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From positron annihilation lifetime spectroscopy analyzed with the new routine LT9.0 and pressure-volume-
temperature experiments analyzed employing the equation of state �EOS� Simha-Somcynsky lattice-hole
theory �SS EOS� the microstructure of the free volume and its temperature dependence of an oligomeric epoxy
resin �ER6, Mn�1750 g/mol, Tg=332 K� of diglycidyl ether of bisphenol-A �DGEBA� have been examined
and characterized by the hole free-volume fraction h, the specific free and occupied volumes Vf =hV and
Vocc= �1−h�V, and the size distribution �mean, ��h�, and mean dispersion, �h� and the mean density Nh�
=Vf / ��h�, of subnanometer-size holes. The results are compared with those from a previous work �G. Dlubek
et al., Phys. Rev. E 73, 031803 �2006�� on a monomeric liquid of the same resin �ER1, Mn�380 g/mol,
Tg=255 K�. In the glassy state ER6 shows the same hole sizes as ER1 but a higher Vf and Nh�. In the liquid Vf,
��h�, dVf /dT, and dVf /dP are smaller for ER6. The reported dielectric � relaxation time � shows certain
deviations from the free-volume model which are larger for ER6 than for ER1. This behavior correlates with
the SS EOS, which shows that the unit of the SS lattice is more heavy and bulky and therefore the chain is less
flexible for ER6 than for ER1. The free-volume fraction h in the liquid can be described by the Schottky
equation h�exp�−Hh /kBT�, where Hh=7.8–6.4 kJ/mol is the vacancy formation enthalpy, which opens a
different way for the extrapolation of the equilibrium part of the free volume. The extrapolated h decreases
gradually below Tg and becomes zero only when 0 K is reached. This behavior means that no singularity
would appear in the relaxation time at temperatures above 0 K. To quantify the degree to which volume and
thermal energy govern the structural dynamics, the ratio of the activation enthalpies Ei=R��d ln � /dT−1��i, at
constant volume V and constant pressure P�EV /EP�, is frequently determined. We present arguments for
necessity to substitute EV by EVf, the activation enthalpy at constant �hole� free volume, and show that EVf /EP

changes as expected: it increases with increasing free volume, i.e., with increasing temperature, decreasing
pressure, and decreasing molecular weight. EVf /EP exhibits smaller values than EV /EP, which leads to the
general inference that the free volume plays a larger role in dynamics than concluded from EV /EP. The same
conclusion is obtained when scaling � to T−1Vf

−� instead of to T−1V−�, where both �’s are material constants.
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I. INTRODUCTION

In a recently published work �1� we have studied the mi-
crostructure of the free volume and its temperature depen-
dence in a low molecular, monomeric resin of diglycidyl
ether of bisphenol-A �DGEBA� using positron annihilation
lifetime spectroscopy �PALS� and pressure-volume-
temperature �PVT� experiments. The PVT data were ana-
lyzed employing the equation of state �EOS� of the Simha-
Somcynsky lattice-hole theory �SS EOS� �2–4�. This theory
describes a liquid as a periodic lattice of cells of equal size
each having z=12 nearest neighbors. The disorder is mod-
eled by assuming a statistical mixture of occupied and unoc-
cupied cells. From this analysis the fraction of empty cells
�holes or vacancies� h is estimated. The vacancies in the SS

lattice constitute the hole free volume Vf =Vfh=hV. The oc-
cupied volume Vocc= �1−h�V contains the van der Waals vol-
ume VW �5�, and an empty space, which may be denoted as
interstitial free volume Vfi. That means that the free volume
in the SS theory is an excess free volume, which has a simi-
lar meaning as the free volume in the definitions of Doolittle
�6� or Bondi �7�. Free volume defined in a comparable way
also appears in the Cohen-Turnbull free-volume theory, de-
rived on the basis of statistical mechanics �8�.

The PALS method uses the positronium �Ps�, a light
quantum-mechanical particle with the mass of two electrons,
and the size of a hydrogen atom, as a probe to measure the
size of subnanometric holes in amorphous solids or liquids
�9,10�. Ps is formed in molecular matter and �Anderson� lo-
calized at local free volumes �denoted as holes�. The long-
lived ortho state of Ps �o-Ps� is very sensitive to the hole
size. Its lifetime decreases from 142 ns in infinite large holes
�self-annihilation in a vacuum� to the low ns range in
subnanometer-size holes and mirrors the hole size at the mo-
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ment of annihilation. The decrease in lifetime occurs since
o-Ps may annihilate with an electron other than its bound
partner, and with opposite spin, during a collision with a
molecule in the hole wall �pickoff annihilation� �9,10�.

Recently, it was shown that the holes detected by o-Ps can
be considered as multiplets of the vacancies described by the
SS EOS, which appear due to statistical reasons as a conse-
quence of the large number of vacancies �11–15�. Both meth-
ods, PALS and PVT �SS�, are therefore complementary and
deliver a complete description of the structure of the free
volume: the hole size distribution usually characterized by its
mean and mean dispersion, the number density of holes, and
the fraction and the specific value of the hole free volume
�12–18�.

The aim of our study is to characterize the free volume in
an oligomeric epoxy resin of DGEBA in a pure, uncured
state as completely as possible and to use this to test the
validity of the Cohen-Turnbull free-volume theory �8�, to
discover possible deviations from the expected behavior, and
to discuss physical reasons for these deviations. A very de-
tailed study of the dynamics of this material employing di-
electric spectroscopy, dynamic light scattering-photon corre-
lation spectroscopy, and mechanical spectroscopy was
published recently by Paluch et al. �19�.

An important part of our work is to systematically study
the differences in the free-volume structure of the oligomeric
DGEBA to the properties of the monomeric liquid of the
same resin, which we have published recently �1�. Therefore,
we will not repeat all the details of the theory and data analy-
sis, but instead of, make reference to the previous work.
Figure 1 shows the chemical formula of DGEBA. The mol-
ecules of the sample studied in the current work have a mean
length of n�5 while the former sample �1� has n�0.18. For
shortness we denote both DGEBA resins as ER6 and ER1.
The important point for our interest is that the properties of
the resins differ distinctly due to their different molecular
mass without a change in the chemistry of the material. For
example, ER6 has a caloric glass transition at 332 K �19,20�
while for ER1 a value of 255 K �21� has been determined.

A further important aspect of this study, which goes be-
yond our first work, is the discussion of the central question
of glass formation and what governs the kinetic arrest of the
quenched liquid—cooling reduces the thermal energy that
molecules need to surmount local potential barriers, while
the accompanying volume contraction promotes molecular
crowding and congestion. Following the literature �22–27�
we attempt to quantify the degree to which thermal energy
and volume govern the structural relaxation of the material
by determining the ratio of the activation enthalpies of �
relaxation at constant volume and at constant pressure,
EV /EP. We criticize this procedure and present arguments

that it is physically more reasonable to use EVf, the activation
enthalpy at constant hole free volume, instead of EV. Our
estimation gives lower values for EVf /EP, which shows that
the free volume plays a larger role in structural dynamics
than concluded usually from the ratio EV /EP. We show also
that EVf /EP increases with increasing temperature, decreas-
ing pressure, and decreasing molecular weight, which is in
qualitative agreement with the expectations. That is not al-
ways true for the ratio EV /EP �26,27�. Reasons for the unex-
pected behavior of EV /EP are discussed.

II. EXPERIMENT

The material used in this study was a DGEBA from Ald-
rich. This oligomer is synthesized by the reaction of
bisphenol-A with epichlorohydrin. Its number-averaged mo-
lecular weight Mn is about 1750 g/mol, corresponding to n
�5 in Fig. 1. It is the same material as used in the dynamic
study by Paluch et al. �19�.

Standard PVT experiments were carried out by means of a
fully automated GNOMIX high-pressure dilatometer �28�
having a relative and an absolute accuracy of 0.0002 cm3/g
and 0.002 cm3/g, respectively. The densities of the samples
at room temperature were determined by means of an Ul-
trapycnometer 1000 �Quantachrome� with an accuracy of
0.03%.

The PALS measurements were done using a fast-fast co-
incidence system �9,10� with a time resolution of 266 ps
�FWHM, 22Na source� and an analyzer channel width of
25.5 ps. Each measurement lasted six hours leading to a life-
time spectrum of �5�106 coincidence. All other parameters
of the experiments are the same as in our previous work �1�.

III. RESULTS AND DISCUSSION

A. Total, occupied, and free volume

Figure 2 shows a series of volume V isobars with the
pressure P as the parameter, the fits of the SS EOS �Eq. �5�
in Ref. �1�� to the data from above Tg�P�, and the calculated
occupied volume Vocc= �1−h�V. The behavior of the specific
hole free volume Vf =hV is shown in Fig. 3. The SS EOS
expresses pressure, volume, and temperature in reduced
units. Their scaling parameters P*, V*, and T* were estimated
from a consecutive evaluation procedure. It is common to
estimate the fractional hole free volume h from the specific
volume above and below Tg�P� �via Eq. �4� in Ref. �1�� using
P*, V*, and T* determined for the melt. The h values of the
glass are considered to be sufficiently good approximations
for conditions not too far from equilibrium �3�.

FIG. 1. The chemical structure of DGEBA. n�0.18 for ER1 and n�5 for ER6.
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The scaling parameters and other characteristic values of
the volume of ER6 are shown in Table I together with the
data for ER1. M0 is the molecular weight of a SS MER,
which can be calculated from M0=RT* / �3P*V*� �R is the gas
constant�. The volume of a SS cell follows from �SS
=M0Vocc/NA �NA—Avogadro’s constant�. The coefficients of
thermal expansion and the compressibilities displayed in
Table I have the usual meaning �1�. The fractional param-
eters marked by “*” are defined by �i

*= �1/V��dVi /dT�	P and
	i

*=−�1/V��dVi /dP�	T �i=occ, f�. As found in various previ-
ous works �12,14� �occ,g

* �0.5�g�1�10−4 K−1 �T
Tg� and
�occ,r

* ��occ,r�0.2�10−4 K−1 �T�Tg: g denotes the glass
and r the rubber� while 	occ,g

* �	occ,r
* �1.5�10−4 MPa−1.

This means that above Tg the occupied volume shows a very
weak expansion but it is remarkably compressible. The con-
sequence is that the hole �or excess� free volume Vf =V
−Vocc is not the same for the same total volume V�P ,T� but
different P, T pairs. We remark here that this is not true for
total free volume Vft=V−VW. It is the same for the same
total volume V�P ,T� but different P, T pairs under the as-
sumption that the van der Waals volume VW does not depend
on P and T. The coefficient of thermal expansion of the free
volume � f is one order of magnitude larger than the one of
the total volume. The same is true for the compressibility 	 f ,r
above Tg.

FIG. 2. Specific total, V �empty symbols�, and occupied, Vocc

= �1−h�V �filled symbols�, volume of DGEBA-ER6 as a function of
temperature T and as a selection of isobars �in MPa�. The dots
within the open symbols represent the fits of the SS EOS to the
experiment.

FIG. 3. The specific hole free volume Vf =hV of DGEBA-ER6
as a function of temperature T and as a selection of isobars. The
solid lines are due to fits of Eq. �1� to the data from above Tg�P�. T0�
is the temperature where the linearly extrapolated hole free volume
vanishes.

TABLE I. Results from the analysis of PVT experiments �for an
explanation of the symbols see the text�.

Quantity Uncertainty ER1 ER6

Mn �g/mol� �380 �1750

n �in Fig. 1� �0.18 �5.4

Tg �DSC, K�i ±1 255 332

Tg �PVT, K� ±2 325

T0� �K� ±5 209 223

V �cm3/g�a ±0.002 0.8572 0.8533

VW �cm3/g�g 0.587 0.587

Vocc �cm3/g�a ±0.003 0.8046 0.8062

Vf �cm3/g�a ±0.003 0.0526 0.0471

Ef0 �10−4 cm3 g−1 K−1� ±0.04 6.034 5.04

a �10−3 MPa−1� ±0.005 3.168 3.240

ha ±0.003 0.0613 0.0557

hg=h�Tg� ±0.003 0.0334 0.0576

�g �10−4 K−1� ±0.05 2.15c

�r �10−4 K−1� ±0.05 6.79b 6.263d

�occ,g �10−4 K−1� ±0.05 1.222c

�occ,g
* �10−4 K−1� ±0.05 1.115c

�occ,r �10−4 K−1� ±0.05 0.28b 0.249d

�occ,r
* �10−4 K−1� ±0.05 0.26b 0.234d

�f,g �10−4 K−1� ±1 17.9c

�f,g
* �10−4 K−1� ±0.05 1.034c

�f,r �10−4 K−1� ±1 106.5b 104.7d

�f,r
* �10−4 K−1� ±0.05 6.51b 6.029d

	g �10−4 MPa−1� ±0.05 1.8e

	r �10−4 MPa−1� ±0.05 3.32b 3.82f

	occ,g �10−4 MPa−1� ±0.1 1.62e

	occ,g
* �10−4 MPa−1� ±0.1 1.53e

	occ,r �10−4 MPa−1� ±0.1 1.36b 1.44f

	occ,r
* �10−4 MPa−1� ±0.1 1.28b 1.32f

	f,g �10−4 MPa−1� ±1 4.95e

	f,g
* �10−4 MPa−1� ±0.1 0.274e

	f,r �10−4 MPa−1� ±1 33.3b 32.3f

	f,r
* �10−4 MPa−1� ±0.1 2.043b 2.46f

T* �K� ±20 9941 11176

V* �cm3/g� ±0.003 0.8432 0.8474

P* �MPa� ±20 1190 1150

M0 �g/mol� ±0.3 28.7 33.5

�SS �Å3�a ±0.5 38.3 45.0

Hh �kJ/mol� ±0.1 6.88a/5.91h 7.82d/6.42h

� �MPa1/2� ±0.5 27.9a/24.8h 27.6d/25.3h

aAt 300 K.
bAt T=Tg+42 K=297 K �ER1�.
cAt T→Tg=325 K, T
Tg.
dAt T→Tg=325 K, T�Tg.
eAt T=Tg−24 K=301 K.
fAt T=Tg+34 K=359 K �all for ER6�.
gFrom Reference �5�.
hAt 470 K.
iFrom differential scanning calorimetry �DSC�, References �19–21�.
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As in our previous work �1� we have analyzed the specific
free volume above Tg in terms of the equation

Vf�T,P� = �Ef0/�1 + aP���T − T0�� , �1�

where Ef0= �dVf /dT�	P=0 is the specific thermal expansivity
for zero pressure and T0� is the temperature where the ex-
trapolated free volume goes to zero. In unconstrained fits T0�
varied unsystematically between 218 and 228 K. In the final
fits we fixed T0� to its average of 223 K and got the values of
Ef0 and a shown in Table I.

The vacancies of the SS lattice are by definition Schottky
defects. We may therefore attempt to describe their concen-
tration by the Schottky equation �29�

h = A exp�− Hh/kBT� , �2�

where Hh is the hole formation enthalpy, A is a preexponen-
tial factor, and kB is the Boltzmann constant. A linear fit to
the data of ER6 in an Arrhenius plot delivers A=0.80 and
Hh=7.03 kJ/mol �r2=0.999 36, not shown�. This value is not
far from Hh�3RTg estimated by Perez from caloric data
�30�. A fit of a quadratic function to the Arrhenius plot gives
a slightly better fit �r2=0.999 87� and shows a slight change
in Hh=−kB �� ln h /��1/T��P from 7.82 kJ/mol at 330 K to
6.42 kJ/mol at 470 K. These values correspond to 0.38–0.34
of the cohesive energy Ec of a SS MER calculated from the
SS EOS to be 20.8 and 19.1 kJ/mol, respectively, at these
temperatures. The ratio Hh /Ec has a reasonable value since a
MER in a surface plane has only eight nearest neighbors,
which means that the vacancy formation in the closed packed
structure is connected with the destruction of �12−8� /12
=1/3 of the total number of bonds. It is interesting that Hh
mirrors the temperature dependency of the cohesive energy.
We will come back to these results later. We remark at this
point that the solution parameter � may be calculated from
the cohesive energy density �CED� via �=CED1/2 �4�. Table
I shows the results for both epoxy resins for two different
temperatures.

The comparison of ER6 with ER1 shows that ER6 has the
higher Tg, T0�, and above Tg a lower total V, and free, Vf,
volume �at the same temperature�. The occupied volume Vocc
and its expansivity and compressibility are almost the same.
The same is true for the coefficient of thermal expansion and
compressibility of free volume above Tg, � f ,r, and 	 f ,r. In this
comparison, however, the different temperatures and values
of free volume Vf have to be considered. At ambient pressure
the specific thermal expansivity of the free volume Ef0
=dVf /dT is smaller for ER6 �5.04�10−4 cm3 g−1 K−1� than
for ER1 �6.03�10−4 cm3 g−1 K−1�. The same is valid for the
compressibility parameter dVf /dP=	 fVf, which has at
350 K a value of 2.12�10−4 cm3 g−1 MPa−1 for ER6 and
2.53�10−4 cm3 g−1 MPa−1 for ER1. This behavior correlates
with the parameter T*, M0, �ss, and Hh, which show that the
MER of the SS lattice is more heavy and bulky for ER6 than
for ER1.

B. Size and number density of holes

As in our previous work �1� we analyzed the positron
lifetime spectra employing the routine LIFETIME, version 9.0

�31�, and assuming three exponential-like lifetime compo-
nents, which come from the annihilation of p-Ps �para-
positronium, mean lifetime �1�, positrons �e+, �2�, and o-Ps �
�3; �1
�2
�3� �9,10�. LT9.0 assumes that the functions
�i�� follow a logarithmic Gaussian function where �i ��
is the distribution function of the annihilation rate  �
=1/�� of each decay channel i. We assumed that the p-Ps
lifetime appears discrete ��1=0�, while the positron and o-Ps
lifetimes were allowed to show a distribution ��2 ,�3�0�
�1�.

Free-floating parameters of the fit were the time zero t0 of
the spectrum, the mean lifetimes �1, �2, �3, the mean disper-
sions �2 and �3, and the relative intensity of o-Ps annihila-
tion, I3. The two other intensities were constrained to I2=1
− �I1+ I3� and I1 / I3=1/3, where P= I1+ I3 is the Ps yield and
I1/I3 mirrors the theoretical ratio of the p-Ps and o-Ps forma-
tion �9,10�. A least-squares fit of the model function to the
experimental spectrum, with an added background B and a
correction with respect to the annihilation events in the
source, all convoluted with the resolution function �a sum of
two Gaussians�, delivers the mentioned parameters of the
lifetime spectrum.

Figure 4 shows the temperature dependence of the mean
�3 and mean dispersion �3 of the lifetime distribution of
o-Ps. �3 varies between 1.35 ns at 100 K and 2.20�±0.02� ns
at 380 K, and �3 between 0.10 ns and 0.40�±0.03� ns. �3
mirrors the mean size of free-volume holes in which o-Ps
annihilates, and �3 the width of the hole size �and shape�
distribution. Both values show a distinct increase in their
slopes at 321 K, a temperature which is interpreted as Tg. �3
shows an additional, weaker change in its gradient at 180 K.

The intensity I3 of the o-Ps component of ER6 increases
linearly from 25.5% at 100 K to 30.0�±0.2�% at 380 K �not
shown�. The mean positron �e+� lifetime �2 �not shown� ex-
hibits a similar behavior to �3. �2 increases from 0.305 ns to
0.325�±0.003� ns and the mean dispersion �2 from 0.06 ns at
100 K to 0.10�±0.02� ns at 350 K. The p-Ps lifetime
�1fluctuates between 0.100 and 0.125 ns with a mean of
0.115�±0.003� ns.

In the following section we analyze the behavior of the
hole volume of ER6 and correlate these data with those from
PVT studies. Based on the semiempirical Tao-Eldrup �stan-
dard� model �32,33� the o-Ps pickoff annihilation rate po,
the inverse of the o-Ps lifetime �po=�3, is related to the hole
�assumed spherical� radius �rh� via

FIG. 4. Mean �3 and mean dispersion �3 of the o-Ps lifetime in
DGEBA-ER6. The lines through the data points are a visual aid.
The arrow shows the glass transition.
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po = 1/�po = 2ns−1
1 −
rh

rh + �r
+

1

2�
sin� 2�rh

rh + �r
� , �3�

where �r �=1.66 Å �33,34�� describes the penetration of the
Ps wave function into the hole walls. The mean hole volume
is usually calculated from �h��3�= �4/3��rh

3��3�. Since po

follows a distribution, we have estimated, as in our previous
work �1�, the mean hole volume as the mass center of the
hole size distribution. The radius distribution n�rh� can be
calculated from n�rh�=−�3��d /drh �35,36�, where �3�� is
the o-Ps annihilation rate distribution calculated from the
parameters of the LT analysis. The hole size distribution fol-
lows from g��h�=n�rh� /4�rh

2 and is considered as a volume-
weighted function. The number-weighted hole size distribu-
tion follows then from gn��h�=g��h� /�h. The mean and the
variance of gn��h�,��h� and �h

2, were calculated numerically
as first and second moments of this distribution.

Figure 5 shows, as an example, plots of the hole radius
distribution n�rh� calculated from �3�� for 100, 300, and
380 K. The function n�rh� can be well approximated by a
Gaussian. Gaussian-type hole size distributions were ana-
lyzed for holes in various simulated polymer structures
�37–39�. The center and width of the Gaussian distribution of
ER6 shift with increasing temperature to higher values, par-
ticularly above Tg. At 100 K the hole size distribution ex-
tends from 1.88 to 2.45 Å �measured at a height of 0.05 of
the maximum of the distribution� with the maximum at
1.97 Å, and at 380 K from 2.2 to 3.8 Å with a maximum at
2.98 Å.

The mean hole volume ��h� and the corresponding mean
hole volume dispersion �h for the two resins are plotted in
Fig. 6. Both parameters show the expected behavior with the
glass transition at Tg=321 K for ER6 and 260 K for ER1. At
Tg the thermal expansivity eh=d��h� /dT, and the coefficient
of thermal expansion �h=eh / ��hg� ���hg�= ��h�Tg��� of free
volume holes change abruptly from the value for the glass to
the rubber. The slightly larger values of ��h� for ER6 at low
temperature in comparison with ER1 show that the mol-
ecules in the oligomer are packed less densely than in the
monomer. Secondary relaxation processes �21,55� usually do
not exhibit a volumetric activity. The parameters of the hole
volume expansion are shown in Table II. The detailed com-

parison with the data for ER1 will be done later.
As we have shown recently �12–15�, the knowledge of the

mean dispersion of the hole volume �h allows one to esti-
mate the mean square fluctuation of the free volume ��Vf

2�
and from this the mean volume �VSV� of the smallest repre-
sentative free fluctuation subsystem related to structural re-
laxation. The physics concluded from the temperature depen-
dency of �VSV� were discussed in detail in Ref. �1� for ER1
and more generally in Ref. �15�. The conclusions for ER6 are
quite similar, therefore we go on without presenting this
analysis.

For a complete characterization of the free volume we
still need the density of holes. This can be obtained from a
comparison of PALS with PVT data. The mean number of
holes per mass unit Nh� is usually determined from one of the
relations �40�

Vf = hV = Nh���h� , �4�

V = Vocc + Nh���h� . �5�

FIG. 5. Hole radius distribution n�rh�=−�3��d /drh for three
selected temperatures of DGEBA-ER6. The curves are normalized
to the free-volume fraction of ��hgn��h�d�h=1.

FIG. 6. The mean hole volume ��h�, and the mean hole volume
dispersion �h, calculated from the number-weighted hole volume
distribution gn��h� as a function of the temperature T for DGEBA-
ER6 �filled symbols� and DGEBA-ER1 �empty symbols�. The lines
are linear least-squares fits to the data from above and below Tg. Tg

and T0� indicate the volumetric glass transition and the temperature
where the hole volume linearly extrapolated from T�Tg goes to
zero.

TABLE II. Results from the analysis of the PALS experiments.
�For an explanation of symbols see the text.�

Quantity Uncertainty ER1 ER6

Tg �K� ±3 260 321

T0� �K� ±10 214 233

��hg� �Å3� ±3 52 60

ehg �Å3/K�b ±0.02 0.092 0.131

ehr �Å3/K�c ±0.03 1.13 0.717

�hg�10−3 K−1�b ±0.2 1.78 2.18

�hr �10−3 K−1�c ±1 21.9 12.0

Nh� �1021 g−1� ±0.02 0.56 0.75

Nh �nm−3�a ±0.02 0.65 0.88

aAt 300 K.
bAt T→Tg, T
Tg.
cAt T→Tg, T�Tg.
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The plot Vf vs ��h� of the data from above Tg displayed in
Fig. 7 shows a linear dependency from which a constant
slope of dVf /d��h�=0.72�±0.04��1021 g−1 and an intercept
with the y axis of Vf0=0.0032�±0.003� cm3/g can be esti-
mated. A plot of V vs ��h� delivers similar results,
dV /d��h�=0.74�±0.04��1021 g−1 and Vocc+Vf0

=0.8106�±0.003� cm3/g. A linear fit to the Vf vs ��h� plot
constrained to pass zero gives for the specific hole number
Nh�=dVf /d��h�=0.75�±0.02��1021 g−1. This corresponds to
a volume related hole density of Nh=Nh��
=0.88�±0.02� nm−3 at 300 K ��=1/V�.

The comparison of ER6 with ER1 shows that both mate-
rials exhibit almost the same hole sizes in the glassy state.
Above Tg ER6 has the lower mean hole volume ��h� due to
its higher Tg and a lower expansivity. This behavior agrees
with the specific total and free volume. Below Tg, however,
the specific free volume Vf is larger for ER6 than for ER1.
Figure 8 plots Vf from PVT and PALS experiments for ER6
and ER1. �We shall discuss the values Vf

m and the inset in

Fig. 8.� The higher Vf in ER6 leads to the higher number
density of holes calculated from Nh�=Vf / ��h�. We attempt to
explain this unexpected but interesting result in the following
section.

Ortho-Ps responds to the holes size via collisions with the
hole walls, which lead to its annihilation via the pickoff pro-
cess. In case of elongated holes the collisions are less fre-
quent in the direction of the long axes compared with the
short axis. The nonlinear dependency of the o-Ps lifetime on
the length of the hole axis �Eq. �3�� leads to its decreasing
sensitivity to the long axis. When the Tao-Eldrup equation
�32,33�, which assumes spheres, is used for the calculation of
the mean hole size, the calculated volume underestimates the
true hole volume. In this case an equation equivalent to Eq.
�3� but assuming cylindrical or cuboidal holes �41,42� may
be applied. Since we only get the o-Ps lifetime �3 from ex-
periments, the ratio of axis lengths has to be assumed in this
kind of analysis. In the limiting case of very long tube-like
holes, the lifetime mirrors mainly the diameter of the tube
and cylindrical or rodlike holes of infinite length are a good
approximation for the true hole shape.

For getting an impression of the magnitude of this effect
we make some easy estimations. For simplicity we assume
that the holes have a cuboid shape �rectangular parallelepi-
ped�. In this case the o-Ps lifetime follows the formula �41�

po = 1/�po = 2ns−1�1 − �
i=1

3 
 ai

ai + 2�r
+

1

�
sin� �ai

ai + 2�r
�� ,

�6�

where ai are the cuboid side lengths and again �r=1.66 Å.
Assuming, for example, an experimental o-Ps lifetime of �3
=2.0 ns coming from a cuboidal hole with a length of twice
the short axis a1=a2=a3 /2=ah, then the hole has as the size
of ah=4.40 Å and a volume of �h=170.4 Å3. When a cube
hole shape is assumed in the calculation a1=a2=a3=ah, this
lifetime leads to a calculated size of a=5.16 Å and a volume
of �h=137.4 Å3. For a specific free volume of Vf
=0.10 cm3/g the true specific hole number for the cuboid is
Nh�=0.1/170.4 �cm3/g� /Å3=0.59�1021 g−1. When applying
the cube model, a hole number of Nh�=0.1/137.4
�cm3/g� /Å3=0.73�1021 g−1 would be calculated. In case of
very expanded holes, for example a3 /5=a1=a2=ah=2.07 Å
�resulting in �3=2.0 ns�, the cube model would underesti-
mate the hole volume by a factor of 2.6. This leads to an
overestimation of the hole density by the same factor. This
shows that the hole density estimated from Nh�=Vf / ��h� is an
apparent value, which leads to the given value of Vf when
being multiplied with the mean hole size calculated from �3
under the assumption of a certain shape of holes.

The discussed problem is not unknown in the literature.
Schmidtke et al. �43� showed that in polymers holes have a
cigarlike rather than a spherical shape. Hofmann et al. �37�
have discussed a method of how to dissect complex holes
found in computer simulations into simpler, more three-
dimensional portions in order to simulate how o-Ps probes
the free volume of an amorphous structure. From differences
in the thermal expansion between the SS hole fraction h and

FIG. 7. The specific free, Vf�T�, and total, V�T�, volume plotted
versus the mean hole volume ��h�T�� for DGEBA-ER6. The slopes
of both plots determine the specific hole density Nh�.

FIG. 8. Specific free volume at ambient pressure Vf =Vf
1 for

DGEBA-ER6 and DGEBA-ER1 from PVT �Vf =hV, filled symbols�
and PALS �Vf =Nh���h�, stars and crosses� experiments. For ER6 the
volume Vf

m of agglomerates containing not less than m vacancies of
the SS lattice within one agglomerate �m=1, filled circles; m=2, 3,
4, 5, 6, lines with dots� is shown in comparison with the quantity
Vf −�V, calculated with �V=0.0298 cm3/g �empty circles�. The
solid lines represent a linear fit to the Vf �m=1� data in the tem-
perature range above Tg. The dashed line shows the linear extrapo-
lation of the �Vf −�V� data. The inset shows the fractional hole free
volume f �h analyzed from PVT experiments �symbols�, extrapo-
lated using Eq. �2� �solid line�, linearly extrapolated �dashed line�,
and the expected behavior for the glass �dotted line�.
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o-Ps hole volume, Consolati et al. �18� concluded that the
holes grow only in two dimensions. The nonspherical shape
and the decreased sensitivity of the o-Ps probe to the long
axis of a hole may cause a part of this effect. Summing up
the discussion, it is clear that the o-Ps probe detects elon-
gated holes as smaller ones but with a larger number when
applying the formula for spheres or cubes in the calculation
of the hole volume from �3.

The observed behavior of the hole sizes of ER1 and ER6
may be interpreted in terms of this picture in the following
way: Imaging elongated holes, the o-Ps lifetime is strongly
determined by the short axes of the holes. In the glassy state
these axes mirror the intermolecular potential and forces,
which are the same in ER1 and ER6. Therefore, the o-Ps
lifetimes are almost the same. Owing to the longer molecular
chains in ER6 the holes may be more elongated than in ER1.
This causes the higher total free volume in the glassy state
evidenced by its fraction h and specific volume Vf and the
higher calculated �apparent� hole density Nh�. On the other
hand ER1 needs a lower thermal energy for devitrification
due to its lower molecular mass. This leads to the lower Tg
and, at a given temperature, to higher frequencies and ampli-
tudes of structural relaxation than in the case of ER6 �see
Fig. 9�. The increased structural relaxation and free volume
fluctuation above Tg are mirrored in PALS as higher mean
��h�, and mean dispersion �h of hole volumes �Fig. 6�, re-
spectively.

C. Free volume and structural relaxation

As already mentioned, Paluch et al. �19� have published a
detailed study of the dynamics of ER6. In this section we
analyze the structural relaxation, as shown by dielectric spec-
troscopy in this work in terms of the free-volume model. As
a starting point for the discussion, the relaxation map for
ER6 �19� and ER1 �1,21� is shown in Fig. 9, i.e., Arrhenius
plots of the characteristic circular frequencies �=1/�max of
maximum in the dielectric loss �� of the primary process.
Paluch et al. �19� have analyzed the data in terms of the
Avramov equation �44�. For comparison with the results for
ER1 we have reanalyzed the data of ER6 employing the
conventional Vogel-Fulcher-Tammann �VTF� equation
�45–47�,

log10 � = log10 �0 − �B/ln 10�/�T − T0� , �7�

where T0 is the temperature where the relaxation frequency
approaches zero and B and �0 are constants. Including all
data shown for ER6 in Fig. 9, the least-squares fit gives T0
=286�±3�, B=1570�±60� K, and log �0=14.3�±0.3� �r2

=0.9999� �Table III�. The Vogel temperature T0 is distinctly
higher than the temperature where the �extrapolated� free
volume vanishes, T0�=223–233 K �Tables I and II�. This
shows that the structural relaxation slows down faster than
the shrinkage of the hole free volume Vf would predict on
the basis of the free-volume theory.

The relaxation data of ER1 have been analyzed assuming
different VTF behavior in different temperature ranges
�1,21�. For the lower temperature range between Tg=255 K
and T�=285 K �the onset of the secondary � relaxation �21��
the fit provided T0=209±2 K, B=2060±180 K, and
log10 �0=18.0±0.7. This T0 agrees with the T0� of ER1
�Tables I and II� with the consequence that the low-
temperature relaxation follows the free-volume model. From
the dielectric relaxation data of the temperature range be-
tween 285 and 351 K �denoted as the a� process �21�� the
parameters T0=234.4±0.8 K, B=720±20 K, and log �0
=14.78±0.09 were determined. For this temperature range
T0�T0� as for ER6.

A difference between T0 and T0� causes a curvature in
plots of log10 � vs the reciprocal specific free volume 1/Vf,
which can be observed in Fig. 10. The behavior indicates that
the relaxation does not follow the Cohen-Turnbull relation
log10 �=log10 C− ��Vf

* / ln 10� /Vf �8� with Vf as calculated
from the SS EOS. In this case the constants should be re-
lated, assuming that Vf follows Eq. �1�, to those of the VFT
law as C=�0, �Vf

* /Ef =B, and T0�=T0. �Vf
* is the minimum

specific free volume required for the occurrence of the pro-
cess, and �=0.5–1.

Following Utracki’s approach for the viscosity �48� and
our previous works �1,49� we linearize the dependency by
substituting 1/Vf by 1/ �Vf −�V� with a suitable chosen value
of �V,

log10 � = log10 C − ��Vf
*/ln 10�/�Vf − �V� . �8�

The fit of Eq. �8� to the data of ER6 shown in Fig. 10 deliv-
ers the parameters �Vf

*=0.819�±0.03� cm3/g, �V

FIG. 9. Relaxation map of DGEBA-ER6 and DGEBA-ER1
showing the frequency � of the primary dielectric relaxation pro-
cess. The data were redrawn from Paluch et al. �19�, Fig. 6, and
Corezzi et al. �21�, Fig. 7. The lines are fits of Eq. �7� to the data
from the given range of temperatures.

TABLE III. Parameters of the structural relaxation. The param-
eters come from the analysis of dielectric relaxation data from the
temperature range between 332 and 369 K �ER6�, and T�=285 K
and 351 K �ER1, see Refs. �1,19��.

Quantity Uncertainty ER1 ER6

T0 �K� ±1 234 286

B �K� ±60 720 1570

log10 � �rad s−1� ±0.7 14.8 14.3

�V �cm3/g� ±0.001 0.0151 0.0298

�Vf
* �cm3/g� ±0.03 0.445 0.819

log10 C �rad s−1� ±0.7 14.8 14.3

n ±0.3 1.5 2.2

n�SS �Å3� ±10 57 100
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=0.0298�±0.001� cm3/g, and log10 C=14.3�±0.3� �r2

=0.9999�. The value of �V corresponds to the difference
Ef0�T0−T0��=0.031 cm3/g. In case of ER1 the fit in the tem-
perature range above T� gives �Vf

*=0.445�±0.001� cm3/g,
�V=0.0151±0.001 cm3/g, and log10 C=14.8±0.1 �Table
III�.

Our results show that it is not the entire hole free volume
Vf that is related to the structural relaxation via the Cohen-
Turnbull free-volume theory but rather it is a smaller portion,
Vf −�V. As discussed in our previous works �1,49� we may
understand this behavior when assuming that monovacancies
in the SS lattice present too small a local free volume to
show a liquidlike behavior. Multivacancies may, however,
show this behavior. For estimation of their size we have cal-
culated that part of the specific free volume Vf

m, which ap-
pears in the form of multivacancies and contains m or more
vacancies �unoccupied cells of the SS lattice�. The calcula-
tion uses results of Monte Carlo simulations by Vleeshouw-
ers et al. �11� and is described in detail in Ref. �1�.

The partial volumes Vf
m of ER6 for m=1, . . . ,6 are shown

in Fig. 8. For ER6 we also plotted the value Vf −�V ��V
=0.0298 cm3/g�, which is the part of the free volume that
controls the structural relaxation via the Cohen-Turnbull re-
lation. From a comparison of �Vf −�V� with Vf

m it follows
that to allow the structural relaxation in ER6 a multivacancy
must have a minimum size corresponding, on average, to n
�2.2 of the volume of the SS lattice cell, that is, n��SS
�100 Å3 ��SS=45 Å3�. For ER1 �1� we estimated n�1.5
corresponding to n��SS�57 Å3 ��SS=38.3 Å3, Table I�. For
the polymer polyvinylacetate some of us got n�3 corre-
sponding to n��SS�138 Å3 ��SS=46 Å3� �49�. These val-
ues show that with increasing molecular chain length the
minimum hole �vacancy agglomerate� size required to de-
scribe the structural relaxation process via the free volume
model increases systematically. On the other hand, it is well
known that the transport of small molecules through poly-
mers usually can be described by the Cohen-Turnbull free
volume theory when estimating the free volume either from
PVT �SS EOS� �50� or PALS �51,52� experiments.

Finally, we remark that Eq. �2�, which describes the equi-
librium concentration of vacancies in the SS lattice, opens a

different way for an extrapolation of the equilibrium part of
the free volume into the glassy state, which goes beyond the
simple linear extrapolation. To illustrate this point, the inset
in Fig. 8 shows the fractional hole free volume f �h ana-
lyzed from the PVT experiments via the SS EOS and the
linear extrapolation as well as the extrapolation employing
Eq. �2�. As can be observed, the extrapolated f from Eq. �2�
decreases gradually and becomes zero only when 0 K is
reached. It has a value of 0.01 at T0�=223 K and of 0.0001 at
130 K. Assuming that the structural relaxation is governed
by the equilibrium part of the free volume given by Eq. �2�
this behavior seems to be irreconcilable with the current
manner of fitting the VFT equation to the relaxation-time
data of supercooled liquids. The variation of f formally does
not lead to a singularity in the relaxation time � at a tempera-
ture above the absolute zero. The linear fit to f �or Vf�, which
leads to the VFT equation appears now as an approximation.
As the figure shows, for ER6 the linear fit is, however, a
good approximation up to temperatures of �260 K, that is,
65 K below Tg.

We remark that some years ago Johari �53� had proposed
an interpolation scheme for the equilibrium heat capacity Cp
assuming a sigmoid-shape change over a broad temperature
range from above Tg to 0 K. This behavior of Cp does not
show the discontinuity in Cp at the Kauzmann �54� tempera-
ture Tk. Future research may enlighten these interesting prob-
lems.

Next we discuss the pressure dependency of relaxation
times. From a Cohen-Turnbull fit to the dielectric relaxation
data of Paluch et al. �19� recorded at 360 K in the pressure
range between 0.1 and 110 MPa �not shown� we obtained the
volume parameter �V=0.031�±0.003� cm3/g, which corre-
sponds to the estimate from the 0.1 MPa isobar.

In Fig. 11 we show plots of isobaric �at 0.1 MPa� and
isothermal �at 360 K� relaxation times, � �T , P�=1/� �T , P�
�from Paluch et al. �19�, Fig. 6� vs the free volume Vf�T , P�
and the same plots vs the total volume V�T , P�. The isobaric
data agree perfectly over the whole range of volumes �tem-

FIG. 10. “Modified” relaxation map �Cohen-Turnbull plot� of
the primary dielectric relaxation process. The lines are fits of Eq. �8�
to the experimental data, for DGEBA-ER6 in the temperature range
from 330 to 370 K ��V=0.0298 cm3/g� and for DGEBA-ER1 in
the temperature range from 285 to 350 K �a� process, �V
=0.015 cm3/g� and from 255 to 285 K �� process, �V=0�.

FIG. 11. Comparison of isothermal �crosses and cross-centered
squares� and isobaric �open and filled circles� dependencies of re-
laxation times �=1/� �from Ref. �19�� plotted as a function of the
free volume Vf�T , P� �bottom x axis, crosses and open circles� and
of the total volume V�T , P� �top x axis, cross-centered squares and
filled circles� for DGEBA-ER6. The Vf and V axis were scaled so
that the first and the last data point of the isobaric data match.
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peratures�. The reason for this behavior is that Vocc is nearly
constant �above Tg� and V changes almost exclusively due
the variation in Vf.

The isothermal plots of log � vs Vf and vs V, however,
clearly disagree since V contains the occupied volume Vocc,
which is compressible. The discrepancy is highly reduced
when plotting the data vs Vf. The remaining differences can
be attributed to deviations from the free-volume model �such
as �V�0 shows� and the role of temperature in the relax-
ation process. We mention that the pressure-dependent relax-
ation data of Corezzi et al. �55� for ER1 analyzed in our
preceding work �1� show a corresponding behavior.

D. Role of volume and temperature in the structural dynamics

In the literature there are several attempts to include si-
multaneously the effect of thermal energy and volume in the
analysis of structural dynamics of glass-forming liquids and
to quantify the degree to which both quantities govern the
dynamics, without assuming a certain model for dynamics.
The usual approach is to determine the ratio of the �apparent�
activation enthalpies Ei=R ��d ln � /dT−1��i at constant vol-
ume V and constant pressure P �19,22–27�,

EV/EP = ��d log10 �/dT−1��V/��d log10 �/dT−1��P, �9�

where � is again the relaxation time of structural relaxation.
The ratio EV /EP, equal to the ratio of the corresponding iso-
choric and isobaric fragilities, can vary from 0 �correspond-
ing to volume-dominated dynamics� to unity �temperature as
the control variable� and has been found to fall at tempera-
tures near Tg in the range from 0.38 to 0.64 in case of mo-
lecular liquids and from 0.52 to 0.81 for polymers. From this
value it has been concluded that the change in structural
relaxation time upon cooling toward the glass transition is
due to both thermal contraction of the material and its energy
loss, the latter exerting a somewhat stronger effect in most
polymers �EV /EP�0.5� with the exception of polyphenylene

oxide �EV /EP=0.25�, which was attributed to its flexible
chain structure �25–27�. The underlying idea is that structural
motions are thermally activated but impeded by steric con-
straints �jamming�; this confers a volume dependence to the
activation enthalpy and leads to the non-Arrhenius behavior �
log � not proportional to T−1�.

We criticize the use of enthalpy at constant total volume
EV in the enthalpy ratio with the following arguments. �i�
The total volume is not the controlling volume parameter of
structural relaxation but the hole �or excess� free volume is.
�The occupied volume is related to vibrations and not to
segmental relaxations.� �ii� The hole free volume Vf�T , P� is
not the same for the same total volume V�T , P� but different
T, P pairs. Recently, some of us �50� have shown that argu-
ments against the validity of the free-volume theory for de-
scribing the electrical conductivity of polymer electrolytes
�56� vanish when assuming that Vf �and not V� is the con-
trolling volume parameter.

Considering these arguments we suggest the employment
of the activation enthalpy at constant specific �hole� free vol-
ume,

EVf = R��d ln �/dT−1��Vf , �10�

which modifies Eq. �9� to

EVf/EP = ��d log10 �/dT−1��Vf/��d log10 �/dT−1��P. �11�

In Fig. 12 we have shown Arrhenius plots of the isobaric,
���T��P �P=0.1 MPa�, and isochoric, ���T��Vf �Vf

=0.055 cm3/g , . . . ,0.0700 cm3/g�, relaxation times of ER6.
To determine the isochoric data, we have first calculated for
temperatures T in the range between 330 and 375 K in steps
of 5 K and a fixed free volume Vf the corresponding pres-
sures P from Eq. �1�. Then, for a given T, P pair the relax-
ation time � was calculated using the Avramov equation �44�
with the parameters given for dielectric relaxation in
DGEBA-ER6 by Paluch et al. �19�.

FIG. 12. Isochoric relaxation times �empty symbols� at the in-
dicated specific free volumes Vf, along with the relaxation times for
ambient pressure �filled circles� for DGEBA-ER6. The relaxation
data are from Ref. �19�.

FIG. 13. Isochoric relaxation times �empty symbols� at the in-
dicated specific total volumes V, along with the relaxation times for
ambient pressure �filled circles� for DGEBA-ER6. The relaxation
data are from Ref. �19�.
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The isobars are the experimental data of these authors for
P=0.1 MPa. The slopes at the intersection of the isochoric
and isobaric curves yield the respective activation enthalpies
for ambient pressure. For comparison, Fig. 13 shows the tra-
ditional plots of the relaxation time at constant total volume,
���T��V �V=0.8625 cm3/g , . . . ,0.8775 cm3/g�. Here we have
calculated P for given T and V from the Tait equation �28�
least squares fitted to our volume data.

Figure 14 displays the enthalpy ratios at P=0.1 MPa for
ER6 and also for ER1. The latter were calculated �not
shown� using our previous volume data �1� and the relax-
ation times published by Corezzi et al. �21,55�. Tentatively
we have also calculated EP for ER6 at P=50 MPa and
shown in Fig. 14 the corresponding ratio EVf /EP. Generally,
both values EV /EP and EVf /EP change as expected: they in-
crease with increasing free volume, i.e., with increasing tem-
perature, decreasing pressure, and decreasing molecular
weight of the DGEBA molecules.

The comparison of Figs. 12 and 13 shows that the plots at
constant Vf are less steep than those at constant V. This leads
to smaller values of EVf /EP than of EV /EP and to the general
inference that the free volume plays a larger role in dynamics
than concluded from the ratio EV /EP. The reason for the
too-large values of EV /EP is illustrated in Fig. 15. The as-
sumed constancy of the total volume V requires an increasing
pressure with increasing temperature. Since the free volume
Vf�T , P� increases with increasing P �for fixed V�T , P�� the
relaxation times are smaller compared with the values for
constant Vf. Or, in other words, to hold V constant with in-
creasing temperature requires a smaller pressure than when
holding Vf constant, and leads therefore to a shorter relax-
ation time at a given temperature.

Another approach to quantify the degree to which thermal
energy and density govern the dynamics is the scaling of
relaxation times by expressing them as a function of tem-
perature and volume �25–27�. It is found that structural re-
laxation times � for several glass-forming liquids and poly-
mers, measured as isotherms at varying pressures and as

isobars at varying temperatures, superpose when plotted vs
T−1V−�, where � is a suitable chosen material-specific con-
stant. The underlying idea is that the repulsive part of the
potential dominates the local liquid structure and follows an
inverse power law ��r��r−3�. Thus, �=4 is expected for a
Lennard-Jones potential. It was shown that the ratio
�EV /EP�T can be expressed by

�EV/EP�T = �1 + �T�P�T��−1, �12�

where �P�T�=�r�T� is the isobaric thermal expansion coef-
ficient of the total volume �25–27�.

We have performed such scaling and show it for ER6 in
Fig. 16 �bottom part�. A value of �=3.0�±0.2� is found,
which corresponds to the ratio �EV /EP�T=0.62–0.60 for P
=0.1 MPa �Fig. 14�. These values have the same magnitude
as those estimated from Eq. �9� �Fig. 14�; they decrease,
however, with increasing temperature �27�.

FIG. 14. Ratio of activation enthalpies at constant total, EV /EP,
or free, EVf /EP, volume to the enthalpy at constant pressure calcu-
lated from Eq. �9� �EV /EP, empty squares—ER6 and up-triangles—
ER1� and Eq. �11� �EVf /EP, empty circles—ER6 and down-
triangles—ER1, all for P=0.1 MPa�. The cross-centered diamonds
show EVf /EP for ER6 and P=50 MPa. Filled symbols show corre-
sponding ratios calculated from Eq. �12� �EV /EP, squares� and Eq.
�13� �EVf /EP, circles� for ER6 and P=0.1 MPa. The lines are a
guide for the eyes.

FIG. 15. Relaxation times � of segmental relaxation for constant
free �Vf =0.055, empty circles� and total �V=0.8625, empty dia-
monds� volume along with the relaxation times for ambient pres-
sure �filled circles� and the corresponding specific free volumes Vf

as a function of temperature T for DGEBA-ER6.

FIG. 16. Specific-volume-scaled Arrhenius plots of isobaric
�open circles� and isothermal �filled circles� dielectric relaxation
times � for DGEBA-ER6. Bottom plot: total-volume scaling ��
=3.0�, top plot: free-volume scaling ��=0.5�. The experimental re-
laxation times are from Ref. �19�.
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We have attempted to scale the relaxation times by the
free volume Vf and found that plots of isotherms and isobars
vs T−1Vf

−� superpose for �=0.5�±0.1� �see Fig. 16, top part�.
While � of Eq. �12� is related to the exponent of the repul-
sive potential, the physical meaning of this value of � is not
yet clear to us. We can, however, derive a relation like Eq.
�12� for the free volume using our definition of EVf in Eq.
�10� and following the line of the derivation for the total
volume. We obtain the relation

�EVf/EP�T = �1 + �T� fP�T��−1, �13�

where � fP�T�=� f ,r�T� is the isobaric thermal expansion co-
efficient of the free volume and � is now the scaling expo-
nent with respect to the free volume. The values of �EVf /EP�T

calculated from this relation for P=0.1 MPa are also shown
in Fig. 14.

Recently, the decrease of �EV /EP�T estimated from Eq.
�12� with increasing temperatures observed for several low
molecular glass-forming liquids was interpreted as being at
odds with free-volume interpretation of the glass transition
�27�. One can observe, however, in Fig. 14 that, unlike
�EV /EP�T, the quantity �EVf /EP�T shows the expected in-
crease.

The reason for this different behavior is the following.
When the free volume follows Eq. �1�, Vf =Ef�T−T0��, then
T� fP=T / �T−T0�� always decreases with increasing tempera-
ture. This value is independent of the pressure or may in-
crease when T0� increases with P. T0� is smaller in the low
than in the high molecular weight DGEBA �Table I�, which
leads to a lower value of T� fP. The behavior of T� fP causes
a variation of �EVf /EP�T, which is in complete agreement
with the expectation from the free-volume theory: the en-
thalpy ratio increases with increasing free volume, i.e., with
increasing temperature, decreasing pressure, and decreasing
molecular weight of the molecule. The latter effect depends
strongly, however, on the value of �.

For the total volume V�T , P�=Vocc�T , P�+Vf �T , P�
=Vocc�T , P�+Ef0�P� �T−T0��, one gets T�P=Ef0�P� �T
−T0�� / �Vocc�P�+Ef0�P��T−T0���. This value decreases with
increasing temperature only if Vocc�T , P�
Ef0�P�T0�. We
have, however, typically Vocc=0.5–1 cm3/g and Ef0T0�
=0.1–0.3 cm3/g and therefore ��T�P� /�T�0. This causes
T�P to increase and �EV /EP�T to decrease with increasing
temperature which is, as concluded previously �27�, at odds
with the expectation. Future research may bring further
progress in understanding these interesting relations.

IV. CONCLUSIONS

The oligomeric epoxy resin of DGEBA �ER6� shows sys-
tematic differences to the monomeric liquid of the same resin
�ER1� in free volume and structural relaxation. These differ-
ences are mirrored in the molecular mass of the MER of the
SS lattice determined from the SS EOS: the MER of ER6 is
more heavy and bulky and the chain less flexible than that of
ER1. ER6 shows in the glassy state the same mean o-Ps

lifetime and therefore the same mean apparent hole sizes as
ER1 but a higher specific free volume Vf and hole density
Nh�. This behavior is explained by assuming elongated holes
of the same diameter �due to the same intermolecular poten-
tial and forces� but more elongated in the oligomer than in
the monomer. In the liquid, the volume parameters Vf and
��h� �due to the higher Tg� and also dVf /dT and dVf /dP �due
to the less flexible chain� are smaller for ER6.

The reported dielectric �-relaxation time � shows certain
deviations from the Cohen-Turnbull free-volume model that
are larger for ER6 than for ER1. Plots of the relaxation fre-
quency log10 � vs the 1/Vf show a curved dependency,
which can be linearized assuming that log10 � follows the
function 1/ �Vf −�V�. The fits deliver �V=0.0298 cm3/g for
ER6 and �V=0.015 cm3/g for ER1. This behavior was ex-
plained by the picture that monovacancies in the SS lattice
present too small a local free volume to show a liquidlike
behavior, but multivacancies may show this behavior. Their
minimum size was determined to n�2.2 for ER6 and n
�1.5 for ER1 in units of the SS cell size.

Like in polymers, the hole free-volume fraction h in the
liquid follows the Schottky equation h�exp�−Hh /kBT�,
where Hh corresponds to �1/3 of the cohesive energy of the
SS MER. This behavior allows one to extrapolate the equi-
librium part of the free volume without assuming a linear
dependency. h decreases gradually with decreasing slope be-
low Tg and becomes formally zero only when 0 K is reached.
This behavior means that no singularity would appear in the
relaxation time at temperatures above 0 K.

The degree to which volume and thermal energy govern
the structural dynamics is frequently attempted to quantify
by the ratio of the activation enthalpies at constant volume V
and at constant pressure P, EV /EP. We argued that the free
volume Vf�T , P� and not the total volume V�T , P� is the vol-
ume parameter that controls the dynamics and showed that
Vf�T , P� is not the same for the same V�T , P� but different
T , P pairs. Therefore, we suggested substituting EV by EVf,
the activation enthalpy at constant hole �or excess� free vol-
ume. EVf /EP changes as expected: it increases with increas-
ing free volume, i.e., with increasing temperature, decreasing
pressure, and decreasing molecular weight. EVf /EP exhibits
smaller values than EV /EP, which shows that the free volume
plays a larger role in structural dynamics than concluded
from EV /EP. The same conclusion is obtained when scaling �
to T−1Vf

−�instead of to T−1V−� where both �’s are material
constants.
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