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Effect of chemical structure on the isobaric and isochoric fragility
in polychlorinated biphenyls

C. M. Rolanda! and R. Casalinib!

Naval Research Laboratory, Chemistry Division, Code 6120, Washington, DC 20375-5342

sReceived 6 December 2004; accepted 6 January 2005; published online 5 April 2005d

Pressure-volume-temperature data, along with dielectric relaxation measurements, are reported for
a series of polychlorinated biphenylssPCBd, differing in the number of chlorine atoms on their
phenyl rings. Analysis of the results reveals that with increasing chlorine content, the relaxation
times of the PCB become governed to a greater degree by densityr relative to the effect of
temperatureT. This result is consistent with the respective magnitudes of the scaling exponentg
yielding superpositioning of the relaxation times measured at various temperatures and pressures,
when plotted versusrg /T. While at constantsatmosphericd pressure, fragilities for the various PCB
are equivalent, the fragility at constant volume varies inversely with chlorine content. Evidently, the
presence of bulkier chlorine atoms on the phenyl rings magnifies the effect which the density has on
the relaxation dynamics. ©2005 American Institute of Physics. fDOI: 10.1063/1.1863173g
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I. INTRODUCTION

Relating the dynamics of molecules to their chem
structure is of obvious fundamental interest, and a nece
step in understanding the origin of the macroscopic phy
properties. Among the various relaxation properties, mos
triguing are those associated with the supercooled re
just above the glass transition temperatureTg. Complex be
haviors become apparent, including decoupling of tran
tional motions from the reorientational dynamics,1–3 a
change in the temperature dependence of the dynamic
erties at some temperatureTB.Tg,

4–9 which moreover oc
curs at a material-characteristic value of the relaxa
time,6,10 and the splitting-off from the glass transition o
higher frequency secondary relaxation or an “excess w
phenomenon.11–15At higher frequencies, or observed bel
Tg, is a broad span of a nearly constant loss in
susceptibility,16–20 followed by the Boson peak and vibr
tional motions.21–26 How these various phenomena relate
structural relaxation andTg is a central issue in condens
matter physics.

In this work we explore the connection between
chemical structure of polychlorinated biphenylssPCBd and
their local dynamics. PCB are inert, thermally stable liqu
comprised of various isomers. They are readily coole
compressed without crystallization, and undergo a glass
sition at a temperature dependent on their chlorine con
Many investigations of PCB have been reported, with e
work exploiting their solvent power. Experiments on dil
PCB solutions were the first to show that dissolved poly
chains modify the local motions of the solve
molecules.27–30A very anomalous form of this modificatio
was observed in mixtures of PCB with polybutadiene. U
ally, the glass transition temperature of a mixture, as we
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its relaxation times, is intermediate between those of the
components. However, the addition of higherTg polybutadi-
enedecreasesthe PCB relaxation time.31–34 This interesting
anomaly was subsequently seen in PCB/polysty
mixtures,35,36 and more generally in both polym
solutions37,38 and blends.39

In the last decade, the availability of PCB has been
verely limited, with the bulk of research directed to envir
mental and toxicological issues. Nevertheless, the f
glass-forming ability of the liquids offers an opportunity
investigate structure-property relationships. Both the frag
sTg-normalized temperature dependence of the relax
timestd and the shape of the relaxation function of PCB
independent of chlorine content.40 The relaxation functio
follows the Kohlrausch–Williams–WattssKWWd form, with
a stretch exponent equal to,0.65. However, as measured
dielectric spectroscopy, there is a deviation from the KW
function on the high frequency side of the structural re
ation peak. This so-called “excess wing”sEWd becomes les
prominent with increasing Cl content.40 When compared at
fixed value of the relaxation time, the shape of both the m
peak and the EW is constant; that is, they depend ontsT,Pd,
but not on the particular values ofT andP.41 At atmospheric
pressure a change in the dynamics is observed, corres
ing to a change intsTd, at a temperatureTB=1.14Tg.

40 While
this TB increases with pressure, the value of the relaxa
time at TB is invariant to pressuresand also to chlorin
contentd.42,43

To unify the dynamic behavior of glass-forming liqu
and polymers, it is of interest to obtain an analytical form
the relaxation times, which explicitly quantifies the resp
tive dependences oft on temperature and density. Effo
toward this end are based on some model for the g
transition process, such as free volume44–47 or therma
activation.48–51 One approach is to regard structural re
ation as an activated process, with a density-dependen

52–54
vation energy; thus,t becomes a function ofEsrd /T. A

© 2005 American Institute of Physics05-1
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Lennard–Jones 6-12sLJ 6-12d intermolecular potential, i
which the local dynamics are dominated by the repul
term, suggests ar4/T form for the temperature and dens
dependence of local processes. And indeed, for a
former such aso-terphenyl, in which intermolecular intera
tions can be accurately described by a LJ 6-12 potentia55,56

relaxation times measured by neutron52 and light scattering53

at variousT andP fall on a single curve when plotted vers
r4/T.

We have generalized this idea, to show that over a
range of temperatures, encompassing even the change
namics atTB, dielectric relaxation times for many glas
forming liquids,57,58 and polymers59,60 can be expressed as
single function ofrg /T,61 in which g is a material specifi
constant, whose magnitude depends on the degree to
density governs the relaxation times. The extremes casg
=0 and`, correspond, respectively, to purely temperat
driven dynamicsse.g., limiting behavior at high temper
turesd and hard spheres. The magnitude of this exponen
be plausibly related to the intermolecular repuls
potential.52,62–65 More recently, a dynamic light scatteri
study of various glass formers66 found similarrg /T scaling
of the relaxation times, with valuesg equivalent to thos
measured dielectrically.

Sincet only depends onTr−g, it can be shown that th
ratio of the isochoric and isobaric activation enthalp
EV/EP sEX=RTdlog t /dT−1uXd at Tg varies withg according
to58

EV/EPuTg
= f1 + TgaPsTgdgg−1, s1d

where aP is the thermal expansion coefficient at cons
pressure. This activation enthalpy ratio is of great sig
cance, since it provides a direct measure of the degr
which changes int with temperature result from the acco
panying volume changes, as opposed to the changes in
mal energy.67,68

The temperature dependence of glass formers is
characterized by their isobaric fragility, mP

;d log tsTgd /dsTg/TduP, wheremP can range from,15 for
orientationally disordered crystalline materials to almost
for polymers.69 Much effort has been expended in correla
fragility with other dynamic properties and with the therm
dynamics, in order to identify the general principles un
lying vitrification. The magnitude of the fragility has be
related tosid the breadth of the relaxation function,69,70 sii d
the Debye–Waller factor,71 siii d theT dependence of the co
figurational entropy,72 sivd the liquid shear modulus73 or its
value relative to the bulk modulus,74 svd vibrational proper
ties of the glass,22 and svid the form of the interactio
potential.50,75,76 Since the fragility of PCB at atmosphe
pressure is independent of chemical structuresi.e., Cl
contentd,40 we expect similarities in their various dynam
and thermodynamic properties, at least to the extent co
tions of the latter withmP are valid.

In this work, we reportP-V-T measurements on thr
PCB, and combine these data with published and new d
tric relaxation measurements. The results enable a syste
analysis of the relation of chemical structure to the relaxa

properties in the supercooled state. We show that, notwith
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standing the equivalence of their isobaric atmosph
pressure fragilities and other dynamical propertiessstretch
exponent,TB, etc.d, the PCB exhibit marked differences
their dynamics. As a metric for glass transition behavior
isobaric fragility has limitations, due to its lack of consid
ation of density effects. Changes due to thermal energy
density are convoluted in isobaric measurements, so th
unambiguous understanding is possible only if one of t
variables dominates. However, this is rarely the case
exception being strongly associated glass formers, for w
temperature may be the dominant control variable.68,77,78We
determine herein the isochoricsconstant densityd values o
fragility, mr;d log tsTgd /dsTg/Tdur, and show how thi
quantity, in combination with therg /T scaling oft described
above, provides a clearer delineation of the factors gove
the supercooled dynamics.

II. EXPERIMENT

The polychlorinated biphenylssMonsanto Aroclors ob
tained from J. Schrag of the University of Wisconsind, were
PCB42, PCB54, and PCB62, where the number refers t
average chlorine content by weight.

Dielectric measurements were carried out using a p
lel plate geometry with an IMASS time domain dielec
analyzers10−4–104 Hzd and a Novocontrol Alpha Analyz
s10−2–106 Hzd. For measurements at elevated pressure
sample was contained in a Manganin cellsHarwood Engi
neeringd, with pressure applied using a hydraulic pu
sEnerpacd in combination with a pressure intensifiersHar-
wood Engineeringd. Pressures were measured with a Se
tec tensometric transducersresolution=150 kPad. The
sample assembly was contained in a Tenney Jr. tempe
chamber, withT variations at the sample less than 0.1 K

P-V-T experiments employed a Gnomix apparatu79

modified to allow measurements at subambient tempera
Changes in volume of the liquid PCB were determined
thermally at pressures from 10 to 200 MPa, over a temp
ture range from as low as −15 up to 130 °C. The data

FIG. 1. Selected specific volume data for PCB54sstructure of 3,38-4 ,48-
5-pentachlorobiphenyl is shown as representative isomerd. Lines through th
data are the fits to Eq.s2d. Vertical tic marks denote the temperature at wh

-t=10 s.
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converted to specific volumes,Vs=1/rd, using the value ofV
measured for ambient conditions with a pycnometer.

III. RESULTS

RepresentativeP-V-T data are shown in Fig. 1 fo
PCB54. The pressure increments were 10 MPa, yieldin
600 VsT,Pd data points. At the pressure-dependentTg, there
is an increase in the thermal expansivity. For tempera
above this, specific volumes for thesequilibriumd liquid can
be represented using the Tait equation of state,80

VsT,Pd = sa0 + a1T + a2T
2dh1 − 0.0894 lnf1

+ P/b0 expsb1Tdgj. s2d

The fit parameters,a0, a1, a2, b0, andb1, for the three PCB
samples are listed in Table I.

Dielectric relaxation times for PCB54, defined as
inverse of the frequency of the maximum in the dielec
loss, are shown as a function of pressure in Fig. 2. The u
measure of pressure dependence is the activation vo
DV=RT] ln t /]PuT. This presumes a linear relationship
tween lnt and P, which is accurate for the PCB54
through the highest pressuress332 MPad at the four tempera
tures in Fig. 2. The obtained activation volumes, displaye
the inset to the figure, show the expected decrease with
perature,dDV/dT=−1.28s±0.05dmL mol−1 K−1.

TABLE I. Equation of state parameters for PCB aboveTg.

PCB42 PCB54 PCB62

a0sml g−1d 0.7116 0.6544 0.6168
a1sml g−1 C−1d 4.68310−4 4.04310−4 4.30310−4

a2sml g−1 C−2d 2.8310−7 4.7310−7 0.7310−7

b0sMPad 229.0±0.7 259±1 283±4
b1sC−1d −4.89310−3 −5.24310−3 −5.20310−3

aPsC−1da 6.393310−4 5.942310−4 6.969310−4

rsg/mLda 1.450 1.548 1.621

aAt T=Tg andP=0.1 MPa.

FIG. 2. Dielectric relaxation times for PCB54 measured as a functio
pressure atT sKd=283.2 sPd, 297.6sjd, 307.75smd, and 331.6s.d. The
straight lines are linear fits to the data, yielding the activation volu

displayed in the inset.
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Defining a dynamic glass transition as the temperatu
which t=10 s,81 the pressure dependence ofTg can be de
scribed using the Andersson relation82

Tg = k1S1 +
k2

k3
PD1/k2

, s3d

an empirical equation derivable from the Avramov struct
relaxation model.83 Fitting Eq. s3d to the PCB54 data, w
obtain k1=250±3 K,k2=2.7±0.6, andk3=780±120 MPa
thus, in the limit of zero pressure, dTg/dP
=0.28±0.03 K/MPa. Results are shown for the three PC
Fig. 3. The pressure coefficients, tabulated in Table II
crease with increasing chlorine content, suggestive of a
creasing influence of density ont.

Notwithstanding their differences indTg/dP, the iso-
baric fragilities of the PCB, as measured at ambient pres
are all equal.40 These data are shown in Fig. 4, withmP

=59.2±0.7fusingtsTgd=10 sg. Thus, as temperature is lo
ered, the reduction in thermal energy and concomitan
crease in density have the same net effect ont for the three
liquids, at least when data for the PCB are compared at
T/Tg. In order to assess directly the consequences of ch
in temperature and density, in Fig. 5 we plot all relaxa
times measured for the three samples as a function ofrg /T.
The exponentg is adjusted, independently for each mate
to bring into coincidence the data measured as a functi

FIG. 3. Pressure coefficient ofTg for PCB42sRef. 43d, PCB54, and PCB6
sRef. 42d. Lines are fits to Eq.s3d.

TABLE II. Dynamic properties for supercooled PCB.

PCB42 PCB54 PCB62

TgsKdsDSCda 227.8 249.2 268.9
T st=10 sdsKd 224.7 251.7 273.6

dTg/dPsK/MPad 0.24±0.005 0.30±0.005 0.31±0.0
mr

b 32.9 29.0 23.4
g 5.5 6.7 8.5

−at=10 s/aP=0.1 MPa 1.27 0.973 0.607
EV/EP 0.559 0.496 0.380

aMeasured during cooling at 10 deg/min.
b
At constantr=rsTg,0.1 MPad.
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temperature at fixedsambientd P and as a function of pre
sure at various fixedT. Good superpositioning is obtaine
with the g values listed in Table II. They rank order
PCB42,PCB54,PCB62. A larger value of this density e
ponent of course indicates a stronger influence ofr, relative
to that of thermal energy, on theT dependence oft. This
relationship is quantified by Eq.s1d from which we calculat
the activation enthalpy ratios shown in Table II. When
change in relaxation times with temperature is due equa
changes in density and thermal energy,EV/EP=0.5. Thus, fo
PCB62, for whichEV/EP=0.38, density changes exert
stronger effect ontsTd than changes in thermal energy.

To corroborate this result, which is based on the su

FIG. 4. Tg-normalized Arrhenius plots of the PCB relaxation times.
solid symbols are forP=0.1 MPa, and the hollow symbols for isocho
conditions, at VsTg,0.1 MPad=0.6896sPCB42d, 0.6460 sPCB54d, and
0.6170 mL/gsPCB62d.

FIG. 5. Density-scaled plots of the relaxation times for the PCB, usin
indicated values for the exponent. PCB42—P=0.1 MPa ssd, T=263.2 K
snd, T=273.2 K s>d, T=283.2 K s,d; PCB52—P=0.1 MPa ssd, T
=273.2 K shd, T=297.6 K snd, T=307.8 K s,d, T=331.6 K s>d;
PCB62—P=0.1 MPa ssd, T=295.2 K shd, T=296.2 K snd, T=303.2 K
s,d, T=310.2 K sLd, T=314.2 K svd, T=322.2 K sxd, T=331.2 K s˝d,

T=241.2 K s>d.

Downloaded 08 Jul 2005 to 132.250.150.73. Redistribution subject to AIP
-

position of thetsT,Pd, we calculate the ratio of the therm
expansion coefficient for a fixed value of the relaxation t
atf=−V−1s]V/]Tdtg to its magnitude at constant press
aPf=−V−1s]V/]TdPg. This ratio,uatu /aP, will be significantly
larger than one if thermal energy, rather than density, gov
the variation oft with temperature.84 Using theP-V-T re-
sults in Table I, along with the relaxation data for the th
samples, we calculate the expansivity ratios atT=Tg, P
=0.1 MPa, andt=10 ssTable IId. From these, the activatio
enthalpy ratio is calculated as85

EV/EP = s1 − aP/atd−1. s4d

Equation s4d yields values equivalent to those determi
using Eq.s1d, corroborating the scaling shown in Fig. 5.

Since the relaxation times are a function only ofrg /T,
we can calculatet for any condition ofT andP. This enable
relaxation times to be obtained for constant density co
tions, something not experimentally feasible. We choos
value of density prevailing at the ambient pressureTg. The
value of the relaxation times is then obtained using the
thatt is uniquely determined byrg /T. The results are show
in Fig. 4 as a function ofTg-normalized temperature. T
slopes of these curves define an isochoric fragiltymr, which
for all cases is less than the corresponding isobaric valu
similar result has been found for other glass formers.86–88

Interestingly, at constantr the fragile character of theT de-
pendence is almost completely removed, such that the i
oric temperature dependence becomes almost Arrhe
Moreover, while at constant pressure the fragility is the s
for the three samples, at constant density it decreases
increasing chlorine content of the PCB. Sincemr represent
the limiting high-pressure value of the fragility, the press
coefficient for the three samples is negative,dmP/dP,0.
This is generally in accord with results for oth
materials.70,88–92

IV. SUMMARY

An intriguing feature of the PCB is that different con
ners, having significantly different chlorine content, exh
the same isobaric fragilitysFig. 4d. This would seem to su
gest that the relaxation behaviors are the same, apart
the differences inTg. However, the results herein make cl
that the supercooled dynamics of these three liquids are
distinct. Increasing chlorine content results in a system
cally stronger influence ofr on tsTd. This is seen directly i
the values of the activation enthalpy ratiossTable IId. The
role of density is also inferred from the superpositioning
the relaxation times in Fig. 5—a larger scaling expon
sstrongerr effectd is associated with PCB having more ch
rine atoms on the phenyl rings. Thus, in materials having
same type of molecular structure,Tg can be controlled b
changing the intermolecular repulsionsin the present cas
by altering the number of chlorine atomsd. By weakening
this repulsionssmaller gd, thermal energy becomes mo
dominant, whereby the glass transition is reached at l
temperatures. Conversely, by making volume more dom
sthrough less flexible bonds or the introduction of bulky p

dant groupsd, Tg increases. Note that the isobaric fragility is
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expected to be enhanced by the presence of pendant g
based on the idea that steric hindrances enhance interm
lar cooperativity.93 However, the analysis herein shows qu
titatively that this is a direct effect of density.

The limitation of characterizing relaxation properties
ing the conventional isobaric fragility is its failure to dist
guish the influence of the energy landscape on the dyna
from density effectsper sesalthough, of course, density a
fects the landscaped. The contributions of temperature a
density must be separately quantified, in order to unders
what governs the dynamics of glass formers. In this rega
is tempting to draw a connection between the magnitud
the scaling exponent and the nature of the intermole
potential.63–65 For all three PCB,g is larger than the valu
s=4d for a LJ 6-12 fluid, indicating a fairly hard potential.
strong distance dependence justifies the assumption, im
in the scaling approach, that the attractive interactions ca
neglected for local properties; that is, they are manife
only as a background pressure. However, this is inappr
ate for global properties, wherein the details of intermol
lar interactions become important. For this reason, the e
tion of state cannot be expressed in terms ofrg /T,
notwithstanding the dependence oft on this same variable
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