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Investigation of the correlation between structural relaxation time
and configurational entropy under high pressure in a chlorinated biphenyl
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Dielectric relaxation measurements on a chlorinated biphenyl~PCB62! were carried out over a
broad frequency range, with variation of both temperature and pressure. In combination with
calorimetric determinations of the configurational entropy, these data could be described using the
Adam–Gibbs model. Specifically, the experimental results were interpreted using a recently
introduced equation for both the temperature and pressure dependencies of the structural relaxation
time. Thet(T,P) data for PCB62 yielded values of the fitting parameters consistent with known
physical properties of the material. A change of the dynamics was evident in isobaric measurements
at atmospheric pressure, corresponding to a value of the relaxation timetB;531025 s. A related
change of dynamics was observed in isothermal experiments at varying pressures. It is noteworthy
that the latter transpired at a very similart;tB . Moreover, the shape of the relaxation function
depended only on the value oft. We believe this is the first reported evidence of such a change of
dynamics in experiments using pressure as a variable. These results suggest that this change is
governed by the time scale of the relaxation, independently of any particular combination ofT and
P. © 2002 American Institute of Physics.@DOI: 10.1063/1.1499484#
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INTRODUCTION

The making of glass was practiced in Mesopotamia fr
about 3000 BC, and glasses have been widely utilized e
since. In particular, with syntheses of numerous new mat
als in the last century, glasses have become ubiquitou
everyday life. Nevertheless, the nature of the transition fr
a liquid to the glassy state is not yet fully understood.

While the thermodynamics of a liquid’s transformatio
into a crystalline or gaseous state can be successfully
plained, the role of thermodynamics in the glass transitio
controversial. The best known interpretation of the gla
transition in terms of thermodynamic variables is the Ada
Gibbs~AG! theory,1 based on the concept of ‘‘cooperative
rearranging regions’’~CRR! of molecules or polymer seg
ments. According to the AG model, molecules are ‘‘force
to act cooperatively, whereby the characteristic time of
ensemble is related to the characteristic time for molecule
rearrange within a CRR. The latter quantity depends on
number of configurations available, and therefore to the c
figurational entropy,Sc . In the AG theory, the progressiv
slowing down of molecular motions which precipitates t
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glass transition is attributed to a decrease ofSc . This, in turn,
is related to the number of configurations,V, according to
Sc5kB ln V, wherekB is the Boltzmann constant.

Of course, the role of configurational entropy in the gla
transition is not limited to the AG model, but underlies th
interpretation of this phenomenon by various theories.
example is the energy landscape description,2,3 according to
which approach towards the glass transition causes the
tem to be progressively trapped within deeper ene
minima. The dynamics is governed by the number of su
minima and their energy spread. In principle, knowledge
this potential energy hypersurface allows determination
Sc .4,5 Simulations using this formalism suggest some val
ity for a relationship between dynamics andSc @Eq. ~1!#,
consistent with the AG model, but without invokin
cooperativity.4 On the other hand, experimental results f
polymers6–10 are at odds with the energy landscape appro
per se.

An experimental procedure to determineSc is to con-
sider the configurational entropy as equal to the excess
tropy of the melt with respect to the crystal,Sex. As pointed
out by Goldstein,11 this Sex may include contributions from
vibrational and anharmonic forces, thus potentially overe
matingSc by as much as 40%. Nevertheless, tests of the
theory usingSex have been successful for temperatures
1 © 2002 American Institute of Physics
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too far for Tg ,12–15 presumably due to a proportionalit
between Sc and Sex,16 as supported by compute
simulation.17,18

From an experimental point of view, it is useful to veri
whether the change of entropy, as predicted in the AG mo
can be related to the structural dynamics, when tempera
and even pressure, are varied. Recently an equation des
ing the temperature and pressure behavior of the struc
relaxation time, t(T,P), was derived19 from the AG
equation,1

t5t0 exp~C/TSc!, ~1!

whereC is a constant proportional to the free energy barr
~per molecule in the cooperative rearranging region!, t0 is a
constant having the dimensions of time andSc is defined as
the excess entropy. The derivation considers both temp
ture and pressure dependences of the configurational ent

Sc~T,P!5DSfus1E
TK

T DCP~T8!

T8
dT82E

0

P

DS ]V

]TD
P8

dP8,

~2!

where DSfus is the entropy of fusion, the first integral i
related to the excess molar heat capacity,DCp5Cp

melt

2Cp
crystal, of the melt relative to the crystal, and the seco

integral can be expressed in terms of the excess molar
mal expansion,

DS ]V

]TD
P

5S ]DV

]T D
P

5S ]~Vmelt2Vcrystal!

]T D
P

.

At atmospheric pressure (P;0), the second integral is zero
and since the temperature dependence of the excess he
pacity can be described over a limited range aboveTg by
DCP(T)5k/T, thenSc(T)5S`2k/T, wherek is a constant
and S` is the limit of Sc at very high temperatures.15 By
substituting this equation into Eq.~1!, a Vogel–Fulcher
~VF!20,21 expression for the temperature dependence of
relaxation time is obtainedt(T)5t0 exp(DT0 /(T2T0)),
of
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where T0 is the Vogel temperature (T05k/S`) and D (D
5C/k) is the fragility parameter. It is well known that suc
an equation describest(T) for a wide range of materials.

At pressures above atmospheric, the second integra
Eq. ~2!, describing the isothermal reduction ofSc , is non-
negligible. By substituting Eq.~2! into Eq. ~1!, a VF-type
equation fort(T,P) is obtained again, with the Vogel tem
perature now defined as

T0* ~T,P!5
T0

12
1

S`
E

0

P

DS ]V

]TD
P8

dP8

. ~3!

According to this approach, the fragility parameterD is in-
dependent of pressure~assuming the free energy barrier
rearrangements remains constant!. As a consequence, if th
temperature dependence of the excess expansivity integr
negligible,T0* depends only on pressure, andt(T,P) data at
a fixed pressure should be described by a VF equation ha
the same fragility parameterD.

A common parameter used to describe the fragility o
glassformer is the steepness indexm5(d log(t)/
d(Tg /T))T5Tg

. If the VF equation applies, it follows22 that if D

andt0 are constant, then them is constant. Consequently, i
the proposed ‘‘extension’’ of the AG model, if the temper
ture dependence of the functionT0* is negligible, then the
fragility must be independent of pressure.

To arrive at a more accessible form forT0* , the integral
in Eq. ~3! was calculated using the Tait equation23–25 to de-
scribe the temperature and pressure dependence of the
ume, V(T,P)5V(T,0)@12C ln(11P/B(T))#, where C is a
constant~average valueC58.9231022! and B(T) has the
dimensions of pressure.25,26 The temperature dependence
B(T) is well described byB(T)5b1 exp(2b2T), with aver-
age valuesb15300 MPa andb25431023 K21.25,26

This leads to the following expression forT0* (T,P):19
T0* ~T,P!5
T0

11S d

S`
D H 2~b1g21!P1@~g21!B~T!1gP# lnS 11

P

B~T! D J
, ~4!
de-

e
re

-
ied
where d5CVmelt(T,0)b2 , b5d21D(]V/]T)P50, and g
5a/b2 , with a being the thermal expansion coefficient
the melt.

EXPERIMENT

A polychlorinated biphenyl having 62% by weight chlo
rine ~obtained from J. Schrag and manufactured by Mo
santo! is referred herein as PCB62. PCB’s are a mixture
biphenyls, containing from one to nine chlorines per m
ecule. The presence of the various homologs suppre
crystallization. The primary species in PCB62 is heptach
robiphenyl.
-
f
-
es
-

Dielectric measurements were carried out over 13
cades of frequency (1024– 109 Hz), using an IMASS time
domain dielectric analyzer (1024– 104 Hz), a HP4284A
LCR meter (23101– 106 Hz) and an HP491A impedanc
analyzer (106– 109 Hz). Measurements at elevated pressu
were limited to a narrower frequency range (1024– 106 Hz).

The sample cell for frequencies below 106 Hz was a
parallel plate capacitor, placed in an oven~nitrogen atmo-
sphere! in which the temperature was controlled within60.1
K. For the high pressure measurements, the capacitor~geo-
metric capacitance;35 pF! was isolated from the pressuriz
ing fluid by means of a Teflon ring. Pressure was appl
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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using a hydraulic pump, and measured with a Sensotec
sometric transducer (resolution5150 kPa). Measurement
above 106 Hz were carried out using an HP16453A test fi
ture.

Differential scanning calorimetry employed a Perk
Elmer DSC7.

RESULTS AND DISCUSSION

The dielectric loss («9) spectra of PCB62 at atmospher
pressure~Fig. 1!, show the presence of the structural~or a!
relaxation, which progressively slows down and becom
broader with decreasing temperature. While a well-resol
secondary peak is never observed, at temperatures clo
and below the glass transition temperature (Tg), an extra
contribution can be seen on the high frequency side of tha
relaxation. A detailed analysis of this excess intensity
been reported elsewhere.27 In the present paper, we restri
our attention to the temperature and pressure depende
of the structural dynamics. Given the broad range of acc
sible frequencies, it is possible to follow the dynamics ov
an interval of about 116°, which corresponds to a chang
the structural relaxation time of more than 12 decades.
electric loss spectra measured as a function of pressu
constant temperature~Fig. 2! reveal the high sensitivity o
the structural relaxation dynamics of PCB62 to pressu
Moreover, similar to isobaric data obtained by varying te
perature, the spectra become broader with increasing ma
tude of the relaxation time.

By comparing spectra measured for different conditio
of temperature and pressure, but having the same relaxa
time, it can be seen that the shape of thea relaxation spec-
trum is a unique function oft. We illustrate this in Fig. 3,
showing three pairs of spectra having the samet, measured,
respectively, at atmospheric pressure forT5284.1, 301.6,
and 316.5 K, and atT5334.5 K for P5161.6, 92.6, and
46 MPa. Although such superposition of isobaric and isoth
mal data has been observed previously for ot
glassformers,28–30 it is particularly striking herein, given the
strong dependence of the peak breadth ont.

FIG. 1. Dielectric loss spectra of PCB62 measured at various tempera
and atmospheric pressure. The temperatures are~from left to right!: 267,
272.1, 284.1, 294.1, 304.1, 316.5, 329.1, and 336.6 K.
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This progressive broadening of thea relaxation is shown
in the inset to Fig. 3, in which the full width at half max
mum~FWHM! of the loss peak is plotted as a function of th
relaxation timet(51/2p f ), for both isobaric and isotherma
experiments. It is evident that the spectra measured for
ferent conditions of temperature and pressure exhibit
same behavior. This peak breadth~at fixedt! is well-known
to correlate with m,31–36 although there are excep
tions.30,37–41If the correlation obtains herein, then the frag
ity should not change over the investigated range of pr
sures, as has been seen for several glassformers.22,29,41–43On

res

FIG. 2. Dielectric loss spectra of PCB62 measured at various pressur
T5325.1 K. The pressures are~from right to left!: 20.9, 50.3, 86.8, 149.0,
and 192.0 MPa.

FIG. 3. Comparison of dielectric loss of PCB62 measured for differ
combinations of temperature and pressure having the same relaxation
The spectra were normalized by the maximum in their respective«9. Three
spectra were measured at atmospheric pressure~solid symbols! and ~from
left to right! T5284.1 K, T5301.6 K, andT5316.5 K, respectively, while
the other three were measured atT5334.5 K~open symbols! and~from left
to right! P5161.6 MPa,P592.6 MPa, andP546 MPa, respectively. In
the inset are the full widths at half maximum~relative to Debye relaxation!
plotted vs the relaxation time. These data refer to the FWHM of spe
measured at various temperatures at atmospheric pressure~0.1 MPa! ~L!,
and spectra measured at various pressures atT5296.1 K ~h!, T5325.1 K
~s!, T5334.5 K ~n!, andT5344 K ~,!, respectively.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the other hand, for glycerol, it was recently shown that
increase of pressure gives rise to both an increase in frag
and broadening of thea relaxation.44

The temperature dependence of the structural relaxa
time measured at atmospheric pressure is shown in Fig.
common method for analyzing such data is to use the Sti
function f5(d log(t)/d(1000/T))21/2.45 f transforms a VF
behavior into a straight line, and an Arrhenius behavior i
a constant. More importantly,f facilitates determination o
any deviations from a single VF relation. In the inset to F
4, f for the PCB62 data is displayed, making evident a
viation from the low temperature VF behavior at a tempe
ture TB;315 K (TB /Tg;1.14); this corresponds to a valu
of t([tB);531025 s.

Figure 5 shows the isothermal pressure dependenc
the structural relaxation time for seven temperatures~T
5296.1, 303.4, 311.7, 317.4, 325.1, 334.5, and 344 K!. A
strong sensitivity oft to pressure is apparent. In fact, at t
lowest temperature,t changes by more than four orders
magnitude for a pressure change of only 80 MPa. Th
results demonstrate that a sensitivity of the structural re
ation time to pressure is not necessarily associated with l
fragility. For example, the fragility of glycerol@m553 ~Ref.
32!# is not far from that of PCB62 (m563); however, the
structural relaxation of the former is much more insensit
to pressure.44

An analysis of the pressure and temperature dep
dences oft(T,P) was carried out by substitutingT0 with the
function T0* (T,P) @Eq. ~4!# in the VF equation and simulta
neously fitting the data in Figs. 4 and 5. We restricted the
to t longer than the relaxation timetB , (;531025 s). The
parametersd58.5531022 MPa21 and g50.16 in Eq. ~4!
were calculated from the known physical properties
PCB62: density51.577 g cm23, molecular weight5376.6
g mol21, and a56.431024 K21. We used average liquid

FIG. 4. Structural relaxation time of PCB62 measured at atmospheric p
sure. The solid line is the best fit obtained by fitting the data to the
equation withT0 substituted by the functionT0* (T,P) @Eq. ~4!#. The inset
shows the Stickel functionf5(d log(t)/d(1000/T))21/2. The solid lines
serve to emphasize the change of dynamics atTB from the VF behavior
observed forTg,T,TB .
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values forb25431023 K21 andC58.9431022. Any tem-
perature dependence of the parameterB was neglected, with
its value taken to be 260 MPa.~Note that over this range o
pressures, the particular value ofB has minimal influence on
the calculation.46!

In Figs. 4 and 5, the best fit of the AG model is display
as solid lines. The obtained parameters were log(t0 /@s#)
5223.861.3, D54067, T0516067 K, b51.360.2, and
S`59565 J mol21 K21. This value ofS` is the same order
of magnitude as values obtained for other glassformer15

while the value ofb is consistent with its known physica
properties; to wit,b,d21Vmelt(T,0)a5a/Cb251.79. The
obtained value fort0 is clearly smaller than the time scale o
any molecular motion. However, the quantityC in Eq. ~1! is
proportional to an effective energy barrier represented by
Gibbs free energy, such that the actual noncooperative re
ation time at high temperature is longer thant0 . Indeed,
from Fig. 5 it is evident that for the isotherms at high
temperature, an extrapolation of the fit fort,tB deviates
from the experimental results. This is similar to the mann
in which the VF fails to describe the atmospheric press
data over the entire temperature range~Fig. 4!. Thus, the
change of dynamics observed atTB in a Stickel plot is also
manifested upon application of pressure. The deviation
curs in both cases at a characteristic value of the relaxa
time, t;tB;531025 s.

From the extension of the AG model, it is possible
predict the pressure dependence ofTg . In fact, if the tem-
perature dependence ofT0* (T,P) can be neglected~over the
investigated range of pressure and temperature!, we can ob-
tain a relation forTg @defined for our purposes as the tem
perature at which log(t) is an arbitrary constant,a#. Combin-
ing the VF expression and Eq.~4!, it follows that

Tg~P!5T0* ~P!~11a* !/a* , ~5!

s-
FIG. 5. Structural relaxation time of PCB62 vs pressure for seven temp
tures~indicated in K in the figure!. The solid line is the best fit of the data t
a VF equation withT0 substituted by the functionT0* (T,P) @Eq. ~4!#. Note
that the fit was carried out only fort.tB , although we show the calculate
curve for shortert to emphasize the deviation at lower pressure for t
higher temperatures.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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where a* 5(a2 log(t0))/(D log(e)). Thus, the pressure de
pendence ofT0* yields an expression for the pressure dep
dence ofTg .

In Fig. 6 we showTg(P) @taking a52 log(2p1021)#
obtained directly from the experimental data, along with
T0* @Eq. ~4!#, calculated from the parameters obtained
fitting the AG model to thet(T,P) data. The nonlinearity of
the pressure dependence ofTg is noted in the inset to Fig. 6
which shows the derivative ofTg(P) calculated from the AG
model.

In Fig. 7 is displayed the molar heat capacity of PCB
measured at atmospheric pressure during cooling at
K min21. To calculateSc at atmospheric pressure from E
~2! @P;0, second integral in Eq.~2! negligible#, it would be
necessary to measure the thermal heat capacity of the cry

FIG. 6. Pressure dependence of the glass transition temperatureTg(P),
taken here as the temperature for whichf max51021 Hz ~so that no extrapo-
lation was necessary!. The points are from the measured relaxation tim
while the solid line is calculated from the AG model@Eq. ~4!#, using param-
eters estimated from the fit of thet(T,P) data. The inset shows the deriva
tive of the latter.

FIG. 7. Heat capacity for PCB62 measured during cooling at 10 K min21.
The dashed line indicates a linear extrapolation ofCp

glass for T.Tg . The
inset shows the entropy of the melt over that of the glass,DSc ~s!, calcu-
lated as discussed in the text. The solid line is the fit forT.Tg of the
function DSc5S12k1 /T.
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which is not possible for amorphous PCB62. Therefore,
calculated the excess heat capacity of the melt with respe
the glass,DCp

glass5Cp
melt2Cp

glass, assuming linear behavio
for Cp

glass at temperatures aboveTg . By integrating
DCp

glass/T, we obtain the excess entropy of the melt wi
respect to the crystal,DSc . The latter quantity is expected t
exhibit temperature behavior very close to that ofSc for T
.Tg , as shown experimentally.47 Simulations likewise indi-
cated thatDSc is a good approximation toSc .5,18 Thus, we
takeDSc5S12k1 /T, with k1;k andS1,S` .

The inset of Fig. 7 showsDSc , along with the best
fit to the previous equation obtained forS1558
60.1 J mol21 K21 and k1515 270630 J mol21. Using
the value ofk1 estimated fromDSc and theT0 deduced
from the t(T,P) data, we calculateS`5k1 /T05115
63 J mol21 K21. This is in agreement with the value,S`

5110615 J mol21 K21, determined from our fit of the
t(T,P) data to the AG model.

This analysis also demonstrates that by calculatingS`

from calorimetry measurements, the number of adjusta
parameters in fitting thet(T,P) data can be reduced from
five to four.48 Note also that theSc so determined is indepen
dent of the actual value ofSex, thus avoiding problems re
lated to the determination of anharmonic contributions,
well as the unavailability of values forCp

crystal.
By addingS` –S1 to the calculatedDSc , we can esti-

mateSc(T,0); the results are shown in Fig. 8. It is evide
that for longert, the linear behavior predicted by the AG
model@Eq. ~1!# is observed; however, there is a deviation
shorter times. Nonlinearity arises at values oft about equal
to tB , associated with the change of dynamics seen in Fig
Thus, time scale is again seen to be the parameter gover
the crossover in dynamics.

CONCLUSIONS

Isothermal and isobaric dielectric relaxation measu
ments on a chlorinated biphenyl~PCB62! were carried out
over a broad range of frequency. Using calorimetric deter

,

FIG. 8. Structural relaxation times measured at atmospheric pressure
solid line illustrates the agreement with the AG model@Eq. ~2!# observed for
lower temperatures (T,TB).
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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nations of the configurational entropy, these data could
described using the AG model@Eq. ~1!#. Specifically, the
experimental results were interpreted using a recently in
duced equation19 which describes both temperature and pr
sure dependencies of the structural relaxation time.
t(T,P) data for PCB62 yielded values of the fitting param
eters consistent with the known physical properties of
material. Moreover, theS` obtained from calorimetric mea
surements is in good agreement with the value of the c
figurational entropy deduced from thet(T,P) data.

The customary change of dynamics was seen in the m
surements at atmospheric pressure, at a value of the re
ation time tB;531025 s. The same change of dynami
was likewise observed in measurements at elevated p
sures. It is noteworthy that the latter transpired at a sim
value of t;tB . This suggests that the variable controllin
the onset of this crossover in behavior is neither tempe
ture nor pressure, but rather the time scale of the molec
motion.
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