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ABSTRACT: We modified the sample cell of a commercial pressure-volume-temperature (PVT)
apparatus to make glasses by pressure densification (0-200 MPa) in the equilibrium melt. The PVT
data of the glasses and the melt were analyzed in terms of the Simha-Somcynsky equation-of-state (EOS)
theory and the Tait EOS. Small macroscopic volume changes up to 1.2% were found to yield large
microscopic volume changes in isotropic pressure-densified atactic poly(methyl methacrylate) glasses with
densities in the range 1.1823-1.1963 g/cm3: the free-volume fraction h from the Simha-Somcynsky theory
decreased by up to 19.2%, the orthopositronium (o-Ps) lifetime τ3 from positron annihilation lifetime
spectroscopy (PALS) decreased by up to 8.4% whereas the o-Ps intensity I3 remained constant at 29 (
0.5%, and the volume of the free-volume cavities V(τ3) decreased by up to 16.1%. Moreover, the microscopic
volume quantities h and V(τ3) were found to correlate best. The radius of the free-volume cavities R(τ3)
at zero h appears to approach the Bohr radius of the o-Ps species. The thermal expansivity R0 remains
almost constant, the isothermal compressibility κ0 decreases by up to 10.3%, which corresponds to an
11.5% increase in bulk modulus, and the freezing fraction remains constant up to formation pressures of
200 MPa.

Introduction

The volume and free volume of a polymer glass
depend on its thermodynamic formation history. A
polymer glass can be densified in essentially five dif-
ferent ways as illustrated schematically in Figure 1:
that is, by isothermally compressing the glass, as is
common in pressure-volume-temperature (PVT)
analysis1-4 (path AfA′ for a glass formed at atmo-
spheric pressure along P0fBfA, where B is the glass
transition Tg at atmospheric pressure); by volume
relaxation of the glass due to physical aging5,6 (path
Afai following a temperature quench from P0fA); by
decreasing the cooling rate rc from the equilibrium melt
to the glass7,8 (path P0fBfTg(rc)fai, where the sup-
pressed glass transition Tg(rc) lies below B and Tg(rc)fai
lies parallel to BfA); by pressurizing the melt until it
vitrifies at a glass formation pressure Pd at the pressure-
dependent and formation pressure-dependent glass
transition temperature Tg*(P,Pd)9 and followed by cool-
ing of the glass and then releasing the pressure (path
bfbifBifAifai, where bi ) Pd); and by cooling the melt
under pressure Pi to below the pressure-dependent
Tg(P) and then releasing the pressure (path P0fPif
BifAifai or path P0fPifPi+1fBi+1fAi+1fai+1 for even
higher densification pressures Pd ) Pi+1). In the litera-
ture, the latter two are often referred to as pressure
densification to distinguish them from the three other
possible densifications. At infinitely slow cooling rates
and pressurization rates, both pressure-densification
paths bfbifBifAifai and P0fPifBifAifai should
yield identical glasses. In practice, however, pressuriza-
tion rates often exceed cooling rates, and because the

polymer flows during both pressurization steps bfbi
and P0fPi, the melt can vitrify free from orientations
and internal stresses in the cooling step of the latter
compared with crossing Tg*(P,Pd) in the former. This
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Figure 1. Schematic illustration of the PVT surface of an
amorphous polymer. The different densification paths are
explained in the text. BfP0fPifPi+1fBi+1fB is the equilib-
rium melt surface, and AfBfB′fA′fA and ai+1fa′i+1f
B′i+1fAi+1fai+1 are glass surfaces obtained by cooling from
the melt to below the pressure-dependent glass transition
temperature Tg(P) at formation or densification pressures of
Pd ) P0 and Pd ) Pi+1, respectively. Each glassy surface
intersects the equilibrium melt surface with its own charac-
teristic glass transition temperature Tg*(P,Pd) that is depend-
ent on both pressure and formation pressure. A typical
pressure-densification cycle is AfBfP0fPifBifAifai for a
densification pressure Pi (i ) 0-4). P0fPi and Aifai are
pressurization and depressurization steps, respectively.
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has actually been observed in densification studies of
polystyrene (PS)10 and may account for some of the
nonlinear density changes with Pd reported in the
literature. Thus, P0fPifBifAifai is the preferred path
for pressure densification studies. It should be noted
that every Pd yields a glass with a different PVT surface,
as shown in Figure 1, by the surfaces AfBfB′fA′fA
and ai+1fa′i+1fB′i+1fAi+1f ai+1 for Pd ) P0 and Pd )
Pi+1, respectively. Each glassy surface intersects the
equilibrium melt surface BfP0fPifPi+1fBi+1fB with
its own characteristic line of intersection Tg*(P,Pd).
Pressure densification can be achieved within a few
hours, whereas slow cooling from the melt at atmo-
spheric pressure would take about 200 years to ob-
tain the same densification as estimated in the case of
poly(vinyl acetate) (PVAc).11 Depending on the forma-
tion pressure and polymer, the volume changes associ-
ated with pressure-densified polymer glasses are typi-
cally 1-2% and exceed those that accompany physical
aging by 1-2 orders of magnitude.5 In physical aging,
the time needed to approach thermodynamic equi-
librium increases by about 1 decade for every 3 °C be-
low Tg compared with about 100 s at Tg.5 It can be
readily shown that voluminal equilibrium at room
temperature would be reached only after about 8
months for PVAc and would be practically impossible
for poly(methyl methacrylate) (PMMA). Thus, physical
aging is both impractical and impossible for making
densified glasses with relatively large densifications.
Since the early reports on pressure densification of
inorganic and low molecular weight organic glasses by
Tammann and Jenckel,12 most studies have dealt with
PVT,10,11,13-34 thermodynamic,9,10,16,17,19,21-24,27-30,35-38

mechanical,10,23,25,28,39 dielectric,15,28,40,41 and viscoelas-
tic25,28 properties of pressure-densified polymer glasses.
Limited data are available on pressure-densified
polystyrene (PS) from a solvent sorption and gas per-
meation study23 as well as from thermally stimulated
depolarization current (TSDC) measurements.40 More
recently, there have been a number of reports on
pressure-densified polymer glasses that have been in-
vestigated with quasi-elastic Raman scattering,42 laser
light scattering,31 small-angle X-ray scattering study of
density fluctuation,33,43,44 and Rayleigh-Brillouin light
scattering measurements.45 The polymers that have
been studied most extensively with respect to pressure
densification are a-PMMA,13,14,18,21,24,25,27,28,36,38,39,43 a-
PS,10,13,14,16,17,19,20,22-25,28-31,33,34,40,41,43-45 PVAc,11,15,39,43,46,47

and poly(vinyl chloride) (PVC).25,28,32,35,41 Limited data
are available on pressure-densified polycarbonate (PC),25

poly(cyclohexyl methacrylate) (PCHMA),26,38 poly(eth-
ylene terephthalate) (PET),41 substituted styrenes,20,22,28

phenolphthalein,12-14,24 colophony,12,14 and phenolform-
aldehyde resin.14 The general effects of pressure on the
thermodynamics of Tg on the PVT, dielectric, thermo-
dynamic, viscoelastic, and mechanical properties of
polymer melts and glasses have been reviewed by
O’Reilly,1 Gee,48 Ferry,49 and more recently by Tsir-
ule.50,51 O’Reilly and, to some extent, Ferry also deal
with pressure-densified polymer glasses, whereas McKin-
ney and Simha52 have more thoroughly reviewed the
thermodynamics of the densification process for polymer
glasses. A few studies have addressed the technological
importance of pressure-densified polymers and their
properties with respect to polymer processing.23,25,53,54

In the literature, there have also been reports on in situ
positron annihilation lifetime spectroscopy (PALS) mea-

surements of the pressure dependence of orthopositro-
nium (o-Ps) lifetime τ3 and intensity I3 in molecular
liquids,55 polymers,56-58 and pressurized gas/polymer
systems.59-61 However, to the best of our knowledge, no
PALS studies of o-Ps lifetime and intensity in isotropic
pressure-densified amorphous polymer glasses have
been reported yet.

The aim of this study is to investigate the effect of
pressure densification on the macroscopic PVT proper-
ties versus the microscopic free-volume properties of
isotropic atactic PMMA glasses made by cooling from
the equilibrium melt under hydrostatic formation pres-
sures up to 200 MPa. The microscopic free-volume
properties include the free-volume fraction h, the o-Ps
lifetime τ3, and intensity I3 as well as the free-volume
hole size V(τ3). From the statistical thermodynamic
Simha-Somcynsky equation-of-state (EOS) theory,62 we
expect relatively large changes in the microscopic
volume for changes in the macroscopic volume of about
1.5%. We discuss these results in light of the Simha-
Somcynsky EOS theory and the Tait EOS. Furthermore,
we correlate the PALS free-volume quantities τ3 and
V(τ3) with h determined from the theory that we apply
to our own PVT data. All PVT and PALS studies were
made with two sets of thermodynamically and chemi-
cally identical PMMA glasses that were isotropic and
pressure-densified to yield a large range of densities and
free-volume fractions. Thus, we avoid effects associated
with differences in molecular weight and thermome-
chanical history, which ultimately occur when compar-
ing different sets of literature data. We also show and
discuss a modified sample cell for a commercial PVT
apparatus that is suitable for making samples of
isotropic pressure-densified polymer glasses for further
analysis with PALS and other characterization tech-
niques. During the densification cycle AfBfP0fPif
BifAifai (Figure 1) all samples are subjected to hy-
drostatic pressure in the sample cell, thus ensuring
isotropic pressure-densified glass specimens.

Equations of State and PVT Data. We have
previously discussed and applied two types of equations
of state (EOS) to homopolymer blends in the melt and
glassy state:4 the Tait EOS, which is an empirical
description of PVT data, and the Simha-Somcynsky
EOS, which is based on theoretical considerations. The
Tait EOS describes the specific volume v in cm3/g as a
function of pressure P in MPa and temperature T in °C
of polymer melts and glasses in terms of a zero-pressure
isobar v(0,T), universal constant C of 0.08942,63 and the
temperature-dependent Tait parameter B(T):

where

B0 and B1 are constants, and the zero-pressure isobar
v(0,T) is described by a first- or higher-order polynomial
or exponential expression:

or

v(P,T) ) v(0,T){1 - C ln[1 + P
B(T)]} (1a)

B(T) ) B0 exp(-B1T) (1b)

v(0,T) ) C0 + C1T + C2T
2 + C3T

3 (1c)

v(0,T) ) v0 exp(R0T) (1d)

3880 Schmidt and Maurer Macromolecules, Vol. 33, No. 10, 2000



where R0 is the thermal expansivity evaluated at zero
pressure. The lack of a rigorous molecular interpretation
of the material-dependent characteristic parameters of
the Tait EOS has led to the development and wide-
spread use of EOS theories. One of the most success-
ful EOS theories is the Simha-Somcynsky EOS
theory.2,62,64,65 The theory is based on a quasilattice
theory where the molecules, consisting of n chemical
repeat units, n-mers, with molecular weight Mr are
divided into s equivalent segments, s-mers, with mo-
lecular weight M0 that occupy only a fraction y of the
lattice sites. Each chain has 3c external, i.e., volume-
dependent, degrees of freedom, and the intersegmental
potential is based on the 6-12 Lennard-Jones potential
in the square-well approximation. The fraction of lattice
vacancies, i.e., the statistical mechanical free-volume
fraction,66 is characterized by h ) 1 - y. Assuming
random mixing of vacant and occupied sites of equal
size, the number of vacancies disordering the system is
determined by the minimization of the Helmholtz free
energy for an equilibrium system such as polymer melts.
For polymers, contributions from terminal groups be-
come negligible, as s tends to infinity, and the flexibility
ratio 3c/s is generally assigned the value 1, i.e., one
external degree of freedom per segment.62,66 The Simha-
Somcynsky EOS can be written in terms of two coupled
equations:62

and

where P̃ ) P/P*, Ṽ ) v/V*, and T̃ ) T/T* are the reduced
PVT variables and yṼ is the reduced cell volume. P*,
V*, and T* are the characteristic scaling parameters in
MPa, cm3/g, and K, respectively, that are determined
from PVT equilibrium melt data and contain the mo-
lecular characteristics of the system or the structural
characteristics of the segment.

In this study, we apply the theory to a homopolymer
in the equilibrium melt and in different glassy states
effected by pressure densification. In the melt, h can
be calculated from eqs 2a and 2b and the scaling
parameters P*, V*, and T*. In the glassy state, strictly
speaking, eq 2 cannot be applied unconditionally due
to violation of the equilibrium assumption. However,
assuming P*, V*, and T* to be constant below the
pressure-dependent glass transition temperature Tg(P)
(Figure 1), the Simha-Somcynsky EOS can also be
applied to the glassy state to calculate h.22,46,47,52,64,67

The latter can be determined using the adjustable
parameter (AP) method22,46 that treats the occupied
volume fraction y as an adjustable rather than equilib-
rium parameter in combination with eq 2a and experi-
mental PVT data. A more consistent but computation-
ally more involved procedure is the partition function
(PF) method47 that makes proper use of the configura-
tional partition function to obtain y from experiment and
predicts slightly higher h values and a lower tempera-
ture coefficient ∂h/∂T and pressure coefficient ∂h/∂P, i.e.,

a less dense but more frozen-in glassy structure than
the adjustable parameter method. A first estimate of h
values using the PF method can be obtained from Figure
10 in ref 47 using reduced temperatures and pressures.
Nevertheless, the numerical differences are usually
small,39,43 as we will show for our PMMA, and therefore
the AP method is much more common than the PF
method for calculating free-volume fractions in the
glassy state.

Positron Annihilation Lifetime Spectroscopy
and Free Volume. PALS is a unique analytical tech-
nique for studying free volume in polymers.68-75 PALS
involves directly probing the free-volume sites in a
polymer by injecting high-energy positrons e+ (the
antiparticle of an electron e-) that are emitted from a
radioactive source such as 22Na together with a 1.28
MeV γ-ray (start-γ). In condensed matter, positrons
annihilate in at least three different ways,76,77 and these
annihilation events give rise to characteristic lifetimes.
In the first case, the positrons exist as “free” positrons
annihilating with an e- of the medium in 0.3-0.5 ns,
whereas in the second and third cases the thermalized
positrons can form two metastable bound states with
one of the excess e- in the positron spur. Depending on
the relative spin of the two particles, the species thus
formed are called parapositronium (p-Ps, spins antipar-
allel) and orthopositronium (o-Ps, spins parallel). In the
Ps, the positron and electron are bound together by 6.8
eV with a mean separation equivalent to the Bohr
radius, and thus the size of the Ps is similar to that of
the hydrogen atom (Bohr diameter 1.06 Å). In a vacuum,
p-Ps and o-Ps annihilate intrinsically after 0.125 and
142 ns, respectively. However, in condensed matter such
as polymers, the position of the o-Ps annihilates after
localization with a surrounding electron of opposite spin
within an o-Ps lifetime τ3 of 1-5 ns. The latter annihila-
tion is called the pick-off annihilation lifetime. Since τ3
is inversely proportional to the square of the overlap of
the positron component of the Ps wave function with
the lattice or cavity wall electron wave function, it is
therefore related to the size of the low electron density
free-volume sites.78 Assuming spherical free-volume
sites of radius R, obtained by using a spherical potential
of radius R0 with an electron layer of thickness ∆R )
R0 - R, a semiempirical equation between τ3 in ns, R
and R0 in Å was established79,80 and optimized with ∆R
) 1.656 Å81 for molecular solids:

In the literature, eq 3 has been widely used for polymers
to convert mean τ3 values to hypothetical radii and
volumes of free-volume holes. The distribution of hole
sizes has attracted a lot of attention in connection with
polymers,82-90 and one of the more successful computer
programs to calculate free-volume distributions in poly-
mers is the maximum entropy lifetime MELT pro-
gram.88,89,91,92 The o-Ps formation probability is called
o-Ps intensity I3 and has been claimed to be directly
related to the number of free-volume hole sites in
polymers. I3 has found its application in a widespread
semiempirical equation for the calculation of free-
volume fractions from PALS data:93

P̃Ṽ
T̃

) [1 - 2-1/6y(yṼ)-1/3]-1 + 2y
T̃

(yṼ)-2[1.011(yṼ)-2 -

1.2045] (2a)

s
3c[s - 1

s
+ y-1 ln(1 - y)] ) y

6T̃
(yṼ)-2[2.409 -

3.033(yṼ)-2] + [2-1/6y(yṼ)-1/3 - 1
3][1 -

2-1/6y(yṼ)-1/3]-1 (2b)

τ3 ) 1
2[1 - R

R0
+ 1

2π
sin(2πR

R0
)]-1

(3a)

V(τ3) ) (4π/3)R3 (3b)
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where V(τ3) is from eq 3 and C is a constant obtained
from a correlation of temperature-dependent PALS data
and PVT data analyzed in the framework of the Simha-
Somcynsky EOS. However, it has also been shown that
I3 is very sensitive to inhibition reactions taking place
in the positron spur;77,94 source exposure time70,74,95,96

and exposure to visible light,97 exposure to electric
fields,77,98,99 and magnetic fields.100 This implies that
changes in the o-Ps intensity I3 cannot be accounted for
solely on the basis of free volume.101

Experimental Methods
Materials and Sample Preparation. Samples were pre-

pared from atactic poly(methyl methacrylate) (PMMA) (Sci-
entific Polymer Products Inc., Catalog No. 037B) with the
following specified properties: Tg ) 105 °C, Mw ) 75 kg/mol
(GPC, polystyrene standards), density F ) 1.20 g/cm3, and
refractive index nd,20°C ) 1.430. The PMMA powder was dried
at 95 °C for 4 h and slowly cooled to room temperature (RT)
under vacuum. Small cylinders (diam 9 × 5 mm), double disks
(diam 9.5 × 1.3 + diam 13.5 × 1.7 mm), and disks (diam 13.5
× 3 mm) were then compression-molded between aluminum
foil at 185 °C and 200 kN and cooled to RT at approximately
20 °C/min in a Fontijne press TP200. All pressed samples were
rejuvenated at 125 °C and atmospheric pressure for 1.5 h,
cooled to RT at 0.5 °C/min in dry air, and stored in a desiccator.
Mercury and silicone oil 210H (heat-stabilized poly(dimethyl-
siloxane), Dow Corning) were used as pressure-transmitting
fluids for standard PVT measurements and pressure densifi-
cation, respectively.

PVT Measurements. The density of the rejuvenated
PMMA samples was measured at 20 °C and 2 atm (helium)
with a Micromeritics multivolume pycnometer 1305. The PVT
properties of all pressure-densified PMMA glasses were mea-
sured with a commercial high-pressure bellows-type dilatom-
eter (Gnomix Inc. PVT apparatus) using the standard isother-
mal mode of operation with 5 °C temperature and 10 MPa
pressure steps.3,102 Other modes of operation used to carry out
the densification cycles (Figure 1) are isobaric heating at 0.5
°C/min and 10 MPa; isobaric cooling at 0.5 °C/min and
densification pressures of 50, 100, 150, and 200 MPa; and data
acquisition at RT and 1 MPa after depressurization. The
instrument extrapolates data at 0 MPa data from high-
pressure data (10-30 MPa, 1 MPa increments) using the Tait
EOS. In the context of this paper, 0 MPa implies atmospheric
pressure (0.1 MPa), and all elevated pressures are to be
interpreted as pressures above atmospheric pressure. The
Gnomix PVT apparatus is designed to ensure hydrostatic
pressure throughout the sample in the melt and semicrystal-
line as well as the glassy state compared with high-pressure
piston-type dilatometers.3,103 Most of the PVT data were
analyzed using the evaluation software PVTEVAL (V6.04)
from Gnomix Inc. A modified version of the instrument
software PVTEX (V6.06) was obtained from Gnomix Inc. and
enables the instrument to be run in the data acquisition mode
at pressures down to 0 MPa.

Pressure-Densified Samples and Modified PVT Ap-
paratus. Our PVT data on silicone oil 210H (from 25 to 220
°C and 0 to 200 MPa) lie within 0.5% of the data published by
Zoller and Walsh,3 and we obtain at 25 °C and atmospheric
pressure κ ) 10.78 × 10-4 MPa-1 and R ) 9.38 × 10-4 °C-1.
The corresponding values for mercury used in PVTEX104 are
κ ) 0.40 × 10-4 MPa-1 and R ) 1.80 × 10-4 °C-1. Compared
with mercury, silicone oil has a much higher compressibility
and thermal expansivity and is therefore unsuitable for use
as a confining fluid for standard PVT measurements in the
Gnomix apparatus. This fact precludes simultaneous PVT
measurements and preparation of pressure-densified samples
with silicone oil in the standard PVT sample cell of the Gnomix
apparatus. For this reason, we have redesigned the sample
cell in order to make isotropic disks as well as other geometries

of pressure-densified PMMA as shown in Figure 2. The
assembly connects with the base and rod carrying the LVDT
core of the Gnomix apparatus. The mold consists of three
cylindrical parts (3, 4, and 5 in Figure 2) which fit precisely
into the cylindrical cavity of the sample chamber (6) that is
attached to the long tube (1) by the ring nut (2). The tolerance
is such that silicone oil can still flow freely to and from two
cylindrical samples (diam 9 × 5 mm) that are initially placed
between the mold parts (3, 4, and 5). In the equilibrium melt,
the two initially cylindrical samples are shaped into two double
disks (black in Figure 2) mainly by the weight of the mold parts
(4, 5). The parts’ weight-to-height ratio was optimized to give
disks with plane parallel surfaces with no overflow at the
circumference that could prevent the oil from flowing freely
throughout the mold. This was achieved by drilling eight radial
holes (diam 2.5 mm, not shown in Figure 2) to the center of
each part (3, 4, and 5). Obviously, parts 3 and 5 can be turned
upside down to make simple disks as well. Silicone oil can flow
freely to and from the sample chamber (6) via the ring nut (2)
and three holes in the lock (7). This ensures that the samples
are exposed to hydrostatic pressure throughout the densifi-
cation cycle. The modified sample cell works well with silicone
oil, and the densified samples can be easily removed from the
mold after depressurization. To remove the silicone oil from
the surface of the densified samples, they were washed four
times in n-hexane. n-Hexane, like diethyl ether, is a nonsolvent
for PMMA but a solvent for silicone oil.105 A second set of
pressure-densified PMMA samples for PALS measurements
was washed four times in diethyl ether. The cleaned samples
were stored in a desiccator.

Electron Spectroscopy for Chemical Analysis (ESCA).
ESCA (Perkin-Elmer PHI 5500) was used to determine trace
elements on the surface of clean, compression-molded PMMA
disks before and after washing with n-hexane and of disks
exposed to silicone oil followed by washing twice and four times
with n-hexane. The results are summarized in Table 1. The
surface of the as-molded and clean PMMA yields the highest
ratio of carbon C 1s to oxygen O 1s peaks. This ratio decreases
after washing the surface twice with n-hexane. Compared with
the clean PMMA surface, washed twice with n-hexane, we

Figure 2. Redesigned sample cell assembly for the Gnomix
Inc. PVT apparatus to make disks of isotropic densified PMMA
glasses. Thread sizes (mm) are given in brackets: 1, long tube
(M12 × 1, M4 × 0.7, M18 × 1); 2, ring nut (M18 × 1); 3, 4, 5,
sample mold in three parts with two identical samples (black)
in between; 6, sample cell (M18 × 1, M14 × 1.25); 7, sample
cell lock (M14 × 1.25).

hPs ) CV(τ3)I3 (4)
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found a small amount of Si and even less of Cl, Na, and N on
the sample surface of PMMA that had been washed twice and
four times with n-hexane after 5 days exposure to silicone oil
at RT. All trace elements are evidently from the heat-stabilized
silicone oil and its constituents, and washing four times
increases the ratio of C1 to O1 by 10% while maintaining the
concentration of the trace elements. Since ESCA is a surface-
sensitive technique with a penetration depth of approximately
10-100 Å, we consider the residual amounts of trace elements
to be negligible in our subsequent PALS measurements, where
positron ranges up to 1 mm are common.76

Optical Microscopy. The rejuvenated and pressure-den-
sified samples were investigated in an optical microscope
(Nikon SMZ-10 and Olympus BH-2) under normal and cross-
polarized light. Pictures were taken under these conditions to
show the degree of isotropy in the samples.

Positron Annihilation Lifetime Spectroscopy. All PALS
measurements were made at RT using a fast-fast coincidence
system based on Canberra modules: model 3002 D high-
voltage power supply, two 2129 constant fraction differential
discriminators, 2058 ns delay, model 2143 time analyzer, 8075
analog-to-digital converter, and a S100 multichannel analyzer
board. The two identical γ-ray detectors, placed at approxi-
mately 160° to each other and at least 2.5 cm apart to minimize
backscattering, consist of CsF crystals mounted on Hamamat-
su photomultiplier tubes. The spectrometer has a fwhm of 280
ps, as determined with 60Co, and a channel width of 0.0244
ns, as determined with 22Na. A 2.12 MBq 22Na source, with
an active area of approximately diam 1.5 mm, was made by
depositing and evaporating a few drops of 22NaCl salt solution
on an 8 µm Kapton foil and gluing it with Loctite 406 to an
identical piece of Kapton foil. The source gave an effective
count rate of approximately 1300 cps when sandwiched
between two identical 2-3 mm thick disks, and the assembly
was placed equidistant near the center line of the detectors.
The PALS measurements were started within 1 h after
depressurization in the PVT apparatus. Five positron lifetime
spectra, each containing 2.5M cts, were collected within
approximately 3 h for each sample and evaluated with
POSITRONFIT106 using no source correction and no fixed
lifetimes or intensities.

Results
Figure 3a-e shows optical micrographs of our pres-

sure-densified samples under normal (A) and cross-
polarized light (B). The absence of birefringence in the
plane of the samples implies that they are isotropic and
free from residual stresses as opposed to the birefringent
compression-molded sample (f). The fact that all samples
are isotropic is also evidence for the functionality of our
modified sample cell and mold inserts shown in Fig-
ure 2.

The specific volume of the glass cooled at 0 MPa (0
MPa glass) as a function of temperature along extrapo-
lated isobars in 50 MPa increments is illustrated in

Table 1. ESCA Results from a Clean,
Compression-Molded PMMA Surface and from One

Washed Twice in n-Hexane and from a PMMA Surface
Washed Twice and Four Times with n-Hexane after

Exposure to Silicone Oil

clean PMMA
PMMA exposed to

silicone oil and

elementa
as-

molded
washed
twice

washed
twice

four
times

C1 91.26 86.80 68.19 70.03
O1 8.74 13.20 24.51 22.85
Si 2p 4.58 4.84
Cl 2p 1.37 1.00
Na 1s 0.56 0.41
N 1s 0.81 0.86

a Concentration in %.

Figure 3. Optical micrographs of PMMA disks (diam 13.5
mm) with different formation histories under normal light (A)
and cross-polarized light (B): 0.5 °C/min cooling rate and Pd
(a) 0 MPa, (b) 50 MPa, (c) 100 MPa, (d) 150 MPa, (e) 200 MPa,
and (f) compression molded.
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Figure 4. The PVT data were measured isothermally,
and it is common to show the data as a series of
extrapolated isobars. The experimental PVT data are
well described by the Simha-Somcynsky EOS in the
equilibrium melt above the pressure-dependent glass
transition temperature T*g(P,0), and the characteristic
scaling parameters P*, V*, and T* of eq 2 are given in
Table 2. The Tait EOS reproduces the experimental data
well in both the melt and the glassy state below T*g-
(0,0), and the relevant parameters of eq 1 are shown in
Table 3 and Table 4, repectively. T*g(P,0) (line B) is
created by the intersection of the quasi-equilibrium
extrapolated isobars lying to the left of line A and those
from the equilibrium melt lying to the right of line B.
The points of intersection can be fitted to two second-
order polynomials:

whose coefficients are given in Table 5 for all pressure-
densified glasses. Between lines A and B a glass is re-

formed by pressurizing from the melt during isothermal
compression (cf. path bfbifBifAifai in Figure 1). This
glass does not possess the same physical properties as
that originally loaded into the PVT apparatus, and it is
different for each isotherm in the “wedge” between lines
A and B. The pressure-densified glasses thus produced
have a lower specific volume than the glass that was
originally loaded into the PVT apparatus. Hence, the
“valleys” along the extrapolated isobars between lines
A and B. Unlike the commercial-grade PMMA used in
our previous PVT study on polymer blends,4 the PMMA
used in this work does not contain any copolymer, and
our PVT data for the research-grade PMMA are in very
good agreement with those reported in the litera-
ture.3,8,26,38,67, 107-112

In Figure 5, the experimental PVT surface of the 0
MPa glass from Figure 4 is shown together with that
of the glass that was pressure-densified at 200 MPa (200
MPa glass). The salient features are the two glass

Figure 4. Specific volume of a 0 MPa glass of PMMA, shown
as a selection of extrapolated isobars versus temperature:
experimental data (O); Tait EOS (s); Simha-Somcynsky EOS
(9). Lines A and B represent the zero-pressure glass transition
temperature T*g(0,0) and the glass transition temperature as
a function of pressure T*g(P,0), respectively.

Table 2. Simha-Somcynsky EOS Characteristic Scaling
Parameters (Eqs 2a,b) for Pressure-Densified PMMA

Glasses

densification
press. (MPa)

T rangea

(°C) devb (%)
P*

(MPa)
V*

(cm3/g) T* (K)

0 105-194 91.9/6.7/1.4 1076.5 0.8300 11319.7
50 115-194 91.3/7.6/1.1 1076.0 0.8306 11340.1
100 114-193 91.3/7.6/1.1 1076.4 0.8309 11359.9
150 115-194 91.3/7.6/1.1 1061.6 0.8324 11443.8
200 115-194 92.0/6.5/1.5 1070.1 0.8314 11389.3

mean value 1072.1 0.8311 11389.3
std dev ( 6.5 ( 0.0009 ( 48.3
% std dev (0.61%) (0.12%) (0.43%)

a Tg(P,Pd) from eq 5a taken into account. b First figure, 0-0.001
cm3/g range; second figure, 0.001-0.002 cm3/g range; third figure,
0.002-0.003 cm3/g range.

T*g(P,Pd) ) T*g(0,Pd) + a1P - a2P
2 (5a)

v*g(P,Pd) ) v*g(0,Pd) - b1P + b2P
2 (5b)

Table 3. Tait EOS Parameters (Eqs 1a-d) in the Glassy
State of Pressure-Densified PMMA Glasses

densification pressure Pd (MPa)Tait EOS
parameters 0 50 100 150 200

T range (°C) 20-95 20-70 20-65 20-60 20-55
deviationa (%) 100/0 100/0 100/0 100/0 100/0
B0 (MPa) 429.6 440.7 464.0 471.4 477.4
B1 × 103 (°C-1) 4.164 3.530 3.849 3.884 3.992
C0 0.8422 0.8402 0.8373 0.8360 0.8338
C1 × 105 16.4610 16.6340 12.8100 6.7430 5.5696
C2 × 106 0.55275 0.44449 1.0591 1.9120 2.3570
v0 (cm3/g) 0.8407 0.8394 0.8356 0.8333 0.8308
R0 × 104 (°C-1) 2.6750 2.4300 2.581 2.6210 2.7770

a First figure, 0-0.001 cm3/g range; second figure, 0.001-0.002
cm3/g range.

Table 4. Tait EOS Parameters (Eqs 1a-d) in the Melt
State of Pressure-Densified PMMA Glasses

densification pressure Pd (MPa)
Tait EOS

parameters
(eqs 1a-d) 0 50 100 150 200

T rangea (°C) 110-194 120-194 119-193 119-194 119-194
deviationb (%) 74.0/26.0 73.5/26.5 72.8/27.2 73.2/26.8 72.8/27.2
B0 (MPa) 300.6 285.9 287.9 289.4 288.2
B1 × 103 (°C-1) 4.257 3.947 3.967 4.005 3.982
C0 0.8065 0.8059 0.8061 0.8066 0.8062
C1 × 104 5.6572 5.7031 5.6870 5.6498 5.6765
v0 (cm3/g) 0.8105 0.8103 0.8107 0.8111 0.8108
R0 × 104 (°C-1) 6.3340 6.3590 6.3280 6.2890 6.3110

a Tg(P,Pd) from eq 5a taken into account. b First figure, 0-0.001
cm3/g range; second figure, 0.001-0.002 cm3/g range.

Table 5. Glass Transition Functions (Eqs 5 and 6) for
Extrapolated Isobars and Cooling Isobars

densification pressure Pd (MPa)glass transition
functions 0 50 100 150 200

extrapolated IBa

T range (°C) 20-95 20-70 20-65 20-60 20-55
T*g(0,Pd) (°C) 100.5 90.9 82.5 76.2 72.3
a1 0.3769 0.3667 0.3315 0.2701 0.2813
a2 × 104 6.2225 3.6831 1.2344 -1.8732 -1.5555
v*g(0,Pd) (cm3/g) 0.8634 0.8579 0.8534 0.8499 0.8476
b1 × 104 1.9259 1.6401 1.6194 1.6672 1.5719
b2 × 107 0.7488 0.5937 1.2619 1.8963 1.7262

at P ) Pd
T*g(P,Pd) (°C) 101.1 108.3 114.2 120.6 136.4
v*g(P,Pd) (cm3/g) 0.8636 0.8497 0.8384 0.8292 0.8233

cooling IBa(P ) Pd)
Tg(P) (°C) 101.1 110.4 118.6 128.3 138.5
vg(P) (cm3/g) 0.8637 0.8505 0.8388 0.8301 0.8220
a IB ) isobar.
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surfaces that are distinctly displaced from each other
by an amount equal to the decrease in specific volume
due to pressure densification; the 200 MPa glass returns
completely to the equilibrium melt around 100 °C such
that the melt PVT surfaces of both glasses coincide
within experimental error; the glass transition of the
200 MPa glass occurs near 70 °C, i.e., approximately
30 °C below T*g(0,0); and volume relaxation occurs well
below T*g(0,200), as evidenced by the two merging glass
surfaces (below line A200). The observed depression of
Tg with Pd and the volume relaxation below Tg are in
good agreement with previous reports on pressure-
densified PMMA13,21,24,28 as well as PS10,13,23,24,28,29,40 and
PVAc.11 The features observed in Figure 5 are empha-
sized in Figure 6 with extrapolated isobars in 50 MPa
increments. The onset of volume relaxation in the 200
MPa glass starts around 55 °C during isothermal
compression with an effective heating rate of 0.3 °C/
min, as seen by the merging extrapolated isobars of the
two glasses. T*g(P,200) (line B200) is obtained similar
to T*g(P,0) (line A0), but the intersection of the pressure-
densified glassy PVT surface with the melt surface is
more difficult to determine accurately because of the
reduced temperature range of the glassy PVT surface
as a result of volume relaxation. For example, the point
of intersection at 200 MPa of the 200 MPa glass requires
an extrapolation of the data in the glassy state (20-55
°C) from 55 to 130 °C, and the error can be significant.
In fact, it can be shown that a 5 °C change in the
temperature range of the glass PVT data changes the
temperature of intersection by about 3 °C. The Tait EOS
parameters of the 200 MPa glass in Table 3 suggest a
very good fit of the limited PVT surface in the glassy
state. In the equilibrium melt, both the Tait EOS and
the Simha-Somcynsky EOS are expected to give pa-
rameters very similar to those obtained for the 0 MPa
glass because volume relaxation of the densified glass
is essentially complete above T*g(0,0), as shown in

Figures 5 and 6. The Tait EOS parameters and Simha-
Somcynsky EOS characteristic scaling parameters of the
two glasses are indeed identical within experimental
error, as shown in Tables 4 and 2, respectively. Similar
observations can be made in Tables 2-4 for the PVT
surfaces in the glassy state and in the equilibrium melt
of the pressure-densified glasses that were formed at
50, 100, and 150 MPa.

In Table 3, the thermal expansivity of the pressure-
densified glasses lies between 2.43 and 2.77 × 10-4 °C-1

but does not vary systematically. McKinney and Gold-
stein11 have reported a slightly increasing R0 with
increasing formation pressure of their two PVAc glasses,
whereas Vleeshouwers and Nies54 have predicted a
decrease in R0 for the same PVAc glasses. Naoki et al.32

have found that R0 of their PVC glasses is nearly
constant up to formation pressures of 300 MPa followed
by a decrease at 500 MPa. Using eq 1 and data from
Table 3, it can be shown that the isothermal compress-
ibility of our PMMA glasses decreases by up to 10.3%
with increasing Pd. This compares well to a 2.7%
decrease in isothermal compressibility of the 80 MPa
PVAc glass.11 On the other hand, the predicted increase
in isothermal compressibility of the same glass by
Vleeshouwers and Nies54 cannot be explained and must
be an artifact of their simulation. Our results are also
in good agreement with those of the PVC glasses32

whose compressibility decreased by up to 6%.
The isobars used to make the pressure-densified

glasses at a cooling rate of 0.5 °C/min are shown in
Figure 7 together with the zero-pressure extrapolated
isobar of the 0 MPa glass. The different formation
pressures give rise to a pressure-dependent glass tran-
sition temperature Tg(P) and volume vg(P) (line B):

where Tg, vg, and P are in °C, cm3/g, and MPa,

Figure 5. Experimental PVT surfaces of PMMA glasses: 0
MPa glass (gray mesh) and 200 MPa glass (open mesh). Each
mesh point represents an experimental data point. A0 and A200
are the glass transition temperatures for the two glasses at
zero pressure, respectively, and B0 and B200 are their pressure-
dependent and formation-pressure dependent T*g(P,Pd).

Figure 6. Extrapolated isobars of the 0 MPa glass (O) and
200 MPa glass (9) in 50 MPa increments versus temperature;
data from Figure 5. Volume relaxation of the 200 MPa glass
is evident above approximately 55 °C. The specific volume of
the 200 MPa glass has returned completely to the equilibrium
melt state above approximately 100 °C.

Tg(P) ) 101.3 + 0.166P + 9.651 × 10-5P2 (6a)

vg(P) ) 0.8635 - 2.823 ×10-4P + 3.773 × 10-7P2

(6b)
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respectively. Line A corresponds to Tg(0). No PALS
samples with Pd ) 25 MPa were made, and the PVT
data are restricted to the cooling isobar. Each isobar
generates its own PVT surface in the glassy state when
the pressure is released at 20 °C, and the glass is
compressed isothermally, as illustrated in Figures 1 and
5. The glass transition temperature T*g(P,Pd) (eq 5a)
and glass transition volume v*g(P,Pd) (eq 5b) of each
glass are obtained from its line of intersection with the
equilibrium melt surface and must be the same as
Tg(P) (eq 6a) and vg(P) (eq 6b) from the cooling isobars
when P is equal to the formation pressure Pd. Table 5
shows that T*g(Pd,Pd) ) Tg(Pd) and v*g(Pd,Pd) ) vg(Pd)
are indeed satisfied within experimental error ((3 °C
and (0.002 cm3/g) for all Pd except for 150 MPa where
the temperature deviation is 8 °C. Similar experimental
errors of about (3 °C have been reported for PVAc.11

Moreover, the first Ehrenfest relation dT*g/dP ) ∆κ/
∆R , where ∆κ and ∆R are the difference in isothermal
compressibility and thermal expansivity at T*g, derives
from thermodynamics16 and must hold true tautologi-
cally9 within experimental error if the left- and right-
hand side are evaluated from the same set of PVT
surfaces. Both the 0 MPa glass and the 100 MPa glass
give an excellent agreement between the pressure
coefficient of T*g and ∆κ/∆R, considering the fact that
experimental errors of 15% are not unusual.4 In this
respect, the agreement of dT*g/dP and ∆κ/∆R of the 200
MPa glass within 23% can still be considered satisfac-
tory. Our data in Table 6 also show that the Simha-
Boyer relation,113 ∆R0Tg ∼ constant, fails even at
densification pressures above 80 MPa.46 Previously, it
has been shown that this relation fails for low- and high-
pressure glasses as a function of applied pressure.20 In
this context we can also add Bauwens’ conclusion114 that
Tg is related to a constant fraction (∼0.118) of activated
segments and not to a constant fraction of free volume,
as implied by Simha-Boyer’s iso-free-volume relation.
It is known that dTg/dP < ∆κ/∆R, which is perhaps not
so surprising in view of the fact that dTg/dP is evaluated
from PVT surfaces of variable formation history glasses

whereas ∆κ/∆R is calculated from constant formation
history PVT data. If the order parameter h is invoked,
the two quantities can be reconciled in a modified
Ehrenfest relation:22,46

where the first h-derivative is calculated in the equi-
librium melt (eq 2) and the second h-derivative is
determined along Tg(P). From our PVT data in Tables
5, 6, and 2 we have evaluated eq 7 for the 0 MPa glass
and find 0.166 ) 0.381 + (5.466 × 10-4)-1 × (-1.320 ×
10-4), which approximates to 0.17T0.14 and is quite
good considering the 15% uncertainty mentioned above.
For the pressure-densified glasses, ∆κ/∆R becomes dif-
ficult to evaluate due to the volume relaxation in the
transition region of the PVT diagrams, and conse-
quently, the errors involved in eq 7 increase substan-
tially.

The specific volume v and density F of the pressure-
densified glasses as a function of the densification
pressure Pd at 20 °C and 1 atm are shown in Figure 8a,
and obviously v and F decrease and increase linearly
with increasing Pd, respectively. The densification, D
) (FPd - F0)/F0, in Figure 8b also increases linearly with
increasing Pd up to a maximum value of 1.2% at 200
MPa, which is consistent with the densifications re-
ported for PMMA at an equivalent Pd of 200 MPa by
Shishkin (1.5%),14 Kimmel and Uhlmann (0.8-1.4% for
high-low molecular weight),18 Bree et al. (approximately
1.2%),25 Wetton and Moneypenny (approximately 1.4%),28

and Price (1.26%).27 All these values are only a fraction
of the maximum densification possible for PMMA. To
achieve high densifications, the equilibrium melt has
to be pressurized to high formation pressures. The
pressure dependence of Tg implies, however, that high
pressures can be applied at only high temperatures
where thermal degradation may occur. Since the pres-
sure coefficient of the degradation temperature Td is
about 1 order of magnitude smaller than that of Tg ,
there will be a temperature and pressure above which
the polymer will either thermally degrade or enter the
glassy state. This pressure is the maximum Pd that can
be applied, thus defining the maximum densification
Dmax that can be achieved in polymer glasses:52

Figure 7. Specific volume of PMMA versus temperature at
the formation pressures shown and a cooling rate of 0.5 °C/
min (O); zero-pressure PVT data (b) from Figure 4. Each
variable formation history glass was depressurized at RT to
give pressure-densified glass samples for subsequent PALS
studies.

Table 6. Glass Transition Parameters of
Pressure-Densified PMMA Glasses

PMMA

eqs 7 and 10 0 MPa 100 MPa 200 MPa

T*g(0,Pd) (°C) 100.5 82.5 72.3
dT*g/dP(0,Pd) (°C/MPa) 0.377 0.332 0.281
Rg × 104 (°C-1) 2.675 2.581 2.777
Rl × 104 (°C-1) 6.334 6.328 6.311
∆R0 × 104 (°C-1) 3.659 3.747 3.534
κg × 104 (MPa-1) 3.149 2.642 2.4999
κl × 104 (MPa-1) 4.543 3.853b 3.722c

∆κ0 × 104 (MPa-1) 1.394 1.211b 1.223c

∆κ0/∆R0 (°C/MPa) 0.381 0.323b 0.346c

∆R0 × Tg 0.137 0.133 0.122

(δh/δT)a
g × 104 (°C-1) 1.628 1.599 1.580

(δh/δT)a
m × 104 (°C-1) 5.466 5.458 5.415

FT(0,Pd) 0.702 0.707 0.708
a Calculated from experimental PVT data using P*, V*, and T*

for the 0 MPa glass. b Calculated from low-pressure PVT data at
82.5 °C. c Calculated from low-pressure PVT data at 72.3 °C.

dT/dP ) ∆R/∆κ + (∂T/∂h)P(dh/dP) (7)

Dmax ) κ′Pd,max (8)
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where the densification rate κ′ ) -(∂v/∂Pd)/v and Pd,max
) [Td - Tg(0)]/(dTg/dP). From eq 8 and data from Figure
8a as well as a dTg/dP of 0.187 °C/MPa averaged over
0-200 MPa (Table 5), we obtain 5.7% for our PMMA.
This is in excellent agreement with McKinney and
Simha’s estimate of 5% for a-PMMA based on a Td of
279 °C from pyrolysis data.52 Shishkin14 extrapolated
the equilibrium melt isobar below Tg in order to
estimate Dmax at the depressurization temperature Tdp
from the difference in thermal expansivity in the melt
and the glass:

Together with our data from Tables 3-5, this approach
yields 2.9% for PMMA and is lower than the value
estimated from eq 8 but agrees well with the 2%
estimated for PMMA by Shishkin.14

The free-volume fraction h in Figure 8b decreases
with increasing Pd . h was calculated from the Simha-
Somcynsky theory and the characteristic scaling pa-
rameters for the 0 MPa glass (Table 2) using the AP
method (filled circles) as well as the PF method (dashed
line) explained in the Introduction. Replacing the
characteristic scaling parameters for the 0 MPa glass

with the mean values given in Table 2 would reduce all
h values by about 2%. The h values obtained from the
more rigorous PF method are systematically about 4%
larger than those calculated with the AP method.
Similar results have been reported by Simha and co-
workers.39,43 We consider that the AP method gives
sufficiently accurate h values because the differences
between the two methods are small compared with the
changes in h caused by pressure densification.

The o-Ps lifetime τ3 and o-Ps intensity I3 of our
pressure-densified glasses as a function of Pd at 20 °C
and 1 atm can be seen in Figure 9. The symbols
represent a set of samples that was washed in n-hexane
to remove silicone oil from the samples’ surface, and
every point is an average of five PALS spectra, each
containing 2.5M counts. τ3 decreases substantially with
Pd, whereas I3 remains relatively constant with an
average value of 29 ( 0.5%. The dashed lines are
average values from these samples together with a
second set of samples that was washed in diethyl ether.
The results thus obtained show that our data are
reproducible within experimental errors that lie well
within those found in an international interlaboratory
comparison of positron and positronium lifetimes in
polymers115 and that both solvents efficiently remove
silicone oil from the surface of the samples and do not
affect the results.

Discussion
One of the prerequisites of this study is the prepara-

tion of isotropic pressure-densified PMMA glasses.
Anisotropy can affect both macroscopic and microscopic
volume measurements. In Figure 3, we show that all of
our samples are free from birefringence. Therefore, we
can conclude that all our glasses are isotropic and that
our modified sample cell illustrated in Figure 2 is
working properly.

When dealing with pressure-densified polymer glasses,
the fact has to be considered that their volume is not in
a state of equilibrium.10,21,23,24,29 The metastable volume
of pressure-densified glasses relaxes well below the glass
transition temperature of a corresponding glass formed
by cooling from the equilibrium melt at atmospheric
pressure, as shown in Figures 5 and 6. The volume of
the 200 MPa glass starts to relax already at about 55

Figure 8. (a) Specific volume v (b) and density F (O) of
pressure-densified PMMA glasses versus densification pres-
sure Pd at 20 °C and 1 atm. (b) Free-volume fraction h from
the adjustable parameter method (b) and from the partition
function method (- - -) and densification D ) (FPd - F0)/F0 (O)
versus Pd. Lines are guidelines.

Dmax ) (Rm - Rg)(Tg - Tdp) (9)

Figure 9. o-Ps lifetime τ3 (b) and o-Ps intensity I3 (2) versus
Pd: symbols are for samples washed in n-hexane; dashed lines
are average values from these samples together with samples
washed in diethyl ether. Lines are guidelines.
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°C, i.e., 30 °C below Tg*(0,0), during a series of isother-
mal compressions with an effective heating rate of 0.3
°C/min. Therefore, we have measured the time depen-
dence of the volume of all pressure-densified PMMA
samples at 1 MPasmeasurements at 0 MPa are possible
for only about 30 min with the Gnomix apparatussand
RT over a period of 5 h and found no volume relaxation
during that time. Since all our PALS measurements
were made within 5 h of depressurization, we conclude
that our PALS samples are not affected by volume
relaxation.

The main objective of this study is to investigate the
effect of pressure densification on the macroscopic PVT
properties versus the microscopic volume properties of
a series of chemically identical PMMA glasses differing
only in density, as a result of different formation
pressures during cooling from the equilibrium melt. As
we have shown in Figure 8a, the macroscopic volume
decreases linearly with increasing densification pres-
sure, and the densifications thus obtained (Figure 8b)
agree very well with those in the literature. Likewise,
the microscopic volume represented by the free-volume
fraction (Figure 8b) that is calculated from our PVT data
and the Simha-Somcynsky theory decreases linearly
but more substantially than v with increasing Pd. The
average microscopic volume size, represented by the
o-Ps lifetime τ3, also decreases significantly with Pd ,
as we have shown in Figure 9. Some deviation from
linearity occurs at high formation pressures. The o-Ps
intensity I3 , on the other hand, is constant and
independent of Pd within experimental error, i.e., 29 (
0.5%. This is an expected result because changing the
physical structure of a polymer should not affect chemi-
cal reactions in the positron spur, such as ionization,
recombination, anion formation, and positron capture,
which all can contribute to a quenching of positrons and
an inhibition of positronium formation, i.e., a reduced
o-Ps intensity I3. In contrast to our result, Wang et al.57

have reported an in situ high-pressure PALS study of
amine-cured epoxy polymers, where I3 is pressure-
dependent such that it decreases nonlinearly from 24%
at 0 MPa to about 22.5% at 200 MPa in the melt.
Similarly, in the glassy state at RT, where Wang et al.’s
samples are anisotropic and the PALS data become
path-dependent, I3 decreases from 24.5% at 0 MPa to
about 23% at 200 MPa. On the other hand, their
nonlinear decrease of τ3 with increasing pressure in both
the melt and the glassy state is in agreement with our
results. It is also noteworthy that a constant o-Ps
intensity I3 has also been observed in a combined
uniaxial tensile and PALS study of PMMA,116 where the
o-Ps lifetime τ3 was shown to increase by up to about
3%. Similarly, in another uniaxial tensile and PALS
study of PC,117 I3 was constant whereas τ3 and the
specific volume increased by up to 3% and 0.6%,
respectively. Ruan et al.117 calculated a 5% increase in
free-volume fraction from their PALS data according to
eq 4, which happens to be also the fractional change in
the equivalent spherical cavity volume V(τ3) (see eq 3b)
because of the constant I3 values.

In PALS studies of polymers, the change in τ3 in
Figure 9 (0.16 ns) that is induced by physical structural
changes is rather large and can otherwise only be
achieved by significant changes in the chemical struc-
ture of polymers. However, such chemical structural
changes often imply changing the positron and positro-
nium chemistry, too, and hence I3.75,89,94 Together with

the fact that I3 is independent of Pd , we have strong
experimental evidence to suggest that any change in the
microscopic volume due to changes in the macroscopic
volume can only be explained in terms of the average
free-volume cavity size that is linked to τ3 via the
semiempirical eq 3a. To establish any correlation be-
tween the macroscopic and microcopic volume param-
eters of the pressure-densified glasses, we have calcu-
lated equivalent spherical hole volumes V(τ3) from our
τ3 data in Figure 9 and eq 3a. In a normalized repre-
sentation we show the fractional changes of the specific
volume, o-Ps lifetime τ3, equivalent spherical hole
volume V(τ3) (eq 3b), and free-volume fraction h at RT
and atmospheric pressure versus densification pressure
Pd in Figure 10a. All parameters are normalized with
respect to the values of the 0 MPa glass and V(τ3)0 )
87.2 Å. The pertinent features are that a comparatively
small change of 1.2% in the macroscopic volume yields
significant changes in the microscopic volume, as seen
in the free-volume quantities τ3 (8.4%), V(τ3) (16.1%),
and h (19.2%). Moreover, h from the Simha-Somcynsky
theory and PVT data correlates better with V(τ3) than
with τ3 from PALS, despite the fact that the underlying

Figure 10. (a) Fractional change in specific volume v (b), free-
volume fraction h (O), o-Ps lifetime τ3 (9), and free-volume hole
size V(τ3) (0) at 20 °C and 1 atm versus Pd; V(τ3)0 ) 87.2 Å3.
(b) h and V(τ3) versus F. Lines are guidelines.
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conversion of τ3 values to equivalent hole radii is at best
semiempirical for polymers and assumes hypothetical
spherical free-volume hole sites. A plot of h and V(τ3)
versus F is shown in Figure 10b and emphasizes the
correlation of h with V(τ3). Consequently, we have
further investigated h as a function of V(τ3), and in
Figure 11 the two free-volume quantities are seen to
correlate linearly. It is interesting to note that, if the
linear correlation is extrapolated to a hypothetical free-
volume fraction of zero, one obtains an equivalent hole
radius R(τ3) that is close to 1.4 Å (1.46 and 1.35 Å for
the AP and PF method, respectively) which compares
to the Bohr diameter (1.06 Å) of the o-Ps species.
Although the extrapolation has to be treated with great
care, because of the lack of data in the h range of 0.056-
0, it nevertheless suggests the need to further investi-
gate whether it is possible to approach the smallest free-
volume cavity size that can still be measured by the o-Ps
species by applying sufficiently large densification pres-
sures, albeit difficult to achieve experimentally. Alter-
natively, the result suggests the need to investigate
whether τ3 levels off at sufficiently high densification
pressures, as is observed for τ3 at cryogenic tempera-
tures in low-temperature PALS measurements. Inci-
dentally, in a separate temperature-dependent PALS
study101 of a 0 MPa PMMA glass, we found, at our
lowest measuring temperature of 80 K, a value of τ3 of
1.66 ns or R(τ3) of 2.5 Å. A similar value of τ3 at 80 K
was reported by Wang et al.74 for another grade of
PMMA.

Despite the good correlation of h with V(τ3), the fact
cannot be neglected that the glassy structure of poly-
mers depends not only on the free-volume fraction but
also on how much the free volume is frozen-in below Tg
relative to the melt. This second-order parameter has
been defined as a freezing fraction38,46,67 FT that is a
measure of the variation of the free-volume fraction h
with temperature in the glassy state relative to that in
the equilibrium melt:

A freezing fraction of one corresponds to a completely
frozen glass, i.e., a glass with a constant free-volume

fraction. A liquidlike glass, on the other hand, would
behave like the equilibrium melt and is thus assigned
a FT value of zero. High-Tg polymers tend to have
freezing fractions near 0.5, whereas low-Tg polymers lie
closer to one.67 In Table 6 we show freezing fractions
for three of our pressure-densified glasses that were all
evaluated at atmospheric pressure. Evidently, within
two decimals FT does not depend on the formation
pressure in the range 0-200 MPa. In other words, the
application of formation pressures up to 200 MPa does
not produce glassy structures that are more frozen-in
and thus closer to equilibrium than nondensified glasses,
which contradicts Shishkin’s assumption.14 A similar
result was obtained by McKinney and Simha46 for their
PVAc glasses, but only up to a formation pressure of 80
MPa. They interpreted the apparent invariance of FT
with Pd as being consistent with the hypothesis of a
single entropy surface proposed by Goldstein.9 The
constant freezing fractions could explain Bree et al.’s25

observation that, in contrast to physical aging, the much
larger volume changes due to pressure densification
have almost no effect on the mechanical relaxation times
and the creep rate of PVC. In a recent quasi-elastic
Raman scattering study42 we have shown that the
refractive index of our pressure-densified PMMA glasses
increases with density according to the Lorentz-Lorenz
equation, as has also been shown for physically aged
PS.118 In this context it is worth mentioning that the
rate of change in refractive index with density of the
latter is about 0.4 cm3/g, which is almost the same as
that of the former (0.37 cm3/g).

McKinney and Goldstein’s reasoning11 supports Bree
et al.’s finding25 on mechanical relaxation times that
longer relaxation times are produced by slow cooling
rather than pressure densification because of the ap-
parent dominance of entropy over volume in determin-
ing relaxation times. Further evidence in support of
formation path-dependent properties of polymer glasses
was given by Weitz and Wunderlich,24 whose enthalpy
relaxation data of pressure-densified PMMA and PS has
shown that these glasses are less stable than nonden-
sified ones because, with increasing formation pressure,
their hysteresis peak temperature increased and the
peak height decreased. To account for these results,
Weitz and Wunderlich assumed a freezing of high-
energy conformations, mainly connected with higher
enthalpy, and a freezing of holes, connected with lower
enthalpy and lower volume, which would then result
in memory-effect-like relaxations to more stable and
denser states. Similarly, a reduction in density fluctua-
tion in pressure-densified PS glasses33 has led to the
conlusion that, in these glasses, unfavorable chain
conformations are trapped in local energy minima that
can then promote segmental motion leading to volume
expansion even far below Tg. In a more recent paper,
Song and Roe44 have demonstrated, in a detailed small
and intermediate angle X-ray scattering study of PS,
that pressure-densified glasses exhibit greatly reduced
local ordering compared with physically aged glasses,
despite their much higher densities. They have therefore
suggested that the mechanical relaxation times of
glasses are determined not only by the free volume
content but also by the state of local packing of seg-
ments.

Conclusions
We have summarized different pressure-volume-

temperature (PVT) formation paths that can be used

Figure 11. h versus V(τ3). First-order linear regression line:
h ) -0.01245 + 9.474 × 10-4V(τ3) (r2 ) 0.9778).

FT ) 1 - [(∂h/∂T)g/(∂h/∂T)m] (10)
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to obtain densified polymer glasses and concluded that
pressure densification in the equilibrium melt is the
preferred formation path. Our modified sample cell can
be used together with a commercial PVT apparatus to
make isotropic pressure-densified samples of polymer
glasses. Silicone oil was used as a pressure-transmitting
fluid and could be removed almost completely from the
sample surface using n-hexane or diethyl ether as
revealed by electron spectroscopy for chemical analysis
(ESCA). We have thus made a number of pressure-
densified atactic poly(methyl methacrylate) (a-PMMA)
glasses with formation pressures in the equilibrium
melt in the range of 0-200 MPa or 1.1823-1.1963 g/cm3

for further analysis with positron annihilation lifetime
spectroscopy (PALS). Cross-polarized light microscopy
confirmed that the glasses were isotropic.

We have measured the PVT properties of the glasses
and the melt using thermodynamically and chemically
identical specimens and have discussed all results in
terms of the Simha-Somcynsky equation-of-state (EOS)
theory and the Tait EOS. The PVT data are shown to
be self-consistent as well as in very good agreement with
literature data. Moreover, our PVT data and the EOS
analysis extend the range of densification pressure up
to 200 MPa compared with previously investigated
pressure-densified glasses. We thus find that, at RT and
atmospheric pressure, (a) the macroscopic volume de-
creases by up to 1.2%, (b) the free-volume fraction h
from the Simha-Somcynsky theory decreases by up to
19.2%, and (c) the freezing fraction of pressure-densified
glasses is invariant up to a formation pressure of 200
MPa. The corresponding microscopic volume changes
from PALS were an 8.4% decrease in orthopositronium
(o-Ps) lifetime τ3 and a 16.1% decrease of the free-
volume hole size V(τ3). We therefore conclude that small
macroscopic volume changes yield large microscopic
volume changes in pressure-densified a-PMMA glasses.
Moreover, we conclude that h correlates best with V(τ3)
and tentatively suggest that this correlation indicates
that the radius of the free-volume cavities R(τ3) at zero
h is close to the Bohr diameter of the o-Ps species. From
the o-Ps intensity I3 of the glasses, we conclude that I3
is independent of formation pressure.
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