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Effect of chemical structure on the isobaric and isochoric fragility
in polychlorinated biphenyls
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Pressure-volume-temperature data, along with dielectric relaxation measurements, are reported for
a series of polychlorinated biphenylBCB), 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 densilative to the effect of
temperaturel. This result is consistent with the respective magnitudes of the scaling exppnent
yielding superpositioning of the relaxation times measured at various temperatures and pressures,
when plotted versug?/T. While at constanfatmosphericpressure, 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. @005 American Institute of PhysidDOI: 10.1063/1.1863173

I. INTRODUCTION its relaxation times, is intermediate between those of the neat
components. However, the addition of highigrpolybutadi-
Relating the dynamics of molecules to their chemicalenedecreaseshe PCB relaxation tim& 3*This interesting
structure is of obvious fundamental interest, and a necessaghomaly was subsequently seen in PCB/polystyrene
step in understanding the origin of the macroscopic physicahixtures®>*® and more generally in both polymer
properties. Among the various relaxation properties, most insolutiond” 2 and blends®
triguing are those associated with the supercooled regime In the last decade, the availability of PCB has been se-
just above the glass transition temperatlige Complex be-  verely limited, with the bulk of research directed to environ-
haviors become apparent, including decoupling of translamental and toxicological issues. Nevertheless, the facile
tional motions from the reorientational dynamics, a glass-forming ability of the liquids offers an opportunity to
change in the temperature dependence of the dynamic prorvestigate structure-property relationships. Both the fragility
erties at some temperatuifqg>Tg,""9 which moreover oc- (Tg-normalized temperature dependence of the relaxation
curs at a material-characteristic value of the relaxatiortimes) and the shape of the relaxation function of PCB are
time ' and the splitting-off from the glass transition of a independent of chlorine contefft.The relaxation function
higher frequency secondary relaxation or an “excess wingfollows the Kohlrausch-Williams—Wati&WW) form, with
phenomenor ™ At higher frequencies, or observed below a stretch exponent equal t60.65. However, as measured by
Ty is a broad span of a nearly constant loss in thedielectric spectroscopy, there is a deviation from the KWW
susceptibility*° followed by the Boson peak and vibra- function on the high frequency side of the structural relax-
tional motions’>?® How these various phenomena relate toation peak. This so-called “excess win@Ww) becomes less
structural relaxation andy is a central issue in condensed prominent with increasing Cl contefftwhen compared at a
matter physics. fixed value of the relaxation time, the shape of both the main
In this work we explore the connection between thepeak and the EW is constant; that is, they depend(@nP),
chemical structure of polychlorinated biphenyBCB) and  but not on the particular values &fandP.*! At atmospheric
their local dynamics. PCB are inert, thermally stable liquids,pressure a change in the dynamics is observed, correspond-
comprised of various isomers. They are readily cooled oing to a change in(T), at atemperaturEB=1.14I'g.4°WhiIe
compressed without crystallization, and undergo a glass tranhis Ty increases with pressure, the value of the relaxation
sition at a temperature dependent on their chlorine contentime at Tg is invariant to pressuréand also to chlorine
Many investigations of PCB have been reported, with earlyconten}.***
work exploiting their solvent power. Experiments on dilute To unify the dynamic behavior of glass-forming liquids
PCB solutions were the first to show that dissolved polymemand polymers, it is of interest to obtain an analytical form for
chains modify the local motions of the solvent the relaxation times, which explicitly quantifies the respec-
molecules” A very anomalous form of this modification tive dependences of on temperature and density. Efforts
was observed in mixtures of PCB with polybutadiene. Usutoward this end are based on some model for the glass-
ally, the glass transition temperature of a mixture, as well asransition process, such as free voldfié’ or thermal
activation?®>! One approach is to regard structural relax-
9E|ectronic mail: roland@nrl.navy.mil ation as an activated process, with a density-dependent acti-
PElectronic mail: casalini@ccf.nrl.navy.mil vation energy; thusr becomes a function (E(p)/T.52_54A
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Lennard-Jones 6-18.J 6-12 intermolecular potential, in standing the equivalence of their isobaric atmospheric-
which the local dynamics are dominated by the repulsivepressure fragilities and other dynamical propertissetch
term, suggests a*/T form for the temperature and density exponent,Tg, etc), the PCB exhibit marked differences in
dependence of local processes. And indeed, for a glagbeir dynamics. As a metric for glass transition behavior, the
former such a®-terphenyl, in which intermolecular interac- isobaric fragility has limitations, due to its lack of consider-
tions can be accurately described by a LJ 6-12 pote?ﬁ@l, ation of density effects. Changes due to thermal energy and
relaxation times measured by neuttoand light scatterinﬁ density are convoluted in isobaric measurements, so that an
at variousT andP fall on a single curve when plotted versus unambiguous understanding is possible only if one of these
pAIT. variables dominates. However, this is rarely the case, the
We have generalized this idea, to show that over a widexception being strongly associated glass formers, for which
range of temperatures, encompassing even the change in dgmperature may be the dominant control varidhie: " we
namics atTg, dielectric relaxation times for many glass- determine herein the isochoriconstant densijyvalues of
forming liquids?"*®and polymers*® can be expressed as a fragility, m,=dlog «Ty)/d(T,/T)|,, and show how this
single function ofpV/T,61 in which vy is a material specific quantity, in combination with thg”/T scaling ofr described
constant, whose magnitude depends on the degree to whietibove, provides a clearer delineation of the factors governing
density governs the relaxation times. The extremes cases, the supercooled dynamics.
=0 and, correspond, respectively, to purely temperature-
driven dynamics(e.g., limiting behavior at high tempera-
tureg and hard spheres. The magnitude of this exponent cam. EXPERIMENT
be plausibly related to the intermolecular repulsive
potential®?>%2~%° More recently, a dynamic light scattering  The polychlorinated biphenylgMonsanto Aroclors ob-

study of various glass forméfsfound similarp?/T scaling  tained from J. Schrag of the University of Wisconsiwere
of the relaxation times, with values equivalent to those PCB42, PCB54, and PCB62, where the number refers to the

measured dielectrically. average chlorine content by weight.
Since 7 only depends offp™?, it can be shown that the Dielectric measurements were carried out using a paral-
ratio of the isochoric and isobaric activation enthalpies €l plate geometry with an IMASS time domain dielectric

Ey/Ep (Ex=RTdlog 7/dT}y) at T varies withy according analyzer(10-10* Hz) and a Novocontrol Alpha Analyzer
to°8 (10%-10° Hz). For measurements at elevated pressure, the

. sample was contained in a Manganin ogflarwood Engi-
Ev/EP|Tg:[1+Tg“P(Tg)7] ’ (1) neering, with pressure applied using a hydraulic pump
(Enerpag¢ in combination with a pressure intensifiddar-

- 40 MPa

V [mL/g)

0.66

> 200 MPa
064

where ap is the thermal expansion coefficient at constanRNOOd Engineering Pressures were measured with a Senso-
pressure. This_ activgtion ent_halpy ratio is of great Signifi'tec tensometric transducerresolution=150 kPa The
cance, since I .prov.|des a direct measure of the degree tgample assembly was contained in a Tenney Jr. temperature
which changes inr with temperature result from the accom- chamber, withT variations at the sample less than 0.1 K.
panying voly‘rsr;e changes, as opposed to the changes in ther- P-V-'i' experiments employed a Gnomix appardils,
mal'l?r?sr?eiperature dependence of glass formers is Oftemodified tp allow measurem_en?s at subambient tem_perat_ures.
characterized by their isobaric fragilty, m hanges in volume of the liquid PCB were determined iso-
—dI AT h P thermally at pressures from 10 to 200 MPa, over a tempera-

0g 7(Ty)/d(Ty/T)|p, wherems can range from-~15 for ture range from as low as -15 up to 130 °C. The data were
orientationally disordered crystalline materials to almost 200
for polymers‘?"9 Much effort has been expended in correlating
fragility with other dynamic properties and with the thermo- ” Cl
dynamics, in order to identify the general principles under- o
lying vitrification. The magnitude of the fragility has been  070r CICI 100 o
related to(i) the breadth of the relaxation functi6h’® (i) o o WP o N
the Debye—Waller factdt (ii ) the T dependence of the con- o8 N o e
figurational entropy? (iv) the liquid shear moduldd or its
value relative to the bulk moduld$,(v) vibrational proper-
ties of the glasé® and (vi) the form of the interaction
potential®®’>"® Since the fragility of PCB at atmospheric
pressure is independent of chemical structure., Cl I D e T e 160 MPa
conten},” we expect similarities in their various dynamic &g oS eo 0l Lasiliy oCB5a
and thermodynamic properties, at least to the extent correla
tions of the latter withm; are valid. 45 0 15 30 45 0 75 90 105 120 135

In this work, we reportP-V-T measurements on three T [C]
PCB, and combine these data with published and new dielec-
tric relaxation measurements. The results enable a systemaﬁ@' 1. Selected specific volume data for PCBS#ucture of 3,84, 4'-

-pentachlorobiphenyl is shown as representative isproires through the

ana'YSi_S of _the relation of chemical structure to the relaxati_orbata are the fits to E2). Vertical tic marks denote the temperature at which
properties in the supercooled state. We show that, notwithr=10s.
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TABLE |. Equation of state parameters for PCB abdye T ! ! T T ‘S
340 | .
PCB42 PCB54 PCB62 PCB62
320 b .
ag(mlg™) 0.7116 0.6544 0.6168 PCBS4
a(mlgtc? 4.68x 1074 4.04x 1074 4.30x 1074 ]
a,(mlgtC?) 2.8x107 47x107 0.7x 107 300 - .
by(MPa) 229.0+0.7 259+1 283+4 v
by(C™Y -4.89x 1073 -5.24x 1073 -5.20x 1073 > 280 | pCB42 -
ap(CH? 6.393x 10 5.942x 107 6.969x 1074
p(g/mL)? 1.450 1.548 1.621 260 | i
%At T=T, andP=0.1 MPa.
240 (T)=10s ]
converted to specific volume¥(=1/p), using the value oY/
measured for ambient conditions with a pycnometer. 20F ., s : . \ .
0 50 100 150 200 250 300 350
P [MPa]

Ill. RESULTS

FIG. 3. Pressure coefficient f, for PCB42(Ref. 43, PCB54, and PCB62

RepresentativeP-V-T data are shown in Fig. 1 for _ :
éRef. 42. Lines are fits to Eq(3).

PCB54. The pressure increments were 10 MPa, yielding ¢
600 V(T, P) data points. At the pressure-dependégtthere

is an increase in the thermal expansivity. For temperatures Defining a dynamic glass transition as the temperature at
above this, specific volumes for tiiequilibrium) liquid can ~ which 7=10 s5 the pressure dependence Tof can be de-

be represented using the Tait equation of sfate, scribed using the Andersson relaffdn

V(T,P) = (ay+ ;T + a,T?){1 - 0.0894 Il K, \Me
Tg = kl 1+—P s
+ P/by exp(b,T) 1. 2) ks

The fit parametersyy, a;, a,, by, andb, for the three PCB  an empirical equation derivable from the Avramov structural
samples are listed in Table I. relaxation modef? Fitting Eq. (3) to the PCB54 data, we
Dielectric relaxation times for PCB54, defined as theobtain k;=250+3 K,k,=2.7+0.6, andk;=780+120 MPa;
inverse of the frequency of the maximum in the dielectricthus, in the limit of zero pressure, dT,/dP
loss, are shown as a function of pressure in Fig. 2. The usual0.28+0.03 K/MPa. Results are shown for the three PCB in
measure of pressure dependence is the activation volumEig. 3. The pressure coefficients, tabulated in Table I, in-
AV=RTJ In 7/9P|;. This presumes a linear relationship be- crease with increasing chlorine content, suggestive of an in-
tween Int and P, which is accurate for the PCB54 up creasing influence of density an
through the highest pressur@32 MP3 at the four tempera- Notwithstanding their differences idT,/dP, the iso-
tures in Fig. 2. The obtained activation volumes, displayed irbaric fragilities of the PCB, as measured at ambient pressure,
the inset to the figure, show the expected decrease with tenare all equaf’ These data are shown in Fig. 4, withs
perature dAV/dT=-1.28+0.05mL mol* K™, =59.2+0.7[using (Ty) =10 . Thus, as temperature is low-
ered, the reduction in thermal energy and concomitant in-

3)

10* [ . . . - A T T crease in density have the same net effect-dor the three
/ s - liquids, at least when data for the PCB are compared at equal
r PCBs4 | | /,‘ v T/T4. In order to assess directly the consequences of changes
10° /S Sk v in temperature and density, in Fig. 5 we plot all relaxation
- /,’ /,' e ',’ times measured for the three samples as a functiqs? F.
» [ 4 ¢ 7 : : The exponenty is adjusted, independently for each material,
0 r ,'/ .// 'y kil 1 to bring into coincidence the data measured as a function of
= F S K LA ]
Tl ,’ ,'- A/ /,V % * TABLE II. Dynamic properties for supercooled PCB.
F A/ i 240 E Y 4
r oW v 3 PCB42 PCB54 PCB62
10° r'/ A ’/ 225 - g
A 4 , Ty(K)(DSO? 227.8 249.2 268.9
A wp TR e T (r=10 9(K) 224.7 251.7 273.6
v A . A R dT,/dP(K/MPa) 0.24+0.005 0.30+0.005 0.31+0.015
0 50 100 150 200 250 300 350 400 m,” 32.9 29.0 23.4
P [MPa] y 5.5 6.7 8.5
_ _ o _ ~@=10 J Ap=01 MPa 1.27 0.973 0.607
FIG. 2. Dielectric relaxation times for PCB54 measured as a function of E,/Ep 0.55 0.49, 0.38,

pressure af (K)=283.2(®), 297.6(H), 307.75(A), and 331.6(¥). The
straight lines are linear fits to the data, yielding the activation volumes®™easured during cooling at 10 deg/min.
displayed in the inset. PAt constantp=p(T,,0.1 MPa.
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. A position of ther(T,P), we calculate the ratio of the thermal
2r v PCB42 #A expansion coefficient for a fixed value of the relaxation time
F--- O PCB54 ----------------2 - a=-VX4V/JT),] to its magnitude at constant pressure
4 PCBe2 1 ap[==VXaV/dT)p]. This ratio,|a,|/ ap, Will be significantly

>eoed

|
: larger than one if thermal energy, rather than density, governs
: the variation ofr with temperaturéfl Using theP-V-T re-
: sults in Table |, along with the relaxation data for the three
: samples, we calculate the expansivity ratios TatT,, P
o ! =0.1 MPa, andr=10 s(Table Il). From these, the activation
oovog v fﬂ‘ ' 1  enthalpy ratio is calculated &s
1
|
|
1
1
[}
1

. . A v
isochoric RS oVV

log ©

Ev/Ep=(1-apla,)™ . (4)

Equation (4) yields values equivalent to those determined

using Eq.(1), corroborating the scaling shown in Fig. 5.
Since the relaxation times are a function only 37T,

we can calculate for any condition ofT andP. This enables

relaxation times to be obtained for constant density condi-

FIG. 4. Tg-normalized Arrhenius plots of the PCB relaxation times. The tions, Somethl.ng not e>.<per|mentally fe?'SIble' We choose the

solid symbols are folP=0.1 MPa, and the hollow symbols for isochoric value of density prevailing at the ambient pressﬁgeThe

conditions, at V(T,,0.1 MPa=0.6896(PCB42, 0.6460 (PCB54, and  Value of the relaxation times is then obtained using the fact

0.6170 mL/g(PCB62. that 7 is uniquely determined by”/T. The results are shown

in Fig. 4 as a function offy-normalized temperature. The

temperature at fixeambienj P and as a function of pres- slopes of these curves define an iSOChOfiC fr.agﬂ];y\'/vhich

sure at various fixed. Good superpositioning is obtained, for all cases is less than the corresponding isobaric value. A
with the y values listed in Table Il. They rank order as similar result has been found for other glass fornf&re®
PCB42< PCB54< PCB62. A larger value of this density ex- Interesting!y, at constant the fragile character of thé deT
ponent of course indicates a stronger influence,aklative pendence is almost completely removed, such that the isoch-
to that of thermal energy, on tHE dependence of. This oric temperature dependence becomes almost Arrhenius.
relationship is quantified by E1) from which we calculate Moreover, while at constant pressure the_fragility is the same
the activation enthalpy ratios shown in Table Il. When thefor the three samples, at constant density it decreases with
change in relaxation times with temperature is due equally tdcreasing chlorine content of the PCB. Sinogrepresents
changes in density and thermal enefy/Ep=0.5. Thus, for  the limiting high-pressure value of the fragility, the pressure
PCB62, for whichE,/Ep=0.38, density changes exert a cogfflc_lent for the thr_ee samples is negatiden>/dP<0.
stronger effect on{(T) than changes in thermal energy. This is generally in accord with results for other

. 70,88-92
To corroborate this result, which is based on the supermaterials.

TIT
g

IV. SUMMARY

An intriguing feature of the PCB is that different conge-

ners, having significantly different chlorine content, exhibit

. the same isobaric fragilityFig. 4). This would seem to sug-

gest that the relaxation behaviors are the same, apart from

the differences i, However, the results herein make clear

g that the supercooled dynamics of these three liquids are quite

distinct. Increasing chlorine content results in a systemati-

] cally stronger influence gb on #(T). This is seen directly in

. the values of the activation enthalpy ratifgable 1. The

role of density is also inferred from the superpositioning of

] the relaxation times in Fig. 5—a larger scaling exponent

4 (strongerp effect is associated with PCB having more chlo-
- . rine atoms on the phenyl rings. Thus, in materials having the

0.00 0.07 0.14 0.21 028 same type of molecular structurg, can be controlled by

changing the intermolecular repulsigim the present case,

FIG. 5. Density-scaled plots of the relaxation times for the PCB, using theby altering the number of chlorine atomsy weakening

indicated values for the exponent. PCB4P=0.1 MPa(0O), T=263.2 K  this repulsion(smaller y), thermal energy becomes more

(A), T=2732K (%), T=283.2K (V); PCB52—P=0.1MPa (O), T dominant, whereby the glass transition is reached at lower

Eéﬁ;ﬁfpi%ﬁ l\};ﬁgf ;(: %g.zr(gmo)?ifzéz)z' KT(Z?;?#S 3KO3(§)|?< temperatures. Conversely, by making volume more dominant

(V), T=310.2 K (0), T=314.2 K (<)), T=322.2 K (>), T=331.2 K (O), (through less flexible bonds or the introduction of bUlky pen-

T=241.2 K (). dant groupy Tg increases. Note that the isobaric fragility is

log (z /s)
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