. According to a free-
PCB62 396 269 -9.91 137 507 322 371 3.9 Vvolume derivation of Eq(l), this occurs afy, [15]. For both
BMPC and BMMPC,u,=0 at roughly 100° belowr. This
%Referencd19]. result of the SS model, that the free volume becomes negli-

The mean free volume per liquidlike molecule in the CG
model is given by[25]
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FIG. 10. The free volume per mole of liquidlike molecules
(dashed lingcalculated from the fits of Ed3) to the experimental FIG. 12. The free volume per mole of liquidlike molecules

7(T), and the free volume per mole of all molecuks®lid line)  (dashed lingcalculated from the fits of Eq3) to the experimental
calculated from fits of Eq(8) to PVT data for BMPC. The lower (T) for OTP, along with the free volume estimated as the differ-

panel shows the fraction of molecules which are liquidlike., ence in the molar volume and the crystal voluwpper solid
have free volumk as calculated from the ratio ef,/v¢. The data  curve) and the difference in the molar volume and the extrapolated
are forT>T,, with Ty indicated by the vertical dotted line. glassy volumelower solid curve. The data are fof > T, with Tg

indicated by the vertical dotted line.

gible above absolute zero, differs from the CG model, ) ) _ _ .

wherein an absence of free volume is only attained at 0 Kk_result is unphysical, and at odds with a basic premise of the
It can be seen in Figs. 10 and 11, that at high temperag:G model. _

tures,v; varies in proportion ta — T, and, as pointed out by It can also be seen that>1 at lower temperatures, which

Cohen and Greg25], there is no distinctive aspect of the ©f course is not possible. However, the magnitude gbut

free-volume data af=T,. More significant, however, is the NOt the sign of its temperature dependendepends on the

fact that the change in; with temperature is greater than the Valué assumed fary,, which is a constant in the CG theory.

change invy. This means that the ratip=1v,/v;, equal to " @ precursor to the CG model, Tumnbull and Cotj&i]

the fraction of liquidlike moleculef25], decreases with in- allowed the occupied cell volume to vary with temperature;

creasing temperature, as shown in Figs. 10 and 11. Sucht§at is, they introduced some “softness” into the molecular
core. A v, which decreases with increasing temperature is

plausible, and moreover, would enable adjustment of the
p(T) resultin Figs. 10 and 11 to yield consistency with PVT
measurements. We eschew this approach herein in order to
maintain fidelity with the CG model.

To examine whether the anomalous results of Figs. 10 and
11 are a consequence of using the SS lattice model to calcu-
late the total free volume, we can estimatgas the differ-
st ence between the molar volume of the liquid and the volume
] of the glass extrapolated aboVg [14]. Since the PVT data
for BMPC and BMMPC do not extend down to the glassy
state, we do this for OTP, using published PVT res{88].

The results are shown in Fig. 12, along with thecalculated
from Eq. (7) using the parameters in Table I. Clearly, the
dependence oty on T is much steeper than that af);
a0 30 w0 a0 a0 hence, the unphys_lcal result tlpaﬁecreases with increasing
T (K) temperature remains. Alterna_tlvgly, we can ca_lculageas
the difference between the liquid and crystalline states of
FIG. 11. The free volume per mole of liquidlike molecules OTP. This yields a larger value for the total free volume, but

(dashed lingcalculated from the fits of Eq3) to the experimental does not change the sign dp/dT (Fig. 12.
7(T), and the free volume per mole of all moleculeslid line)

[+]
o
i

free volume [mi/mol]
E-
<

o

0.3

calculated from fits of Eq(8) to PVT data for BMMPC. The lower SUMMARY

panel shows the fraction of liquidlike molecules, calculated as

vm/vp. The data are fof >Tg, with Tg indicated by the vertical The CG equation can describe structural relaxation times
dotted line. over broader ranges of temperature than the more common
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Vogel-Fulcher relation, and requires fewer adjustable paramMCT offers no prediction forr over the range encompassing
eters if7(T) spanningTg are analyzed. From the fact thB§  the crossover temperature.

of the CG model corresponds to the crossover temperature The predicted effect of pressure @p (~Tg) is in accord
associated with myriad property changfEk7—-24, it is  with the limited available experimental results, even though
tempting to identify the change in dynamics as reflecting theprevious work has shown that the CG prediction for the
threshold for dense percolation of the free volume. Accordvariation of = with pressure is incorre¢B82]. Notwithstand-

ing to the CG model, free-volume fluctuations bel®ywen-  ing the utility of the CG model in parametrizing relaxation
tail an energy expenditure, which inhibits molecular rear-data and identifying the crossover temperature, the deduced
rangements. However, molecular diffusion and reorientatiorparameters yield unphysical results. Specifically, the basic
are not frozen To>T,), although energy barriers begin to idea underlying the model, that the concentration of liquid-
exert a role belovl,. Conceptually, this result accords with like molecules increases with temperature, giving rise to en-
the data in Table | showing that thermal energy does contribhanced fluidity of the supercooled liquid, is contradicted by
ute to the structural relaxation times of the van der Waalghe free volume calculated using the model parameters ob-
liquids studied herein; that it |/ ap andEy /Ep are greater tained from fitting7(T) data.

than zero. Since temperature cannot be neglected, modifica-

tion of the CG model to .|nclude explicitly temperature- ACKNOWLEDGMENTS

dependent parametdi?9,4Q is necessary for a more general

description of the supercooled dynamics. Mode coupling This work was supported by the Office of Naval Re-
theory(MCT) [21] identifies the glass transition as occurring search. M.P. also thanks the Committee for Scientific Re-
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