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ABSTRACT: The Pressure-Volume-Temperature (PVT) dependencies of polystyrene-
based clay-containing nanocomposites (CPNC) were determined in the glassy and
molten state. The PVT data in the melt were fitted to the Simha-Somcynsky (S-S) lat-
tice-hole equation-of-state (eos), yielding the free volume quantity, h ¼ h(T, P), and
the characteristic reducing parameters, P*, V*, T*. The data within the glassy region
were interpreted considering that the latter parameters are valid in the whole range
of independent variables, than calculating h ¼ h(T, P) from the experimental values
of V ¼ V(T, P). Next, the frozen free volume fraction in the glass was computed as FF
¼ FF(P). In the molten state the maximum reduction of free volume was observed at
wsolid � 3.6–wt % clay, amount sufficient to adsorb all PS into solidified layer around
organoclay stacks. In the vitreous state FF increased with clay content from 0.6 to
1.6—this is the first time FF [ 1 has been observed. The highest value was deter-
mined for CPNC with the highest clay content, w ¼ 17.1 wt %, thus well above wsolid.
The derivative properties, compressibility, j, and the thermal expansion coefficient, a,
depend on T, P, and w. Plots of j versus T indicate the presence of two secondary
transitions, one at Tb /Tg � 0.9 6 0.1 and other at TT/Tg ¼ 1.2 6 0.1. VVC 2008 Wiley Peri-

odicals, Inc. J Polym Sci Part B: Polym Phys 46: 2504–2518, 2008

Keywords: equation-of-state; free volume; glass transition; nanotechnology; non-
crystalline polymers; statistical thermodynamics; thermal properties; vitreous state
behavior

INTRODUCTION

Polymeric Nanocomposites

Polymer nanocomposites (PNC) are composed of
a polymeric matrix and dispersed in it nanopar-
ticles, that is, platelets, fibers, or spheroids with
at least one dimension of �2 nm.1,2 PNC with
all three types of nanoparticles have been pre-
pared (e.g., polycarbonate with carbon nano-
tubes, polyamide with iron oxide spheres), but
only PNC with clay platelets (clay-containing

PNC, or CPNC) are commercially available for
high-volume structural applications.

The CPNC applications range from the trans-
port industry, to packaging, sports equipment,
and so forth. For example, Ube and Unitika have
been producing polyamide (PA)-based CPNC for
automotive applications; Toyota develops poly-
lactic acid (PLA)-based CPNC as replacement
for polypropylene (PP); BASF developed scratch-
resistant paints; GM has been using PP-based
CPNC for steps, body side moldings and load
floors; similarly Acura uses CPNC for seat backs
and interior consoles; multilayered bottles have
been produced by Bayer or Honeywell; films
with enhanced barrier properties from Clariant,
Honeywell, or Dow; while Wilson Sports intro-
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duced long-life tennis and other sport balls with
reduced gas permeability. Incorporation of la-
mellar particles not only is responsible for
enhancement of mechanical, barrier, or scratch
resistant properties, but also for reduction of
flammability, for controlled release of additives
such as biocides and dyes, as well as for cata-
lytic activities. The global market share of
CPNC is expected to reach about US$ 4 billion
by 2008. Nevertheless, several technological
problems still remain, and behavior of these sys-
tems is often difficult to control.

The main aspect of CPNC that controls its
behavior is the degree of platelets dispersion. The
nomenclature proposed by IUPAC recommends
that the term ‘‘nano’’ is used only when at least
one dimension of a particle is �2 nm, meso- when
it ranges from 2 to 50 nm, and micro- above 50
nm. Thus, material with platelets assembled in
stacks or aggregates should not be called nano-
composites. However, since in this work a range
of compositions was examined, to avoid confusing
change of nomenclature the abbreviation ‘‘CPNC’’
will be used for all systems.

The degree of clay dispersion is controlled by
two factors—first, by the thermodynamic misci-
bility between clay, intercalant, and polymer,
second by the clay concentration. It can be
shown that the fully exfoliated CPNC must con-
tain not more than 1.14 wt % of inorganic clay,
having an aspect ratio of about 280, as in most
commercial organoclays. Above this limit, as the
concentration increases the stacks are formed
with decreasing interlayer spacings. Different
CPNC properties show best performance at dif-
ferent concentrations, for example, for the me-
chanical performance the optimum is at nano-
dispersion, while for the barrier performance it
falls within the mesodispersion range.

Pressure-Volume-Temperature Measurements

The pressure-volume-temperature (PVT) meas-
urements of CPNC are relatively scarce, per-
formed in few laboratories around the world.
Even for the determination of compressibility, j,
and the thermal expansion coefficients a:

j � �
@ lnV

@P

� �

T;P0;q

; a �
@ lnV

@T

� �

T0;P;q

ð1Þ

simpler, single value methods are used (viz.
ASTM D696, ISO 11,359, JIS K7197). In eq 1 P0

and T0 are the glass forming pressure and tem-
perature, respectively, and q is the rate of heat-
ing or compressing.

However, there is much more information ac-
cessible from PVT data than j and a. By com-
paring the experimental information with theo-
retical predictions one might determine free
volume as functions of independent variables
(e.g., P, T, composition), as well as the Lennard-
Jones (L-J) intermolecular attraction and repul-
sion parameters. Furthermore, for the binary
systems such as CPNC the PVT data yields in-
formation about interactions between the two
constituents. Such analyses of molten CPNC
have been published.3–5

A number of equations of state (eos) have
been proposed for molten polymer.6 By contrast,
rigorous analyses of the PVT behavior in the vit-
reous state are rare, as the thermodynamic his-
tory and time-dependent glass structures com-
plicate the experiments and their interpretation.
The preceding publications have been limited ei-
ther to molten CPNC or to glassy amorphous
polymers. The present one attempts to analyze
the effects of organoclay addition on CPNC prop-
erties within the full range of P and T.

THEORY

Molten State

The Simha-Somcynsky (S-S) lattice-hole theory
was derived for spherical and chain molecule
fluids.7,8 The model lattice contains volume frac-
tion y of occupied sites and, h ¼ 1�y, of unoccu-
pied sites (or holes). For liquids under the ther-
modynamic equilibrium conditions, from the
Helmholtz free energy, F, the S-S eos was
obtained:7

~P~V=~T ¼ ð1�UÞ�1 þ 2yQ2ðAQ2 � BÞ=~T ð2Þ

3c ðU � 1=3Þ=ð1�UÞ � yQ2ð3AQ2 � 2BÞ=6~T
h i

þ ð1� sÞ � ðs=yÞ lnð1� yÞ ¼ 0 ð3Þ

where Q ¼ 1=ðy~VÞ, U ¼ 2�1/6 yQ1/3, A ¼ 1.011
and B ¼ 1.2045 (for the face-centered cubic lat-
tice). Equation 2 was derived from the thermo-
dynamic definition of pressure, ~P ¼ �ð@ ~F=@ ~VÞ~T,
while eq 3 from the minimization of free energy
as function of the free volume content,
ð@ ~F=@hÞ~T;~V ¼ 0, thus it is only valid in liquids at

FREE VOLUME OF MOLTEN AND GLASSY PNC 2505

Journal of Polymer Science: Part B: Polymer Physics
DOI 10.1002/polb



the thermodynamic equilibrium, not in the vitre-
ous state. The variables marked by tilde are
reduced:

~P¼ P=P�; P� ¼ zqe�=ðsv�Þ

~T ¼ T=T�; T� ¼ zqe�=ðRcÞ

~V ¼ V=V�; V� ¼ v�=Ms

9

>

>

>

=

>

>

>

;

ðP�V�=T�ÞMs ¼Rc=s

ð4Þ

The characteristic parameters, P*, T*, V*, con-
tain the L-J interaction parameters: the maxi-
mum attractive energy, e*, and the segmental
repulsion volume, v*, per statistical segment.
The latter is defined as Ms ¼ Mn/s, where Mn is
the number-average molecular weight and s is
the number of statistical segments. The parame-
ter 3c indicates the external, volume-dependent
degrees of freedom; R ¼ 8.3145 [kPa L/(K mol)]
is the gas constant; and zq ¼ s(z�2) 1 2 is the
number of interchain contacts in a lattice of the
coordination number z ¼ 12.

Equations 2–4 describe the PVT liquid sur-
face, and associated with it the free volume
quantity, h ¼ hð~V; ~TÞ. Through T* and V* the
PVT data yield the L-J measures, e* and v*.
Since for linear molecules the flexibility index,
3c/s ¼ 1 13/s,9 for high-molecular weight poly-
mers, lim

s!1
ð3c=sÞ ¼ 1. Thus, from eq 4 the L-J

parameters are given by simple proportionalities:

e� � RT�=30 ¼ 2:771T� and v� ¼ V�Ms:

Jain and Simha extended the original S-S
theory to binary mixtures. The scaled eqs 2 and
3 were found to retain validity, but with the
interaction parameters e* and v* replaced by
compositional averages:10,11

he�ihv�ip ¼ X2
1 e

�
11v

�p
11 þ 2X1X2e

�
12v

�p
12 þ X2

2 e
�p
22;

p 2 ½2; 4� ð5Þ

with the site fractions X1 and X2 ¼ 1�X1 defined
in terms of the mole fractions x1 ¼ 1�x2, as:

X1 ¼ q1zX1=ðq1zX1 þ q2zX2Þ ð6Þ

However, since CPNC usually contains a poly-
mer, inorganic nano-filler particles, interca-
lant(s), and compatibilizer(s) the system needs
to be redefined as a matrix (index #1) and dis-
persed solid particles (index #2).12,13 This might
be done accepting the ‘‘hairy clay particles’’

(HCP) model of CPNC.14 Theory15 and experi-
ments16–18 revealed that in the orthogonal direc-
tion from the clay platelet surface, z, there is a
solidified organic layer z1 � 4–6 nm thick, fol-
lowed up by a second layer (z2 � 100–120 nm)
where the molecular mobility progressively
increases with z. As a consequence, CPNC ma-
trix is the liquid phase at a distance from the
clay surface, z[ z1 with the interaction parame-
ters, e�11 and v�11, while the clay platelets with z1
� 4–6 nm thick layer of solidified organics form
the dispersed phase (interaction parameters, e�22
and v�22). To describe variation of the interaction
parameters with distance from the clay surface,
an exponential function was adopted:5

yðzÞ3
y1y2

y1 � ðy1 � y2Þ exp n ðz� z1Þ=ðz� z2Þ½ �f g
;

z1 � z < z2; y 2 ½e�; v�� ð7Þ

where n is a disposable parameter (usually n

= 2), y1 and y2 are the L-J parameters at the sol-
idified polymer at z1 and z2, respectively. The
amount of molten polymer with bulk properties
decreases with the clay content; vanishing at
clay content of �0.4 vol % (the secondary layer
with reduced mobility vanishes at about 7 vol %).

Glass and Other Transitions

The glass transition temperature (Tg) is kinetic
in nature, thus it depends on the cooling or com-
pressing rate, q, on P during cooling or T during
compressing, and so forth.19–22 The pressure de-
pendence of Tg was derived by Quach and
Simha as:23,24

dTg=dP ¼ ð@T=@hÞh þ ð@T=@hÞPðdhg=dPÞ

ffi Dj=Daþ ð@T=@hÞPðdhg=dPÞ ð8Þ

where (@T/@h)P is computed from the isobaric
data in the molten state near Tg, and dhg/dP
¼ dh(Tg, Pg)/dP. Equation 8 reduces to the
Ehrenfest relation when dhg/dP ¼ 0, that is,
postulating that liquid disorder near Tg is inde-
pendent of pressure.

For amorphous polymers Tg is the main, but
not the only transition. In addition, at T < Tg

there are several transitions, of which the b-one,
Tb � 0.8 3 Tg, is nearest to Tg. The b-transition
is important since the rate of physical aging is
zero at Tb and Tg, reaching maximum about
half way between these two, that is, Tmax � 0.88
3 Tg.

25 At T [ Tg several relaxation processes
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take place leading to a transition at TT/Tg � 1.2
6 0.1.6 Within this temperature range Boyer
postulated existence of a ‘‘liquid–liquid’’ transi-
tion, TLL.

19–21 More recent mechanisms deduced
by molecular modeling and/or NMR measure-
ments postulate that the crossover transition
temperature, Tc/Tg � 1.25 6 0.1, originates from
different mechanism of structural and segmental
relaxations (the mode-coupling theory, MCT).26,27

Ngai extended the MCT to the cooperative relax-
ation systems observed in molten polymers.28,29

The Vitreous State

For the vitreous state eqs 2 and 3 are not valid;
in the absence of the thermodynamic equilib-
rium the pressure is given as:30–32

� ~P ¼ ð@ ~F=@ ~VÞ~T;y þ ð@ ~F=@yÞ~V;~Tð@y=@
~VÞ~T ð9Þ

reducing at equilibrium to the standard defini-
tion of P (used for deriving eq 2). McKinney and
Simha compared the results of computations
using eq 2 (the so called ‘‘simplified’’ procedure)
or eq 9. They found that the functional trends
were the same and that the numerical differen-
ces were comparable to the experimental errors.
Thus, as before, the simplified procedure will be
used for analysis of the present data.6,23,30–33

The vitreous state behavior will be analyzed
in four steps: (1) Calculation of the P*, T*, V*
parameters from the PVT data at T [ Tg; (2)
Calculation from eqs 2 and 3 the fictitious hole
fractions at T0 < Tg and P0 < Pg as hextrapol

¼ h(T0, P0); (3) Following the simplified proce-
dure, calculation from eq 2 the hole fraction in
the vitreous state: hglass ¼ h(T0, P0); and (4)
Using the isobaric values calculation of the fro-
zen fraction:23,24

FF ¼ 1� ð@h=@T0ÞP;glass=ð@h=@T
0ÞP;extrapol ð10Þ

The parameter FF is a fraction of the free vol-
ume trapped by vitrified segments; mainly the
nonfrozen fraction, 1�FF, contributes to the ma-
terial behavior in glass.

PVT MEASUREMENTS

The PS-based CPNC samples are listed in Table
1. These were prepared by melt compounding
PS with organoclay in a twin screw extruder

equipped with a high stress screws at T

¼ 200 8C, and throughput Q ¼ 5 kg/h. The ma-
trix was commercial PS-1301 from Nova Chemi-
cals with weight-average molecular weight Mw

¼ 270 kg/mol, melt flow rate MFR ¼ 3.5 g/10
min, and density q ¼ 1.04 g/mL. The organoclay,
Cloisite1 10A (C10A) from Southern Clay Prod-
ucts, is Wyoming montmorillonite (MMT) prein-
tercalated with 39 wt % of dimethyl-benzyl
hydrogenated tallow ammonium chloride
(2MBHTA). The ingredients characteristics,
compounding procedure, and influence of proc-
essing conditions on clay dispersion and proper-
ties have been published.34–36

Prior to PVT measurements, the sample pel-
lets were dried, and the specific volume under
ambient conditions was determined by the
immersion method.37 Dry pellets were loaded
into Gnomix pressure dilatometer (from Gnomix,
Boulder, CO), pressurized to 10 MPa, premolded
at T 	 130 8C for 10 min, and then cooled to
�30 8C at a rate of 2.5 8C/min. The void-free
specimens were tested following the ‘‘standard’’
procedure, that is, starting at the lowest T and
P isothermally increasing pressure in steps,
then reduce P, heat the specimen to higher tem-
perature, and so forth. Thus, P increased from
about 10 to 190 MPa in steps of 20 or 30 MPa
and T from about 30 to 250 8C in steps of 10 8C
(small effects of adiabatic heating were
observed). The advantage of this procedure is
that specimens see the high temperature only at
the end of the test, thus they are not affected by
the thermal degradation.

To confirm data accuracy the tests were
repeated 2–5 times using different holding times
between measurements. The total run time was
18–32 h. The average error for the specific vol-

Table 1. CPNC Studied in This Work34–36

No. CPNCa
MMT
(wt %)

V

(mL/g)b
d001

(nm)c md

0 C10A 61 – 1.93 –
1 PS 0 0.93710 – –
2 CPNC-1 1.4 0.93251 4.9 3.3
3 CPNC-2 2.8 0.92793 – –
4 CPNC-5 5.7 0.91843 4.02 3.7
5 CPNC-10 10.6 0.90237 4.18 3.3
6 CPNC-17 17.1 0.88108 – –

a Sample code used in the text.
b Specific volume at T ¼ 516.84 K and P ¼ 190 MPa.
c Interlayer spacing from first XRD peak.
d Number of clay platelets in stack (peak #1).
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ume (V) was � 0.03%. The PVT plots in Figures
1 and 2 show the dependencies for the PS ma-
trix and CPNC with the highest clay content.
The range of the independent variables usually
extended from below Tb to above TT (for PS-
1301 at P ¼ 0.1 MPa the secondary transitions
are at Tb % 290�310 K, and TT % 420�440 K),
but they are not detectable on the PVT

surface.38

The PVT data are plotted as isobars of ln V

versus T3/2 or V versus T. The former shows
wider range of linearity than the latter and it
has been used by Simha et al., for example, for
linearization of the V–T data and extraction
of the V* and T* reducing parameters at P

¼ 0.38,39 The straight lines in Figure 1 are fitted
to data within the glassy and molten region.
Furthermore, in the Figure 1 two Tg definitions
are presented: Tg1 represent the boundary tem-
perature between the melt and transition
region, T,3–6 whereas Tg2 is the temperature at
which the lines fitted to V–T data in the molten
and glassy regions intersect.40–42 At ambient
pressure the two methods are in good agree-
ment, but as P and w increase Tg2 becomes
inconsistent with the differential scanning calo-
rimeter (DSC; see column 6 of Table 3). Thus, in
the following text Tg ¼ Tg1 ¼ Tg (DSC) will be
used.

In Figure 1, the transition zone T is limited
by two straight lines: Tg (0) ¼ Tg (P ¼ 0), and

Tg ¼ Tg1. Here, the volume expands with
increasing temperature in the vitreous and the
molten state. The behavior of CPNC-17 in Fig-
ure 2 is different. The transition region is ill-
defined and at T < Tg the specific volume, V, ini-
tially decreases with increasing T, then becomes
independent of it, and finally in the vicinity of
Tg it starts increasing toward the regular melt
behavior. Thus, addition of clay affects the glass
volume behavior at 300 < T (K) < Tg; as the
clay content increases the thermal expansion
coefficient of glassy CPNC progressively de-
creases reaching negative values—CPNC glass
shrinks upon heating from below Tb (K) ¼ Tb0

1 0.21P (MPa).25,42

CALCULATIONS OF THE PVT

DEPENDENCIES USING S-S eos

Analysis of the PVT behavior progresses from
the molten state, through the glass transition
region to the vitreous state:

1. From PVT data of the melts calculate P*,
T*, V*, and the free volume, h ¼ h(V, T).

2. Determine Tg ¼ Tg(P, w), and the corre-
sponding hole fractions at Tg, hg ¼ hg(P, w).

Figure 1. Results of five PVT runs for PS-1301 at
T ¼ 373–517 K and P ¼ 0.1–190 MPa. The black
straight lines are fitted to data within the glassy and
molten region, the red ones to data within the tran-
sient region.

Figure 2. Results of two PVT runs for CPNC-17 at
T ¼ 303–517 K, and P ¼ 1–190 MPa. The straight
lines are fitted to data within the transient and mol-
ten region. Transition temperatures, Tg1 ¼ Tg and TT

are indicated; see text.
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3. Calculate the hole fraction in the glass, h
¼ h(P0, T0), and then the pressure and com-
position dependencies of the frozen free
volume fraction, FFT ¼ FF(P, w).

PVT Behavior in Molten State

The PVT data at T [ Tg from all runs were
combined (�500 data sets) and simultaneously
fitted to S-S eos following the two-step proce-
dure.3–6 Table 2 lists the computed P*, T*, V*
parameters, calculated from these Ms, he*i, hv*i,
along with the goodness of fit measures for V: r
¼ standard deviation, r2 ¼ correlation coefficient
squared, and CD ¼ coefficient of determination;
evidently S-S eos equally well describes CPNC
and PS data.

The T-dependence of the free volume parame-
ter, h, for three compositions at three P-levels is
illustrated in Figure 3. The data indicate that at

all levels of P the highest h-value is observed
for PS, and the lowest for CPNC-2. Consequently,
in Figure 4 the relative loss of free volume: Dh

: (hPS � hCPNC)/hPS, at ambient P and three tem-
peratures is plotted versus clay content. The curve-
fit to data indicates that the maximum loss of free
volume occurs at wsolid � 3.6 wt %MMT loading.

The Glass Transition Temperature

The pressure dependence of glass transition tem-
perature (Tg) was calculated from the isobaric
plots of ln V versus T3/2 (see Figs. 1 and 2). The
data are well described by the second order poly-
nomial; values of its ai parameters are listed in
Table 3. These depend on clay content as: a1
¼ 0.480 – 0.0118w (r ¼ 0.79) and a2 3 104

¼ �7.31 1 0.406 w (r ¼ 0.77). At P ? 0 the first

Table 2. The Characteristic Reducing Parameters and the Statistical Fit Data

CPNC
C10A
(wt %) P* (bar) T* (K)

104 3 V*
(mL/g)

Ms

(g/mol) he*i hv*i r r2 CD

PS-1301 0 7432 6 25 11542 6 21 9311 6 5 46.22 31.98 43.04 0.00112 0.999999 0.998847
CPNC-1 1.4 7515 6 34 11936 6 30 9306 6 6 47.30 33.07 44.02 0.00096 0.999999 0.999098
CPNC-2 2.8 7475 6 32 12014 6 29 9274 6 6 48.02 33.29 44.53 0.00089 0.999999 0.999206
CPNC-5 5.7 7522 6 35 12014 6 30 9175 6 6 48.24 33.29 44.26 0.00088 0.999999 0.999235
CPNC-10 10.6 7470 6 43 11847 6 37 8990 6 7 48.89 32.83 43.95 0.00117 0.999998 0.999306
CPNC-17 17.1 7503 6 33 11720 6 28 8765 6 5 49.39 32.48 43.29 0.00094 0.999999 0.999075

Figure 3. T-dependence of the free volume parame-
ter, h, for PS, CPNC-2, and CPNC-17 at P ¼ 0.1, 70,
and 190 MPa. Note the nonlinear clay content effect.
[Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Figure 4. Relative loss of free volume for the PS-
based CPNC at ambient pressure, P ¼ 0.1 MPa, and
indicated temperatures, T(K). [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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derivative decreases with w from (dTg/dP)P¼0

¼ 0.480 to 0.278 (K/MPa), while the second deriva-
tive increases from �1.46 3 10�3 to �7.35 3 10�5.

The computed hole fraction, hg ¼ hg(Tg, P),
linearly decreases with P (see Table 3). In con-
trast with Tg and its derivatives, the hg varies
nonlinearly with clay content. The data suggest
that at wsolid � 3.6 wt % MMT CPNC is most
sensitive to P.

Vitreous Region at T 0 < Tg

It is convenient to distinguish the independent
variables in the glassy state by primes, viz. T0, P0

and calculate the hole fraction within the glassy
region, hglass ¼ h(T0, P0), from the PVT data, by
substituting V ¼ V(T0, P0) into eq 2, for which the
P*, T*, V* parameters are already known.6,24

Next, the hole fraction that melt would have if
existed at T0 and P0, hextrapol ¼ h(T0, P0), is com-
puted from eqs 2 and 3. For clay content [5 wt
% the free volume, hglass, decreases with T; most
rapidly at 304 < T(K) < 314, that is, in the vicin-
ity of Tb at T/Tg � 0.86 6 0.02.

The free volume frozen fraction, FF (see Table
4), was calculated from eq 10 using computed
values of (@h/@T0)P,glass and (@h/@T0)P,extrapol. The
isobaric clay-content dependence is nonmono-
tonic, with local minimum at MMT content of

wsolid ¼ 3.6 wt %. It is noteworthy that while for
neat polymers FF < 0.9, for CPNC, FF [ 1;
these high values are unprecedented.

COMPRESSIBILITY AND THERMAL
EXPANSION COEFFICIENTS

The defined in eq 1 compressibility, j, and ther-
mal expansion, a, coefficients were calculated
from raw data plotted as ln V versus P or T using
the moving arch computational methods. An
example of the j versus T plots are presented in
Figure 5 (the initial data points at T < 320 K
were omitted), and that of a versus T in Figure 6.
The glass transition and the upper transition at
TT/Tg � 1.2 6 0.1 are readily visible. Addition of
clay reduces the j versus T dependence in the
glass toward negative values. Note that in Figure
5 Tg and TT seems independent of P—the pres-
sure dependence of Tg from ln V versus T3/2 is
marked by solid line with negative slope dividing
the large transition region, T.

DISCUSSION

Molten State: L-J Interactions and Free Volume

The data in Table 2 confirm that within the full
range of clay content, w ¼ 0–17.1 wt %, S-S eos

Table 3. Pressure Dependence of the Glass Transition Temperature: Tg ¼ SaiP
i; and the Hole Fraction at Tg: hg

¼ hg0 1 b1P (MPa)

Sample Tg,P ¼ 0 a1 a2 3 104 r Tg,P¼0(DSC) hg0 �b1 3 104 r

PS 357.6 0.491 �8.14 0.998 365.4 0.0682 7.40 0.991
CPNC-1 360.4 0.430 �4.78 0.998 364.9 0.0650 7.16 0.994
CPNC-2 349.9 0.531 �8.65 0.989 363.4 0.0608 5.36 0.915
CPNC-5 361.0 0.271 �2.12 0.998 362.0 0.0639 8.00 0.969
CPNC-10 353.0 0.383 �5.11 0.999 360.9 0.0637 8.44 0.997
CPNC-17 356.7 0.338 0.09 1.000 357.1 0.0638 8.60 0.981

Table 4. Free Volume Frozen Fraction (FF) of PS and Its PNC’s

P (MPa) PS CPNC-1 CPNC-2 CPNC5 CPNC-10 CPNC-17

0.1 0.62994 0.75220 0.73348 0.9582 1.0507 1.1798
10 0.65665 0.77350 0.75455 0.9927 1.1150 1.2389
40 0.73364 0.83976 0.81262 1.0872 1.2934 1.4030
70 0.75884 0.87018 0.83566 1.1503 1.3686 1.4900

100 0.78189 0.88023 0.85029 1.1877 1.4454 1.5852
130 0.79624 0.91088 0.85015 1.2454 1.4929 1.6513
160 0.84049 0.92701 0.88066 1.2776 1.5044 1.6748
190 0.85584 0.96829 0.88850 1.3028 1.4579 1.5807
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well describes the PVT surface. The calculated
from P*, T*, V* volume-averaged Lennard-Jones
interaction parameters, he*i and hv*i, are shown
in columns 7 and 8; both parameters plotted
versus MMT content go through a maximum at
w � 3.6 wt % MMT. Linearity found for neat
PS: e* ¼ 13.4 1 0.445v* (r ¼ 0.952),43 is also
observed for the bulk-average parameters of
CPNC: he*i ¼ �5.23 1 0.868 hv*i (r ¼ 0.968).
However, in CPNC the relation between e* and
v* is stronger, with the slope nearly twice as
large as that for neat PS.

The next task is determination of the six indi-
vidual binary interaction parameters from the
bulk-average components using eqs 5–7. First, the
molar and site fractions (xi, and Xi, respectively)
are calculated. The molar fraction of the polymer,
x1, is reduced by solidification on the clay:

x1 ¼
ðm1=Ms1Þ � ðm1;Solid=Ms1Þ

ðm1=Ms1Þ þ ðm2=Ms2Þ
ð11Þ

where m1 is the weight fraction of the polymer,
m1,Solid is its solidified weight fraction, m2 is
clay weight fraction, and Msi ¼ Mi/si is the mo-
lecular weight of statistical segment of compo-
nent ‘‘i’’ (Mi and si are molecular weight and
number of statistical segments, respectively).
The segmental MW of PS in Table 2 is Ms1

¼ 46.22 (g/mol), whereas the molecular weight
of styrene is M0¼ 104.14 g/mol, thus one lattice

cell accommodates about ½ of styrene mer with
the hard core molecular volume of
v�hard ¼ 43:035=21=2 ¼ 30:43 ðmL=molÞ. The hard-
core statistical segment of clay should occupy a
similar lattice volume. This rule provides means
for computing the molecular weight of the clay
statistical segment, Ms2. The clay platelets are
assumed to be circular with average diameter of
d ¼ 200 nm, thickness h ¼ 0.96 nm, and density
r ¼ 2.3 g/mL; hence the ‘‘molecular mass’’ of an
average platelet is: M2 ¼ NAqpd

2h/4 ¼ 41,772
(kg/mol), and its volume is: Vplat ¼ M/q ¼ 4.54
3 106 (mL/mol). In consequence, the number
of segments for PS (s1) and clay (s2) are re-
spectively: s1 ¼ 2921 and s2 ¼ Vplat/v

�
hard ¼ 3:43

3 105.
Next, the mass of solidified PS on the surface

of clay platelet is calculated. For fully exfoliated
clay platelets this has been done based on the
relative volume of solidified, 6 nm thick layer of
polymer adsorbed onto clay surface, A.4 How-
ever, the melt compounded PS/C10A systems
are only intercalated. The first XRD peak-1 indi-
cates progressive reduction of the interlayer
spacing (d001 � 4.9–4.0 nm) and intensity with
clay content.34–36 Furthermore, the HRTEM
micrographs shows that the CPNC morphology
is dominated by tightly packed stacks corre-
sponding to peak-2 (d001 � 1.4 nm) with about 6
platelets each. The dimensions and spacing
within the stacks was independent of concentra-

Figure 5. Volume compressibility versus T for PNC-
2. Red inclined line indicates Tg1. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 6. Thermal expansion coefficient versus T

for PNC-10. Red inclined line indicates Tg1. [Color fig-
ure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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tion, behaving as effective particles composed of
intercalated clay platelets. From the stacks ge-
ometry the intercalant content was calculated as
about 24 wt %, instead of 39 wt % as in organo-
clay, what might indicate dissolution in PS ma-
trix of the excess intercalant (above the clay cat-
ion exchange capacity, CEC) and/or a partial
degradation during compounding. Consequently,
the CPNC might be visualized as PS matrix and
dispersed in it stacks having effective diameter
	200 nm and thickness, heff � 11 nm. However,
since the platelets are rarely stacked in uniform
box-like forms their effective aspect ratio, peff,
might be significantly larger and in consequence
the volume fraction of encompassed particles,
/max, may range from 1.4 wt % (full exfoliation)
to 10.7 wt % (stacks with peff 	 18).

The PS solidification on the observed stacks
assuming 4 nm thick solidified organic indicates
that the limiting concentration for nonsolidified
PS is wsolid ¼ 3.6 wt %. As evident in Figure 4,
relative loss of the matrix free volume quantity,
Dh, reaches maximum at this very concentra-
tion. Similarly, the maximum values of the L-J
bulk-average interaction parameters, pressure
sensitivity of Tg, and other measures of the ma-
terial behavior show extrema near wsolid.

Of the six L-J parameters in eqs 5–7 two (e�11
and v�11) are experimentally accessible, while, as
before,5 the cross-interaction parameters, e�12
and v�12, might be taken as geometric and alge-
braic averages, respectively:

e�12 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

e�11e
�
22

p

; and v�12 ¼ v
�1=3
11 þ v

�1=3
22

h i3
=8 ð12Þ

For computational convenience eq 5 was trans-
formed into:1

hv�i2 ¼
N4

N2
3 v�211; and he�i ¼

N
2
2

N4
3 e�11

N2 � X2
1 þ 2X1X2e12v

2
12 þ X2

2e22v
2
22

¼
hv�i

v�11

� �2 he�i

e�11

� �

N4 � X2
1 þ 2X1X2e12v

4
12 þ X2

2e22v
4
22

¼
hv�i

v�11

� �4 he�i

e�11

� �

ð13Þ

with the following definitions:

e12 � e�12=e
�
11; e22 � e�22=e

�
11;

v12 � v�12=v
�
11; v22 � v�22=v

�
11:

Optimized fit (with r2 ¼ 0.99997) of the bulk-
averaged interaction parameters to eqs 12 and

13 was achieved using Scientist program from
MicroMath. The results are listed in Table 5. It
is noteworthy that the ratio: v�22=v

�
11 ¼ 1.03,

hence it is within the theoretically acceptable
range for the lattice cell size variation.13

As reported before6 and now noted in Figures
5 and 6, the changes of properties at T [ Tg are
nonmonotonic. A secondary transition at TLL/Tg

¼ 1.2 6 0.1 has been reported by Boyer,16 the
MCT postulated the crossover transition temper-
ature at Tc/Tg � 1.25 6 0.10 and discussed in the-
oretical and experimental studies of dynamic
structures in molten polymers.26–29 During cooling
there are two MCT relaxations—segmental (at T

[ Tc) and structural (at T < Tc). Furthermore,
the fast and the elementary relaxations start at
temperature in the glassy state and stretch to T

[ Tc. Transitions in glass-forming, fragile liquids
at T[ Tg repetitively have been reported.44–49

In Figure 5 j versus T dependence of CPNC-
17 is shown (see also Figs. 10 and 11 in ref. 6).
Several aspect are worth noting: (1) on this plot
the transitions Tg and TT seem pressure-inde-
pendent; (2) the transition region, T, stretches
from about Tg to TT; (3) the observed in the PVT

diagrams pressure variation of Tg ranges from
Tg(P ¼ 0) to Tg(P ¼ 190) � TT.

Figure 6 displays the concentration depend-
ence of am at P ¼ 0 and its first derivative for
PS and its CPNC. Both functions go through a
local minimum at wsolid � 3.6 wt %. Evidently, it
is expected that the thermal expansion coeffi-
cient should decrease with the solid loading.
However, experimentally this takes place only
up to the critical clay content of matrix solidifi-
cation—above this limit further addition of orga-
noclay containing 39 wt % low molecular weight
intercalant increases the free volume content
and thus the value of am.

Glass Transition

The glass transition region is characterized by
Tg and hg ¼ hðT¼TgÞ, both dependent on P and w;
Tg increases with P and decreases with w, while

Table 5. Binary Interaction Parameters for PS/
MMT Stacks System at / > /max

Parameters

Binary Interactions

ij ¼ 11 12 22

eij* 32.0 6 0.6 32.5 6 0.4 33.0 6 0.1
vij* 43.0 6 1.7 43.6 6 0.9 44.2 6 0.1
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hg decreases with both P and w. Numerical val-
ues of the polynomial fit to Tg and hg are listed
in Table 3. The pressure gradients of Tg and hg

show local extrema at wsolid � 3.6 wt %. On the
basis of the free volume argument it is expected
that with increasing pressure Tg should increase
and hg should decrease. The pressure gradient
of Tg should follow the theoretical prediction of
eq 8, but an earlier analysis showed that agree-
ment can be observed only for slow vitrification
during isobaric cooling from the melt. By con-
trast, the ‘‘standard’’ PVT procedure resulted in
significant differences between the predicted
and experimentally found gradients (see Fig. 12
in ref. 6).

Experimental values of dTg/dP are listed in
Table 3. Except data for CPNC-17 all other
decrease with P toward zero. The change with
the MMT content is complicated, different for
each level of P. The absolute magnitude of the
gradient, (dTg/dP)P¼0 fall within the range
reported for amorphous polymers (dTg/dP)P ¼ 0

¼ 0.29–0.78 K/MPa and listed for PS by Roe
(0.16–0.31).50 The parameters hg0 and b1 (col-
umns 7 and 8 in Table 3) also show local
extrema at wsolid � 3.6 wt %.

Vitrification has been subject of many funda-
mental studies,51–54 but many questions remain
unanswered. The dynamic studies of relaxations
seem to indicate that the vitrification is a net
result of temperature and/or pressure engen-
dered reduction of several vibration modes.

The Glassy State

Glass is not a well defined state with regular
dynamic behavior. The model made of hard
spheres with short range interactions indicated
presence of two glassy states; one dominated by
repulsions the other by attractions.55 The pres-
ence of two glassy states may justify presence of
a glass–glass transition as well as broad distri-
bution of the relaxation times, characteristic for
the glass transition a-process.

The model favorably compared with the pre-
diction of the MCT. Polymeric glasses within
the range of temperature between Tb and Tg

undergoes the ‘‘physical aging.’’25 The stress
relaxation and loss of free volume that accom-
pany the process might lead to changes of
shape and dimension of formed article. In par-
ticular, the physical aging affects injection
molded parts, thus to minimize the aging

effects the holding time and pressure as well as
24 h storage before shipping are often used.
The aim is reduction of the excess free volume
entrapped in the nonequilibrium glass while
cooling and pressurizing melt to the ambient
conditions. The initial free volume content
depends on the cooling rate and the pressure
level during vitrification, then during aging
time, ta, h varies as: h ¼ h(P, T, ta). According
to Struik the rate of glass relaxation is most
rapid at Tmax/Tg ¼ (Tg–Tb)/2Tg � 0.88 6 0.03,
that is, for PS at Tmax ¼ 308–318 K.25 In the
case of CPNC the rate is affected by the pres-
ence of clay platelets that form nano-cages, and
by the mount of the plasticizing intercalant.

The free volume frozen fraction, FF, calcu-
lated from the isobaric temperature dependence
of h (see eq 10) is listed in Table 4. As reported
earlier, the ‘‘standard’’ PVT test method resulted
in increase of FF with P; isobaric cooling from
Tg 1 30 yielded nearly constant values, whereas
isobaric heating caused a dramatic decrease of
FF from 0.69 to 0.50.6 The effect of the ‘‘stand-
ard’’ procedure is easy to understand consider-
ing that during the slow pressurization and
step-wise heating the specimen undergoes physi-
cal aging, thus the free volume slope decreases
and FF value increases. The value FF0 ¼ 0.64
6 0.03 for PS at P ¼ 0 is comparable to an
average obtained for several PS resins, viz. FF0

¼ 0.69 6 0.01.43

More difficult is explanation of FF [1 values
obtained for CPNC with MMT content w[wsolid

¼ 3.6 wt %. Before the PVT test the specimens
were heated at 10 MPa to T 	 130 8C and then
cooled to 30 8C. However, adsorption and solidi-
fication of organic substances on clay surface
reduces the free volume by equivalence of T

reduction by about 50 8C.4 Thus, incorporation
of an excess of C10A to solidified system brings
in a large amount of free volume entrapped
within the tightly packed stacks of MMT-
2MBHTA. Because of low molecular mobility the
free volume at 130 8C is quenched to �30 8C,
that is, to the vicinity of Tb. Then, heating the
glass toward Tg increases the rate of physical
aging, which translates into reduction of specific
and free volume, and thus FF[ 1.

The analysis of the PVT behavior of CPNC
indicates that in these systems there are two
kinds of free volume, one associated with the
matrix, the other with intercalant. Such a dual-
ity has not been observed in well-dispersed
nanocomposites at low clay content. In the stud-
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ied PS-based CPNC only small portion of clay
platelets is exfoliated, most remaining in stacks
with the interlayer spacing of similar dimension
as in organoclay. Owing to solidification of the
matrix polymer its molecular mobility is
reduced; at wsolid � 3.6 wt % MMT all PS matrix
is physically bonded to clay—incorporation of
additional organoclay brings in free volume
within the intercalant domains, but this does
not affect the matrix.

The physical aging behavior has significant
influence on the dimensional stability of molded
articles. It involves release of the residual
stresses, thus possible warping, as well as a loss
of free volume reflected in shrinking. Further-
more, reduction of free volume increases stiff-
ness and brittleness of the moldings. Judging by
the PALS results during aging the average free
volume cavity size remains constant, but their
number decreases.56,57

In the absence of direct measurements of
physical aging one may only speculate how the
presence of clay platelets affects stress relaxa-
tion and dimensional stability. There are two
aspects: a general one, pertinent within the low
clay content (partially exfoliated CPNC) and the
other related to the systems with w[ wsolid. For
the former case, assuming a two component sys-
tem (e.g., PA 1 MMT) the CPNC relaxation is
sterically hindered by interacting clay platelets
at concentration of critical encompassed volume,
that is, �1.1 wt % clay, thus the physical aging
effects should be smaller than these for neat
matrix. In the case of highly loaded intercalated
systems the situation is more complex since
there are two sources of free volume—polymer
and intercalant within the excess of organoclay.
Since at wsolid all PS macromolecules are solidi-
fied one may expected that in the vicinity of this
composition the rate of physical aging is the
lowest. Further incorporation of organoclay with
its large amount of low molecular weight inter-
calant resembles compounding polymer with fil-
ler particles and plasticizer—tensile modulus
will still increase, but the strength decrease and
the rate of physical aging should increase. In
conclusion, for highly loaded systems, annealing
might be more important compared to neat
matrix, and better overall performance are
achieved at lower clay loading.

The derivative properties, j and a coefficients,
are shown in Figures 5 and 6, respectively. As
expected, the derivatives are more sensitive to
changes of structures, but at the same time

show greater data scatter than the original PVT
plot. The coefficients were computed using three
moving arch (5-points) procedures and then
averaging the results. The T-dependence of the
compressibility coefficient for the other composi-
tions show are similar to that in Figure 5—
exception being the initial negative slope
for CPNC with w [ wsolid at P [100 MPa. The
plot of the thermal expansion coefficient, a ver-
sus T (see Fig. 6) also shows a < 1 for glassy
CPNC with high clay content. These effects orig-
inate in the decrease of the free volume at
increasing T. The thermal expansion coefficient
shows significantly greater scatter of data than
that of compressibility. Furthermore, its tempera-
ture and pressure dependencies are less informa-
tive. Thus, a in the melt is almost independent of
clay content, whereas its pressure variation in
the glassy state is shown in Table 6—it
decreased with P; its concentration dependence in
the vitreous state goes through a local extremum
at wsolid.

In Figures 5 and 6 the secondary transition
at TT � 1.2Tg are indicated by a vertical
straight line; in Figure 5 the glass transition at
ambient pressure is also marked by vertical
line—the line forms a boundary between the vit-
reous and transitory regions. It is noteworthy
that in both Figures the Tg determined by PVT

and DSC (see part 4.2) is marked by solid line
with negative slope that intersects the transi-
tory region. Comparing Figure 5 with Figure 1
makes it evident that in both the vertical line
from Tg at P ¼ 0.1 MPa provides a boundary
between the glass and T-region. However, at the
same time in Figure 1 the transition marked as
TT is invisible, and so is Tg in Figure 5.

One might ponder the origin/mechanism of
the pressure-independent phenomena marked
by the vertical lines in Figures 1, 5, and 6. Since
increase of P reduces the free volume and in

Table 6. Pressure Coefficients of the Thermal
Expansion Coefficient in the Glass, ag

Sample a0

�100 3

(da/dP)
105 3

(d2a/dP2) r2

PS 2.63 1.03 1.73 0.989
CPNC-1 2.33 0.97 2.21 0.989
CPNC-2 2.16 1.05 2.81 0.997
CPNC-5 0.966 1.16 3.83 0.995
CPNC-10 0.321 1.49 6.48 0.941
CPNC-17 0.213 1.35 5.43 0.917
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turn restricts segmental motion the left vertical
line does not mark Tg even when it starts at
Tg, P¼0. However, while the glass transition is
related to the viscosity controlling a-process
observed in any glass-former, in polymers
another dynamic process starts near Tg—it is
the E-process, elementary for macromolecules.52

It involves local conformational transitions of
the backbone chain on a picoseconds scale with
low potential energy barrier, thus insensitive to
T and P.58 Validity of the latter statement might
be questioned as the experimental and simula-
tion studies are carried out for a range of T, but
at atmospheric P.

The second vertical line starts at TT, might be

associated with Boyer TLL, with Ngai’s TB or

with Tc of the MCT. The former, TLL/Tg ¼ 1.2

6 0.1, is pressure sensitive: [dTLL/dPPS ¼ 0.6

(K/MPa)],20 and as such cannot explain the

observed behavior. Ngai’s transition at TB/Tg

¼ 1.2–1.7 is defined by two intersecting lines

representing the Vogel-Fulcher-Tammann-Hesse

(VFTH) expression:

sðTÞ ¼ s0 exp B=ðT � T0Þf g ð14Þ

where s is the segmental relaxation time, while
s0 and B being equation constants.29 However,
since VFTH relation is based on free volume it
is highly probable that isobaric experiments at
different level of P will lead to different value of
TB. The equations of state indicate equivalence
of P with some function of T, for example, see eq
2 for constant value of V and h. If so, than MCT
should also lead to crossover pressure, Pc, equiv-
alent to Tc.

59

Mathematically, the crossover temperature,
Tc, comes from the MCT expression for the
relaxation time:60

s / ðT � TcÞ
�c ð15Þ

where c is a universal exponent. The relation
predicts that as T approaches Tc the s ??. In
other words, the model system vitrifies at Tc,
even while experimentally vitrification is
observed not at Tg but at Tc � 1.2Tg. However,
the liquid-like behavior is predicted and observed
at T [ Tc. This may help in explaining the exis-
tence of TT, but it does not lead to any conclusion
regarding its pressure insensitivity. Some years
ago the photon correlation spectroscopy was
applied for study of relaxations in acrylic poly-
mers at T [ Tg.

61 The authors modified eq 14 by

setting B ¼ aP, where a is a numerical parame-
ter. The empirical relation resulted in ‘‘master
curve’’ dependence within the full range of T and
P implying pressure independence for T0. How-
ever, if the master curve behavior of molten poly-
mer extends to the MCT divergence of eq 15,
then its P-independence might be expected.

Unfortunately, there are few theoretical or ex-
perimental data to shed light on the problem of
the two pressure-independent limits observed for
the two PVT derivatives in Figures. 5 and 6.
Nevertheless, the two isobaric limiting tempera-
tures are real, observed for neat PS resins studied
in three laboratories as well as for the PS-based
CPNC specimens in full range of compositions.

SUMMARY AND CONCLUSIONS

PS was melt compounded with Cloisite-10A
(C10A; w ¼ 0–17.1 wt % MMT). The PVT behav-
ior of these molten and glassy systems was
examined using the Simha-Somcynsky equation-
of-state (eos). In the molten state the theoretical
description provided excellent fit to the PVT sur-
face with 6 0.0003 mL/g residuals of the specific
volume, yielding the characteristic reducing pa-
rameters, P*, V*, T*, and the free volume pa-
rameter, h ¼ h(V, T). On the basis of XRD and
HRTEM studied the system was modeled as
intercalated stacks with solidified layer of the
matrix polymer dispersed in ‘‘free’’ PS melt. The
model also predicted that the free PS should dis-
appear at wsolid � 3.6 wt % MMT—above this
limit C10A remains largely unaffected by com-
pounding. From the P*, V*, T* parameters the
Lennard-Jones (L-J) bulk-average interaction
quantities, he*i and hv*i were computed, and
then the binary interaction parameters, e�ij and
m�ij, were calculated for polymer (11), for stacks
(22), and for stack-polymer (12).

On the PVT surface the glass transition region
is characterized by Tg, and associated with it the
free volume function hg ¼ h(Tg), both depended
on P and w. It was found that Tg increases with P

and decreases with w, whereas hg decreases with
P and w. The pressure gradients of these func-
tions showed local extrema at w ¼ wsolid. In the
vitreous region the V versus T and h versus T

slopes depend on w; for PS the slopes are positive,
decreasing with clay content toward negative val-
ues. The defined in terms of these slopes free vol-
ume frozen fraction, FF, ranges from FF � 0.6 for
PS to 1.6 for CPNC-17 at 160 MPa. The ambient
pressure value of FF and its first derivative of P
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show local extrema at the concentration of free
PS disappearance, wsolid ¼ 3.6 wt %.

In addition to the fundamental analysis of the
PVT data by means of S-S eos, the derivatives:
the thermal expansion coefficient, a ¼ a(T, P, w),
and the compressibility coefficient, j ¼ j(T, P,
w), were computed. The former decreased with
P; its concentration dependence in the molten
state was slight, but in the vitreous state it
changed with w going through a local extremum
at wsolid. The j versus T dependence revealed
two secondary transitions, one below and second
above Tg; TT/Tg ¼ 1.2 6 0.1. The two transitions
appeared to be P-independent.

This and several other articles in this issue are dedi-
cated to Professor Robert Simha. Unfortunately, the
initial idea of celebrating his 95th birthday has been
transformed by his passing on into a memorial issue.
Robert was excellent teacher, a model scientist but
foremost good, personal friend for nearly five decades.
His numerous and fruitful discussions, the guidance
and vivid interest in the evolution of the text left his
stamp on the manuscript.

NOMENCLATURE

Abbreviations

CPNC Clay-containing polymeric nanocomposites
DSC Differential scanning calorimetry
eos Equation-of-state
FF Frozen in free volume fraction
HCP Hairy clay platelets
HRTEM High resolution transmission electron

microscopy
L-J Lennard-Jones
MCT Mode-coupling theory
MMT Montmorillonite
MW Molecular weight
NMR Nuclear magnetic resonance
PA Polyamide
PLA Polylactic acid
PNC Polymeric nanocomposites
PS Polystyrene
PVT Pressure-volume-temperature dependence
SEM Scanning electron microscopy
S-S Simha-Somcynsky cell-hole theory or eos
T Transition zone
VFTH Vogel-Fulcher-Tammann-Hesse relation or

temperature
XRD X-ray diffraction

Symbols

~F Helmholtz free energy in reduced variables
3c The external, volume-dependent degrees of

freedom per macromolecule

CD Coefficient of determination
d001 Interlayer spacing
FF Isothermal frozen free volume fraction
h Free volume parameter in S-S eos;

h ¼ h(V, T)
hg h-value at Tg

m Number of clay platelets per stack
Ms Mn/s molecular weight of statistical

segment
Mn, Mw number- and weight-average molecular

weight
P, P* Pressure and the characteristic pressure

reducing parameter
P0 The glass formation pressure
q Rate of vitrification by either cooling or

compressing
R The gas constant
r2 Correlation coefficient squared
s Number of statistical segments per macro-

molecule
T, T* Temperature and the characteristic temper-

ature reducing parameter
TB Ngai’s secondary transition temperature
ta Annealing time
Tc Crossover transition temperature, Tc/Tg ¼

1.25 6 0.10
Tg Glass transition temperature
TLL Liquid–liquid transition temperature, TLL/

Tg ¼ 1.2 6 0.1
Tm Melting point
Tmax Temperature at which the physical aging

rate is the highest
T0 The glass formation temperature
Tb Beta subglass transition temperature
v* L-J segmental repulsion volume per statis-

tical segment
V, V* Specific volume and the characteristic vol-

ume reducing parameter
w, wsolid Clay content and its value for full solidifica-

tion of the matrix
xi Mole fraction
Xi Site fraction
y Occupied volume fraction in S-S eos;

h ¼ 1�y

z Coordination number
zq The number of interchain contacts in a

lattice; zq ¼ s(z�2) 1 2

/ Cluster concentration
e* L-J maximum attractive energy
D Difference between values for the liquid (l)

and glassy state (g)
a Thermal expansion coefficient
g Viscosity
j Compressibility
r Standard deviation

Independent variables in the glassy state
are indicated by ‘‘prime,’’ viz. T0, and P0

Tilde indicates reduced variables, for
example, as defined in eq 4.
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