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ABSTRACT: Molecular dynamics simulations of poly(vinyl methyl ether) in
aqueous solution with weight concentration cw = 30% were performed in a wide
temperature range by simulated cooling between 400 and 175 K. A shift of glass
transition temperature due to plasticization effect is observed with the decrease of
simulated Tg

MD by 25 K as compared to pure PVME at the same simulated cooling
rate. The free volume is computed by using different probe radii (Rp). The free
volume computed with Rp = 0.5 Å reproduces free volume amounts at the glass
transition temperature from the free volume theories as well as thermal expansivity of
the excess free volume given as αL − αG. A portion of 90% of the free volume is
formed by molecular bodies of both polymer and water molecules. In the presence of water molecules, the free volume of polymer
ends shows only a miniscule increase by 7% as compared to the free volume around main-chain monomer units. The free volume
around hydrophilic polymer groups involved in hydrogen-bonding formation is decreased, in agreement with the predicted relation
between mobility and free volume. A picture hinting why percolation of the free volume is naturally connected with glass transition
temperature is provided. By using the computed free volumes, we predicted a value of the orthopositronium (o-Ps) lifetime in the
structure to be τ3 = 1.31 ns (40.1 ± 0.5 Å3) in cavities formed solely by monomer units, and τ3 = 2.03 ns for the average cavity in the
structure.

■ INTRODUCTION

Poly(vinyl methyl ether) (PVME) belongs to the group of
vinyl ether polymers whose synthetic production is well-known
since 1928. However, the studies of the PVME itself could
have started only after discovering a method of synthesis that
allowed supplying of PVME in larger amounts.1−3 PVME is an
amorphous polymer consisting of building blocks that contain
hydrophilic and hydrophobic groups. It is an excellent system
for studies of intermolecular interactions. An advantage of
PVME is that it can be cross-linked by using γ-irradiation that
removes the need for using additional cross-linker, making
PVME an excellent candidate for possible biomedical
applications.4−6 PVME is also miscible with other polymers
forming blend nanocomposites.7

PVME is hygroscopic and freely dissolves with water
forming hydrogel solutions over a wide range of concen-
trations.8 PVME in water solutions is also used as a simplified
model system for studying biological phenomena with relation
to protein folding and water dynamics in a controlled
environment defined more easily than in the case of aqueous
protein solutions.9,10 In such solutions, water shows a complex
behavior, particularly at concentrations lower than cw = 30%,
where water molecules are confined within the PVME
matrix.11 As a result, water in low concentration does not
form crystals but coexists with PVME forming a PVME−water
complex because the water molecules are strongly bound to
the polymer matrix.12−14 PVME in aqueous solutions gives rise
to complex hydrogen-bonding networks with local hetero-

geneities related to the presence of hydrophilic or hydrophobic
groups.15−17

Despite being an object of intense scientific investigations,
PVME still poses challenges to experimental methods. For
example, while PVME−water solution provides an excellent
system for studying how water dynamics is affected by
presence of a polymer, the dielectric spectroscopy (BDS)
cannot reveal dynamics of the polymer itself, as the signal is
hidden behind the one from water molecules.11 Similarly, in
methods for studying dynamics of polymer chain such as quasi-
elastic neutron scattering (QENS), speeding up of segmental
dynamics in the presence of water pushes the fastest vibrational
modes beyond the resolution of the experimental method.9

The high absorbance of the water molecules hinders IR
spectroscopy, too.18

A highly scientifically interesting property, relating different
structural, dynamic, and thermodynamic features by a single
parameter, is the free volume. The free volume theory is one of
the most successful concepts in polymer physics. However, its
use for relating various properties is often disputed, arguing
that the free volume is rather an abstract quantity tethered to
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the particular definition how it was obtained.19−23 Recent
progress in the field of the free volume theory has been done
by White and Lipson, and their locally correlated lattice model
(LCL),23 which is based on first-principles, does not inherently
have connection to Tg or dynamics and quantifies free volume
via thermodynamic/PVT data presuming a van der Waals
component contained in the experimental volume. The LCL
model provides an excellent prediction of glass transition
temperatures and allows placing the different definitions of free
volume within a physical picture of what the proposed
contributions represent. Along with the progress in the field
of theory, also two methods for direct determination of the free
volume in polymers have been emerging.
One is the experimental method called positronium

annihilation lifetime spectroscopy (PALS). From the number
of experimental techniques employed to examine free volume,
such as X-ray spectroscopy, neutron scattering, photochromic
labeling, scanning tunneling microscopy, and transmission
electron microscopy, the PALS is becoming arguably the most
successful one for the direct examination of the local free
volume holes in polymers.24 The PALS determines the free
volumes in the structure based on annihilation behavior of
positrons that relate the positronium lifetime to electron
density by an empirical lifetime-to-volume correlation based on
the quantum mechanical model of Tao,25 modified by Eldrup
et al.26 and by Nakanishi et al.27 for the temperature
dependence of discrete lifetimes. In this correlation, the
shape of the free volume hole is approximated to a sphere
because an exact solution of electron−positron density
functions in the highly irregular space is an unmanageable
quantum mechanical problem. To account for the irregularity
of the free volume cavities, other models also approximating
the cavity shape to more complex geometries were developed,
such as ellipsoidal,28 cubic,29 or cylindrical.30 Recent
theoretical and experimental studies suggest, though, that as
the ratios of the main axes of symmetry remain preserved with
temperature, the models would provide free volume amounts
that would differ just by a constant value as a systematic bias in
the investigated temperature range.31,32 It has to be noted that
while the PALS is a successful technique in directly
determining local free volumes, it still requires employment
of additional techniques and considerations from existing free
volume theories to yield free volume fractions.33−36 In
addition, in the case of the PALS, similarly to other
experimental methods mentioned above, water molecules
(and polar groups on polymer) will be a hindering source
for the signalhere known as positronium formation
inhibition. Inhibition of the positronium arises from the
presence of strongly electronegative groups of water molecules
that would draw positively charged positrons and bias the
PALS measurements.37,38

The second method for the direct determination of the free
volume stems from molecular dynamics simulations by using
atomistic models of molecules, with subsequent geometrical
analyses of the intermolecular free volumes. The geometrical
analyses can employ analytical methods by tessellation of
space39,40 or numerical integrations involving voxelized
space.41 In Connolly’s method, a boundary between molecular
structure and its environment is calculated numerically by
rolling a probe over a molecule and the volume of molecule
within the generated surface is integrated, while the free
volume is given as a complementary part to the computed
molecular volume.42 When the size of voxels is decreased, the

results would approach the volumes from the calculation of
Connolly’s solvent accessible surfaces. The volume integrations
are computationally very expensive; hence, hybrid methods
employing both voxel integration and analytical tessellations
are being developed.43,44

Intrinsic limitation of the molecular dynamics simulations of
condensed systems is different from those arising from the
presence of water. Here, the intrinsic limitation relates to
simulated cooling and the fact that with the current
computational power of computers only very high cooling
rates can be achieved, reaching up to 10 orders of magnitude
faster cooling rate than in experiment, causing shift of the
simulated glass transition temperature to higher values.
Nonetheless, the molecular simulations can provide a useful
picture on the structure and dynamics when bearing in mind
scaling laws between the glass transition and the cooling rate.
In the present work, we investigate the free volume

microstructure and its behavior with temperature in PVME−
water solution containing cw = 30% of water. Within the work
we developed new methods allowing to analyze free volume
amounts around specific structural constituents and allowing to
make a prediction for measurable PALS free volume. As the
free volume is considered being a measure of mobility, we
analyze also the free volume around sites involved in hydrogen-
bonding network formation.

■ METHODS
Molecular Simulations. The molecules were built from

scratch by initializing coordinates of all atoms of polymer and
water. Then the structures were cleaned when the bond
lengths and angles were adjusted to their equilibrium values
according to hybridization. Next, the forces acting between
atoms were treated by attributing condensed-phase optimized
molecular potentials for atomistic simulations studies (COM-
PASS) molecular force field.45−48

Using these configurations of the polymeric chain and water,
we built an amorphous cell by means of the amorphous cell
module. The module implements a protocol based on an
extension of well-established methods for generating bulk
disordered systems, containing chain molecules in realistic
equilibrium conformations.49 The prepared amorphous cell
contained three polymeric chains and 414 water molecules.
Each of the chains consisted of 100 monomers, giving 4248
atoms in the cell in total.
After the initial amorphous cell was generated, the molecular

dynamics simulations were performed by using the DISCOV-
ER module. At first, the potential energy was minimized,
followed by a short molecular dynamics run. The structure was
equilibrated under isobaric−isothermal thermodynamic con-
ditions (number of particles, pressure, and temperature kept
constant within NPT ensemble, using the isotropic stress
tensor constraint) at 400 K until the conformational
distribution; the size of the box and the potential energy
fluctuated around constant values. A high temperature (400 K)
was used to speed up equilibration and ease overcoming
energetic barriers after generating the initial structure, as
described by the high-temperature molecular dynamics
protocol (HTMD).45 The HTMD often uses even higher
temperatures. In our case, we employed only mediocre
increase of the temperature, where our system was observed
to be stable at least on the experimentally relevant time scales.
In the next step, the structure was dynamically equilibrated

in the canonical ensemble (constant number of particles,
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volume, and temperature). The last structure from this NVT
step was used as a starting point for data collection, recording
structures every 0.01 ps during molecular dynamics (MD) run
of 1 ns. The velocity-Verlet algorithm with a time step of 1 fs
was used for the integration of the equations of motion.50

To control the temperature, instead of a real temperature-
bath coupling (Nose−́Hoover or Berendsen thermostat) a
velocity scaling procedure with a wide temperature window of
10 K was applied.51

The structures at lower temperatures were obtained in an
analogous way. Starting from the equilibrated structure at 400
K, the temperature was lowered by 25 K. After the first run,
successive runs of 20 ns, collecting data every 0.5 ps, were
carried out. Within this procedure, we have obtained
trajectories from production runs in a temperature range
between 400 and 175 K. From each of the trajectories we
extracted 1000 uncorrelated structures for analyses of the free
volumes for temperature well below the glass transition
temperature Tg

MD, at 175 K, at the Tg
MD = 250 K, and well

above Tg
MD, 300 K.

Free Volume Simulations. The free volume calculations
were performed in voxelized space. The volume of the
simulation box was sampled by a probe of given radius from
the range 0 ≤ Rp ≤ 2.5 Å. If no overlaps between inserted
probe and any of the atoms of the molecules were found, the
position of the probe was saved. The coordinates of saved
probes indicated locations of the free probe accessible space,
while also the numbers of atoms adjacent to the inserted probe
were saved. The ID numbers of the atoms were later used to
relate computed free volumes to their molecular environment
and investigate the effects of hydrogen bonding or of particular
constituents, like polymer ends or water molecules, on the free
volume amounts. The volume of the inserted probes was
integrated by using a very fine mesh of 0.1 Å.
In the next step the free volume cavities were constructed by

finding contacts between the inserted probes. A cavity was
defined as a set of probes for which the minimum distance
between the probes forming a cavity was smaller or equal as a
value given as 2 × Rp. Further details on the computational
method were provided in our earlier works.31,52 Because of
extensive character of the free volume analyses, the results are
collected for three temperatures: 300, 250, and 175 K.

■ RESULTS AND DISCUSSION
Specific Volume and Glass Transition Temperature.

In the studies of the free volume microstructure, usually the
first data of interest to be compared with the experimental
counterparts come with the simulated density or the specific
volume. The density of the simulated bulk at given
temperatures must reproduce the experimental values as well
as possible since all additional volume in the simulated
structures would transfer directly to the simulated free volume
amounts. Figure 1 shows the specific volumes (reciprocal
density) obtained by simulated cooling for pure PVME and the
mixture of PVME with water (cw = 30%). The specific volume
of the pure PVME was obtained in the previous simulation
work and showed an excellent agreement with experimental
values in the region between the simulated glass transition
temperature and 300 K.31 The simulated glass transition
temperature was found to be 275 K, shifted toward higher
values with respect to the experimental value (250 K) due to
the effects of the cooling rate. The shift of glass transition is
typically encountered in the molecular dynamics simulations as

result of a dynamic arrest, as the experimental values of the
cooling rate cannot be obtained in practically feasible
computational times. The shift of the glass transition
temperature with the cooling rate can be calculated by using
Donth’s formula relating the shift of the glass transition
temperature and cooling rate by fragility of the system by a
Vogel−Fulcher type of equation, Tg

MD = Tg(1 − Δ log ϕc/
mρ)

−1.53 The cooling rate in the simulations was 10 K/1 ns,
giving the difference Δ log ϕc = 10 orders of magnitude from
the experimental MTDSC cooling rate 1 K/s.11 The glass
transition temperature at the achieved cooling rate in the
simulations Tg

MD = 275 K is obtained from Donth’s formula for
the fragility of pure PVME mρ = 75,54 and value of Tg = 240 K,
which well falls into interval of experimentally measured values
Tg = 247 ± 15 K.11,55 As a justification of our approach to
estimate the shift of Tg with the cooling rate, we would like to
stress that despite the shift of the glass transition with the
cooling rate being a well-known phenomenon, the difference
between cooling rates encountered in laboratory experiments
would not usually exceed 3 orders of magnitude. In this case,
the dependence of Tg on ϕc is also often approximated by a
linear extrapolation. To justify the validity of such an
extrapolation approach over much larger orders of magnitude
of ϕc, such as encountered in our molecular simulations,
Baschnagel et al. examined the dependence of the Tg over 3
orders of magnitude at very high cooling rates by means of
computer simulations.56 The authors suggested that on wider
ranges of cooling rates the behavior should be approximated
rather by a Vogel−Fulcher type of behavior, as the cooling rate
affects the system differently on different length scales. In a
recent experimental work, the effect of cooling rate was studied
over 6 orders of magnitude by a revolutionary flash DSC
technique.57 The fits over the measured Tg’s vs ϕc showed that
the Vogel−Fulcher type of equation provides the best match
for the observed behavior.
Figure 1 also shows the temperature dependence of the

specific volume of the PVME−water mixture and the specific
volume of pure water. The calculated specific volume of the
simulated PVME + water structure (cw = 30%) cannot be
compared to the experimental values directly due to lack of
such data. In existing works, the specific volumes of PVME−
water mixtures were found to be above the specific volume of

Figure 1. Specific volume as a function of temperature for (a) MD
simulations of pure PVME;31 (b) MD simulations of aqueous solution
of PVME with concentration of water, cw = 30%, and (c) predicted for
pure water.63 The arrow indicates simulated glass transition
temperature for pure PVME (1) and PVME in solution (2). The
dashed line indicates extrapolated specific volumes in the glassy region
toward 175 K, obtained for previous simulations of pure PVME.31
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water in experimental studies with a water content of cw =
80%55 and by simulations with a water content cw = 50−
75%.16,17 In our simulations, the specific volume of the
PVME−water mixture with a water content of cw = 30% is also
found between the values of the pure PVME and pure water in
the greater part of the investigated temperature region. At high
temperature above 290 K the specific volume of the PVME−
water mixture raises above the specific volume of water. This
could be attributed to destroying the hydrogen-bonding
network between water and polymer molecules with rising
temperature as suggested in earlier work.17 Note that the
PVME−water mixture is known to exhibit lower critical
solution temperature (LCST) and demixing of phases at higher
temperature. With the current concentration of water cw =
30%, the experimentally observed LCST occurs at 310 K,58

and hence we cannot relate this phenomenon to the observed
increase of the specific volume. Moreover, the glass transition
temperature obtained in the simulations of the PVME with
water Tg = 250 K is lower than the glass transition temperature
obtained for the pure PVME at the same cooling rate. The
decrease of the glass transition temperature can be attributed
to the plasticizing effect of water.59,60 The glass transition
temperature obtained in simulation is again higher than that
experimentally measured in the PVME with the given water
content 30%, Tg = 210 ± 15 K.11,55 The observed shift of the
glass transition temperature in the simulations with the
difference of cooling rate Δ log ϕc = 10 orders of magnitude,
and the considered experimental glass transition temperatures
200−210 K would give the corresponding fragility parameter
mρ = 45−62 for the polymer−water mixture. The obtained
fragility is lower than the value for the pure PVME, which is
consistent with the expectation that water content should
decrease the fragility.61 The shift of the glass transition with
cooling rate in the wet PVME is larger ΔTg = 40 K than that
observed in the case of pure PVME, ΔTg = 25 K. This is due to
different fragilities and different glass transition temperatures
entering the Donth formula. A similar behavior, i.e., increase of
the ΔTg, with the increasing concentration of plasticizer was
reported by Zhou et al. in recent computer simulation study of
plasticized poly(vinyl chloride).62 The authors also explored
effects of cooling rate on shorter scales around molecules of
plasticizer and employed Vogel−Fulcher−Tammann equation

for extrapolations to support their conclusions about shifts of
the Tg with the cooling rate.

Free Volume Fractions. The fractional free volume
represents the free volume related to the total volume of the
sample. In computer simulations, it is calculated from
computed amounts of the free volume by dividing them with
the volume of the simulation box. Despite the free volume
theory being one of the most successful concepts in polymer
physics, it is often argued that using the free volume for
explaining behavior of various properties is controversial, as the
free volume cannot be measured directly, and its meaning is
tethered to the particular free volume theory and the way it is
obtained. As we described in the Introduction, the recent
development in the field of the free volume theory provided a
derivation of the new predictive model for the free volume
based on the first-principles23 and also two emerging methods
for direct determination of the free volume allowed studying
yet unprecedented aspects of the free volume. In our current
work as well as in our previous simulations,31 we show that
various free volume measures can be computed directly in a
very straightforward way. In the following paragraphs, we put
the calculated free volumes in context with the existing free
volume theories, while the aim of the discussion will be to
show that our computational model provides reasonable
amounts of the free volume. Later, the effect of water
molecules on the obtained distributions of the free volume
around specific sites will be discussed.
Figure 2a shows the free volume fractions as a function of

temperature computed for various probe radii. The free
volume obtained by probing of structure corresponds to a
volume enclosed by Connolly’s solvent accessible surface area.
If a point probe is used, i.e., a probe with a zero radius, the free
volume obtained is defined as the empty space volume. The
free volume is a complementary part of the space that is
occupied by atoms and hence is often called the occupied
volume.64 A complementary part to the empty space calculated
with a point probe is the van der Waals volume of molecules.
In the existing free volume definitions this van der Waals
volume of molecules is considered to be constant with
temperature and represents the volume excluded by hard-
core spheres. From the calculations employing a very fine mesh
we do see a slight dependence of the van der Waals volume on
temperature, while the molecular volume at 300 K is increased

Figure 2. Computed free volume fractions. (left) Computed free volume fractions as a function of temperature in aqueous solution of PVME (solid
lines) and pure PVME (dashed lines). The fractions are computed for probes with different radii, from top to bottom 0 (dot probe), 0.1, 0.2, etc.,
up to 1.2 Å. (right) Coefficient of thermal expansion of the excess free volume computed as a function of probe radius in glass phase and liquid
phase. The dashed line shows the value of the (αL − αG) term from Simha−Boyer theory.
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by about 1.2% against its original value at 175 K. This slight
variation probably originates from the fact that the molecular
potential employed is not a hard-core potential. The smallest
portion of the empty space fraction 36.5% was computed at
175 K. This value is close to the empty space in the cubic close
packing of hard-core spheres given by the value 36%.65 Despite
a similar observation being made for the pure PVME for
temperatures well below Tg, the fact that the empty space
fraction approximates the fraction of the empty space in the
dense packing of hard-core sphere may be coincidental, as van
der Waals spheres surrounding atoms in our atomistic
simulations are not mutually repulsive hard-core spheres and
do overlap. Hence, the appropriate limiting fraction of the
empty space should be evaluated by appropriate models such
as the concentric shell model (see next).
Models beyond Doolittle’s equation66 introduced a picture

of expanding occupied volume where the occupied volume
expands due to vibrations of atoms. Here, the volume of
molecules with the contribution of the expansion is still called
occupied volume while the complementary free space is called
excess free volume, as thoroughly reviewed by Lipson and
White.23 In the most straightforward approach, we approx-
imate the contribution of the vibrational expansion by
increasing the volume of the probe employed to calculate
the “excess” free volume amounts. In the following, we
examine in light of the different free volume theories how
employing probes with different radii for the free volume
calculation agrees with predictions of the behavior of the free
volume. First of all, one of the earliest assumptions in the
classical free volume theories such as Williams−Landel−
Ferry67 or Simha−Boyer68 was the existence of a universal
value of the free volume at Tg. Such a “universal” value of the
free volume employed in these different theories differs from
2.5% to 11.3% for the excess free volume, and it has been
obtained as average from different values determined for
different polymers. For example, the values of the excess free
volume at Tg in the data set used by Simha and Boyer varied
between 8.1% and 14%.68 It has to be noted that the existence
of such a universal value and of the iso-free-volume state was
disproved by the recent LCL model,23 and it cannot be
confirmed by our molecular dynamics studies.31,69 In Figure
2a, we show the fractional free volume computed as a function
of temperature and radii of the probes employed. Employment
of different probe radii to approximate vibrational expansion of
atoms also provides a free parameter in the computational
model, allowing us to interpret the computed free volume
amounts with predictions from different free volume theories.
Figure 2 infers that the amount of the free volume at Tg
dramatically drops as the probe radius increases. As discussed
above, the value obtained for a point probe with zero radius is
about 36%, which is still larger than the value predicted by
Simha−Boyer theory for the total free volume (αL) Tg = (9.95
× 10−4 K−1) × 250 K = 24.9%, where we used the coefficient
of cubical expansion αL obtained from the simulated cooling
above the simulated Tg

MD. It is noteworthy that the expansion
coefficient αL = 9.95 × 10−4 K−1 in wet PVME is larger than
that obtained from simulations of pure PVME, αL = 6.78 ×
10−4 K−1. In the case of pure PVME, the expansion coefficient
obtained by employing our simulation protocol provided
excellent agreement of the computed value with the
experimental data, with a deviation of only 8 × 10−6 K−1

(1.2%).31 In the case of the wet PVME, we were unable to
conduct such a precise comparison due to lack of the data in

the literature; however, the computed values qualitatively
follow the prediction by the Simha−Boyer rule for the
expansion coefficient αL ∼ 0.113/Tg.
Furthermore, Simha and Boyer predicted that the amount of

the excess free volume at Tg should have a universal value that
corresponds to (αL − αG)Tg = 11.3%. By using their relation
and plugging in the coefficients of cubical expansion and Tg
from our simulations, we obtain the value (αL − αG)Tg = (9.95
× 10−4 K−1 − 4.47 × 10−4 K−1) × 250 K = 13.4%. As shown in
Figure 2a, the free volume fractions corresponding to 11−13%
are determined by the probe with radius Rp = 0.4−0.5 Å. Next,
the slope of the excess free volume in the region above Tg
given as αL − αG would correspond to the coefficient of
thermal expansion of the excess free volume αL

f determined
from the free volume, calculated with the probe radii between
0.5 and 0.6 Å (Figure 2b). The assumption that the excess free
volume in glassy region would follow the slope of the thermal
expansion, αG, for any probe other than that with zero radius is
hard to justify and would ignore experimental curvatures, as
already pointed out by Simha and Boyer.68,70 Similarly, in the
case of pure PVME the free volume fraction at Tg computed by
the predictive relation derived by the Simha−Boyer theory
would be (αL − αG)Tg

MD = (6.78 × 10−4 K−1 − 3.00 × 10−4

K−1) × 275 K = 10.4%. This is again close to the universal
value 11.3%, and it corresponds to the value obtained by the
probe with radius Rp = 0.5 Å.31

Despite the good agreement of our computed free volume
data with the Simha−Boyer theory, one has to be aware that
the free volume amounts predicted by other models could be
different. The LCL model by White and Lipson23,71,72 yields
free volume fraction for the pure PVME at the simulated Tg

MD

= 275 K to be f = 1 − (r/Mw)νρ = 1 − 111.53 mol kg−1 ×
7.9296 × 10−6 m3 mol−1 × 1/0.9536 × 1000 kg m−3 = 7.3%,
i.e., lower than that computed by the molecular simulations for
the probe with Rp = 0.5 Å. The value predicted by the LCL
would be obtained for the probe with the radius Rp = 0.6 Å.31

The LCL model allows straightforward derivation of the
predictive relation also for the mixtures and blends.73−75

However, the molecular parameters r and ν for water are
currently missing. Because of the complex PVT behavior of
water, obtaining these parameters by using the fitting protocol
available in the literature may represent a challenge. Nonethe-
less, we believe that the aforementioned discussion of the
computed free volumes accumulated enough theoretical
support that our computational model provides physically
reasonable amounts of the free volume and these can be used
in further discussion of the local free volumes and the effect of
water molecules on distributions of the free volume around
specific sites.
Additionally, to justify employment of the expanded

(nonzero) probe radius to capture expansion of the occupied
volume due to vibrations, we analyzed free volume in 50000
structures of pure PVME in a molecular dynamics trajectory
that were separated by 20 fs and overlapped.76 The picture we
obtained showed that the free volume structure obtained is
dependent on the time window employed to overlap the
structures. When the free volume was calculated on the
structure overlapped over 1 ps, hence in the vibrational
domain, the free volume obtained was very similar in glassy
and liquid states. The free volume that existed below 50% of
the time defined by the time window represented a shell
around atoms about 0.5 Å thick.
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The probe radius around 0.5 Å is interesting, as it
corresponds to the radius of the o-Ps atom. The probe of
radius 0.53 Å was used by Arizzi et al. to predict the size of the
free volume cavities measured by PALS, and it is used in our
models to simulate the PALS free hole volume.31,77 The probe
with the radius of 0.53 Å is large enough to break the
continuous free volume space computed for a point probe into
separate cavities. However, the probe is also smaller than any
of atomic radii and hence it is still able to probe interatomic
spaces. As a result, employing the probe with radius 0.53 Å
produces bimodal distributions of the free volume, where the
first peak corresponds to atomic packing and the main peak
corresponds to large free volume cavities formed by packing of
polymer segments.31 The peak of the free volume distribution
corresponding to the atomic packing is consistent with the
picture drawn by Duda and Vrentas, who argued that a portion
of empty space is not available for movements of molecules
and transport processes as it is associated with a large
redistribution energy, and they called this portion interstitial
volume.78 In the simulation of the PALS free hole volume the
portion of the smallest cavities corresponding to the atomic
packing are neglected, believing that these are not accessible to
o-Ps localization, while positronium can see only the true
holes. After exclusion of the interstitial free volume cavities, the
free volume fraction drops to ∼3−6% at Tg,

31,69 that is, a value
closer to the free volume amounts predicted by the Williams−
Landel−Ferry to be around 2.5−3%.67
Figure 2a also shows that the free volume fractions for

increasing radii of probes steeply drop, and the structure
cannot contain probes with radii larger than 2 Å. This also
indicates that in the experiments employing even the smallest
molecular probes, such as electron spin resonance (ESR) or
fluorescence probes,79−81 these probes must create their own
free volume. In the case of the PALS such a bias arising from
the interference of molecular probes with polymer environ-
ment is not encountered.32

The free volume fractions obtained in the PVME + water
structures are larger than those calculated for the pure PVME
due to swelling of wet polymer, as expected also from the
temperature dependence of the specific volume shown in
Figure 1. Figure 3 shows the normalized free volume fractions
as a function of probe radius. This representation is typically

used to show porosity data. The free volume fractions
computed in the PVME + water system for three different
temperatures are shown. The dependence of the free volume
fraction on the probe radii shows an exponential decay
behavior which is characterized by a steep descent that declines
into an exponential tail. In the region where the dependence
declines to the exponential tail the maximum of cavity numbers
occurs.31 Figure 3 also shows that despite larger free volume
amounts occurring in the PVME + water system than in pure
PVME, the dependence of the free volume fraction follows
approximately the same decay. This indicates that the structure
of the free volume would consist of a larger amount of smaller
free volume cavities. The origin of the smaller cavities in the
PVME + water system is probably related to smaller effective
radius of constituents in the packing introduced by water
molecules.
The equation relating the free volume fraction in a set of

partially overlapping spheres given as a function of sphere radii,
Re, density, ρ, and hardness parameter, ϵ, is given by the
concentric shell model.82 The hardness is a model parameter
expressing the extent of the mutual overlaps of the spheres in
the packing with the value fixed between 0 for randomly
overlapping spheres to 1 in packing of perfectly hard-core
spheres. It has been shown that spheres in packing used to
represent molecular structures of polymers tend to overlap,
reaching values around ϵ = 0.2−0.3.31,83
The equation of the concentric shell model was fitted over

the calculated free volume dependences in Figure 3. The
density and the number of spheres in the packing were fixed
parameters, while the number of spheres corresponded to
number of polymer segments 300 + 414 water molecules, or
700 polymer segments in pure PVME. The effective radius of
probes in the packing of segments of pure PVME was Re = 4.45
Å, and as expected, it is larger than the effective radius of
structural constituents in PVME + water, ⟨Re⟩ = 3.32 Å, for the
investigated range of temperatures. The effective radius Re in
polymer water mixture varies from 3.42 below Tg

MD to 3.23 at
300 K, probably reflecting decreased clustering of water
molecules at higher temperatures. The hardness parameter in
pure PVME reached ϵ = 0.3 while in the PVME + water system
ϵ = 0.25.

Free Volume Distributions. In the next step, cavity
volumes are calculated. The free volume cavities are defined as
a set of Np adjacent probes Pi(ri) inserted into the structure
during determination of the free volume fractions, such that
the lowest distance among the probes forming a cavity is
smaller than a certain threshold value, given as a double of the
employed probe radius, ∀ i, j ∈ Np, i ≠ j: min(|ri − rj|) ≤ 2Rp.
The shape of the free volume cavities is highly irregular, and
thus even the cavities with large volumes cannot be
constructed just by using larger probes.31,84−86 Figure 4
shows the free volume distributions of the cavity volumes
obtained in the simulated structure of PVME + water at 175 K.
The cavity volume distributions are calculated separately for
polymer phase, water phase, and interfacial cavities that are
formed by both polymer segments and water molecules. These
contributions are normalized to unity as V(Vc)/max(V(Vc)).
As shown in the case for the pure PVME, the distributions of
cavity volume show a bimodal behavior. The first peak of the
distribution in the region between 1 and 10 Å3 belongs to
cavities consisting of only a few probes Pi. These smallest
cavities sample the interstitial space between atoms. The
second peak occurs in the region between 10 and 100 Å3 and

Figure 3. Porosity, i.e., the free volume fractions computed for three
different temperatures, in the indicated direction the curves
correspond to 175, Tg

MD = 250 and 300 K. The empty circles
correspond to the porosity in pure PVME.31
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corresponds to true “hole” free volumes. Table 1 summarizes
the contributions to the free volume in absolute numbers. The

free volume in pure phases of water and polymer represents
only 10% of the total free volume present in the structure,
suggesting a high degree of mixing of the phases. It also shows
that most of these cavities found in pure phases corresponds to
interstitial volumes between atoms, although scarce cases of
large cavities can be formed also in the separate phase reaching
maximum volume of about 100 Å3 with a slight peak forming
at 30 Å3. Larger amounts of the interstitial cavities around the
body of the polymer are most likely related to the rugged
topology of the polymer and its methoxyl side groups.
The volume of the largest cavities found to be formed

exclusively by molecular bodies of a given phase is much
smaller than the volume of the largest cavities found in the
interfacial region, with volume approaching 1000 Å3. The data
also show that despite the contribution of the free volume in
the pure water phase being only about 1.7%, these cavities at
the same time represent 14% of all cavities. Also, the height of
the prepeak belonging to interstitial cavities with volume below
10 Å3 in the mixed polymer water phase is larger, reaching
∼0.53% of the main peak, that in the pure PVME ∼ 30%.31

This is consistent with the behavior discussed with the data in
Figure 3, suggesting that despite the larger free volume
amounts in the PVME + water mixture than in pure PVME,
the cavity sizes are about the same due to large numbers of
smaller cavities created by the presence of water molecules.
In Figure 5, the distributions of the free volume around

particular constituents of the molecular structure were
computed in the structure at simulated glass transition Tg

MD

= 250 K, while the occurrence of cavity volumes around
polymer monomers, polymer ends, and water molecules is
calculated. The cavity volumes were normalized to the volume
of the constituents of the molecular structure or structural unit.
The distributions show that the “excess” free volume around

water molecules is relatively higher than that around the
polymer segments, with a peak at 8.22 ± 0.01 obtained by log-
normal fit (R2 = 0.998). In addition, the free volume around
main-chain monomers was calculated where only the free
volume of cavities formed by monomers separated more than
10 monomers from the end units (two Kuhn segments) were
considered. The result from this computation shown in Figure
5 is that the computed cavity volumes do exhibit a small
difference of about 7% with peaks at 3.76 ± 0.01 (R2 = 0.991)
for polymer ends and 3.49 ± 0.01 (R2 = 0.991) for main-chain
monomers. This is much less than that observed in pure
polymeric systems showing increase of the free volume by
55%.87 Because of the lower number of bonds connecting the
chain ends making them effectively “free”, the chain ends are
associated with higher amounts of free volume.88 In the Flory−
Fox theory,64 the polymer ends act as impurities effecting
thermodynamics properties and glass transition temperature as
result of higher mobility of polymer if a larger number of
polymer ends are present. On the other hand, the Fox equation
for the glass transition temperature of a mixture describing the
effect of plasticization predicts that the glass transition
temperature should follow an inverse average 1/Tg = w1/Tg1
+ w2/Tg2.

89 Because the water molecules have a larger free

Figure 4. (left) Free volume distributions as a function of the volume of free volume cavities normalized to the maximum of the distribution. The
corresponding distributions of the free volume cavities formed solely by water molecules, by polymer molecules, and by both water and polymer
molecules are indicated. (right) A slice of the molecular structure with the free volume. White regions correspond to atoms belonging to PVME,
reddish color shows the volume occupied by water molecules (darker oxygen, lighter hydrogen atoms), free volume regions are shown in gray scale,
with darker colors being the interstitial volumes and lighter colors corresponding to larger volumes.

Table 1. Partitioning of Free Volume Cavities into Phases

water phase polymer phase interphase

cavity volume, % 1.7 8.4 89.9
cavity number, % 14.0 27.6 58.4
maximum cavity, Å3 68.8 119.1 854.6

Figure 5. Normalized distribution of cavity volumes around water
molecules, main chain monomers, and polymer ends. The volume of
cavities is normalized by relating the cavity volume to the volume of
the building unit: polymer end 69.5 Å3, main-chain monomer 67.1 Å3,
and water molecule 19.5 Å3.
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volume associated with them, which is connected also with the
lower Tg of water and ∼100 times larger amount of water
molecules as compared to polymer ends, the water molecules
can be taking control over chain dynamics. Capponi et al.
studied dynamics in aqueous PVME solution with concen-
trations of cw = 30 wt % of water in the polymer.9 In a
combined QENS/DSC experimental work, they observed a
shift of Tg by 37 K as compared to pure PVME due to
plasticization effects, and the dynamics of wet PVME was 5
times faster, while they were not able to further follow the
dependence of the characteristic dynamic times toward the Tg,
due to limited resolution of NS. Consistent with the picture of
chain dynamics controlled by water, Pastorczak et al. suggested
in their combined Raman spectroscopy, dielectric spectrosco-
py, and calorimetry experimental study that water in the
presence of PVME polymer starts premelting already at 213 K,
which triggers also the first segmental motions of polymer.90

As shown in experimental and computational works, PVME
in water solution gives rise to a complex hydrogen-bonding
network formation. Tamai et al. studied the hydrogen-bonding
network in PVME by means of molecular dynamics
simulations.16,17 They observed that there exist regions with

increased and decreased ability for hydrogen-bonding for-
mation around the polymer based on the hydrophilic or
hydrophobic part of the polymer exposed to water molecules.
They further observed that the ability of hydrogen-bonding
formation at a given region has a long-range effect on the
surrounding water molecules, while regions with a pronounced
or decreased hydrogen-bonding network were observed.
Capponi et al. used this picture to interpret dynamic
heterogeneities around the wet polymer. As dynamics and
mobility are eminently related to the free volume amounts in
the free volume theory, we calculated the distributions of the
free volume around the polymer as a function of multiplicity of
hydrogen bonds between water and the methoxyl group of the
polymer, shown in Figure 6.
First, the hydrogen bonds were analyzed by considering as a

hydrogen bond any contact between water hydrogen and
methoxyl oxygen atoms closer than 2.6 Å and the angle
between acceptor (oxygen in the methoxyl group), proton
(hydrogen of a water molecule), and donor (oxygen in the
water molecule) larger than 120°. The highest multiplicity of
the hydrogen bonds found in the structure was 3. The
occurrence of trifurcated hydrogen bonds is statistically rare,

Figure 6. (left) Cavity volume around hydrophilic methoxyl side groups on PVME polymer as a function of the multiplicity of hydrogen bonds.
Medians (average cavity volumes) obtained from the log-normal fits are 226.7 ± 1.6 Å3 (R2 = 0.992) for side groups without H-bonds, 202.2 ± 1.8
Å3 (R2 = 0.996) for single H-bonds, 170.4 ± 1.4 Å3 (R2 = 0.995) for bifurcated H-bonds, and 180.5 ± 8.8 Å3 (R2 = 0.866) for trifurcated H-bonds.
The dashed lines indicate the position of the peak obtained from log-normal fits. (right) Snapshot of hydrogen-bonding network; blue sticks show
hydrogen bonds between water molecules, and red sticks show hydrogen bonds between water and hydrophilic groups of the polymer.

Figure 7. Distributions of the number of free volume cavities. (left) Distributions of the total number of free volume cavities as a function of probe
radii. (right) Dependence of the total number of the free volume cavities as a function of the temperature for a given probe radius. The dotted lines
correspond from bottom to the top to radii 0.5, 0.6, and 0.7 Å; solid lines represent from top down 0.8 and 0.9 Å (peak maximum); dashed lines
from top to bottom correspond to probe radii 1.0, 1.1, 1.2, 1.3, 1.4, and 1.5 Å.
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which is responsible for the structured (noisy) looks of the
corresponding distribution. The positions of peaks in Figure 6
show that if the methoxyl group is involved in hydrogen-
bonding formation with higher multiplicity, the cavity free
volume associated with it and hence the mobility are
decreased. The largest free volume cavities were found around
groups that were not involved in hydrogen-bonding formation.
This observation obtained from the current simulations is also
consistent with the free volume measurements by PALS in
systems creating hydrogen-bonding networks.91,92

Cavity Numbers. The cavity number remains one of the
most peculiar properties of the free volume whose physical
meaning remains obscure. The cavity number or the number of
free volume holes is obtained experimentally from the PALS
measurements when it is supposed that it is related to the
intensity of the PALS signal, i.e., probability of o-Ps formation.
Figure 7a shows the cavity number as a function of probe

radius for three different temperatures. As the radius of the
probe increases, the free volume structure breaks into separate
cavities that represent pockets of free volume created by
surrounding molecular bodies, i.e., water molecules or polymer
segments. Figure 7a shows that with increasing temperature
the distribution of cavity numbers spreads and the position of
the cavity number maxima shifts toward higher probe radii.
The spreading of the distribution arises from opening the
molecular structure, while more of the molecular surface
becomes accessible to the probe with decreasing density.31

The distributions are calculated starting from the probe
radius with 0.5 Å where the number density of cavities already
reaches a value of 0.001 cavity per Å3. However, as it was
shown earlier the cavity number density starts from 1/Vtot
since a point probe with zero radius can sample the free
volume spaces in molecular structure so effectively that the free
volume is contained in one single cavity percolating the
structure.31 The percolating cavity creates a complex structure
of free volume pockets interconnected by bottlenecks. To
analyze the free volume in terms of cavities, the free volume
pockets need to be determined in the structure. In the work by
Jansen et al.,79 the authors suggested that in more rigid
polymers with large side groups that create large free volumes
the free volume structure could be obtained by using probes
with increased radii such as 1.5 up to 2.5 Å which represent
smaller molecules or an upper limit of the orthopositronium
radius. Using arbitrarily large probes to determine cavity
structure would encounter two major problems: (i) if an
increased probe radius is used, the free volume certainly breaks
into separate cavities, but the free volume amounts determined
by larger probe radii dramatically drop (see Figure 3), making
the obtained quantity impossible to be compared with
definitions in existing free volume theories; (ii) using
arbitrarily large probes for different systems would make a
systematic comparison of the calculated free volume in
different systems impossible.
To address the first problem, the two-parameter model was

developed and used to investigate free volumes in pure
PVME,31 and it was described in detail in a separate paper.52 In
this model, the free volume is at first calculated by employing a
small probe of e.g. Rp1 = 0.5 Å. Next, the free volume pockets
representing cavities are determined by probe with a large
radius, Rp2, while the free volume determined by the smaller
probe is associated with a particular pocket based on the
criteria of distance. This approach preserves the amounts of the
free volume present in the molecular structure, but it opens a

question of the larger probe radius used to determine the
actual cavities. As mentioned earlier, cavity number is result of
geometry of intermolecular space, and its physical meaning has
to be associated with a particular physical property. In the
PALS experiment, the number of cavities is supposed to be
related to the intensity of o-Ps annihilation signal I3 that
represents the probability of o-Ps formation.93 Experimentally,
the dependence of intensity I3 on temperature shows a
complex behavior that varies from one polymeric system to
another, while the measured intensity can rise or decrease with
temperature. So far, the origin of such the behavior has not
been satisfactorily explained. Thus, to ease the treatment of
experimental data, the cavity number in experimental works
was often approximated to a constant.93−95

We would like to stress that a constant number of cavities
cannot be geometrically justified, and it is proprietary only to
the free volume definitions based on Voronoi tessellation and
its complementary Delaunay tessellation of space. In the
tessellation approach, the volume is dissected into polyhedrons
that represent volume associated with a particular atom, hence
implying a constant number of polyhedrons equal to number
of atoms, while the tessellation does not provide information
about changes in a solvent accessible surface. Rather than using
the cavity number constant, we investigated the number of
cavities as a function of temperature and probe radii used
(Figure 7b). The temperature dependences show a complex
behavior, where for small probes with radii below the cavity
number maximum (shown in Figure 7a) the number of cavities
with temperature drops, as the cavities tend to aggregate as the
structure opens. Similar behavior of the intensity I3 was
observed experimentally in glycerol and discussed also with
computed cavity numbers.69 For large probes, the cavity
number and hence the number of the free volume pockets
increase with temperature. This is because the number of holes
able to contain such large probes increases as the structure
expands with increasing temperature. Similar characteristic
behavior is experimentally measured for I3 in pure PVME.96 By
comparing temperature dependence of cavity number with the
temperature dependence of the intensity I3, we chose the value
of the second parameter to be the radius of slightly above the
cavity number maximum, Rp2 = 0.9 Å.31

By fixing the cavity number to be around its maximum in the
region deep below Tg, a percolation of the cavity volumes
would be observed with increasing temperature, with the major
onset of percolation around the region of the glass transition.
Percolation of the free volume is an important part of the free
volume theory introduced by Cohen and Grest.97−99 The
percolation model assumes the existence of liquidlike and
solidlike molecules, while exchange of the free volume between
the molecules could happen only between the liquidlike ones.
Then, the glass transition would be associated with percolation
of the liquidlike molecules in the structure. Voloshin et al. put
the percolation theory to the test by computing volumes of
Voronoi polyhedrons in a model of Lennard-Jones liquid, but
they concluded that the liquid-to-amorphous solidlike
transition is not associated with percolation through regions
with a large free volume since the percolation thresholds they
obtained in amorphous solid and liquid did not practically
differ.100

We believe the conclusion of Voloshin et al. was biased by
the method used to compute free volume around their beads
(molecules). Voronoi tessellation arbitrarily keeps the number
of cells, i.e., cavities, equal to the number of molecules and
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does not allow calculation of the cavity volumes based on the
probe accessible surface. As such, the Voronoi polyhedrons
provide information about the free volume in the first
coordinating shell around atoms. As we have shown, the
cavity−cavity pair distribution function providing information
about free volumes in coordination shells is complementary to
the atomic radial distribution function; therefore, it is not a
good quantity to distinguish between glassy and liquid
structures.84 The character of the pair distribution function
in the work of Voloshin et al. is evident in their attempt to
address the z-percolation problem, where z denotes number of
liquidlike neighbors that each molecule needs to have before it
is accounted to the percolation cluster. In the Voronoi
distribution the cases of z = 0, 1, and 2 represent the same
case.
In Figure 8, we show the picture on the free volume

percolation by computing integral distributions of the total free

volume as a function of the cavity volume. The absolute values
of the free volume are normalized to unity. The graph indicates
the percolation by change of the trend of the distribution at
simulated Tg

MD = 250 K. The percolation threshold, i.e., the
amount of the free volume, would correspond to the value
computed for a probe with radius of 0.5 Å (Figure 2) and the
fraction of the free volume at Tg ∼ 11%. The critical size of the
percolating cluster that was found for a free volume cavity
observed to be interconnected through the periodic boundaries
of the simulation box is around 3500 Å3. At temperatures well
above Tg basically all the free volume (90%) is interconnected
in percolating cavity of infinite size. The remaining 10% of the
free volume cavities not involved in the percolated cavity
correspond to the interstitial volume. Because of fractal
character of the cavities, the coordination of molecules, i.e.,
water molecules and polymer segments, with cavities follows a
complex dependence as observed for the number of cavities
shown in Figure 7a,b.31

PALS Free Volume. Experimental measurement of the free
volume by using positronium annihilation for a polymer in
aqueous solution would be complicated even if possible due to
the known effect of water causing inhibition of positronium
formation.38 In the positronium annihilation study of
polyimides containing water, Dlubek et al. suggested that o-
Ps forms only in the polymer cavities that do not contain water
molecules.101 In Figure 3, we showed distributions of the free

volume in three different environments. The first prediction for
the free volume in possible future PALS measurements, based
on our computational model and Dlubek’s assumption, is that
the free volume fraction would be ∼10 times lower than
usually measured by means of the PALS measurements, since
the fraction of the free volume contained solely in the polymer
phase was found to be only a tenth of the total free volume.
The peak of the size distribution of free volume cavities formed
solely by polymer is centered at position 33.9 ± 0.1 Å3 (R2 =
0.9806). The median of the corresponding distribution
represents the mean free hole volume 40.1 ± 0.5 Å3. By use
of the standard quantum mechanical model of o-Ps in a
spherical hole,102 the o-Ps lifetime corresponding to the mean
cavity volume in polymer phase is calculated τ3 = 1.31 ns. The
median of the cavity volume in polymeric environment is
considerably lower than an average volume computed for the
whole structure, 102.6 ± 1.0 Å3. This average cavity volume
correlates with the o-Ps lifetime of τ3 = 2.03 ns. The calculated
lifetime has the same value as obtained for the pure PVME.31

As discussed earlier, despite a larger specific volume of the
swollen wet PVME, the presence of small water molecules
results in creating effectively smaller cavities, and as result the
mean o-Ps lifetime in PVME solution is the same as in the pure
PVME. A similar effect of water was observed on glycerol
solutions, where the o-Ps lifetime showed no change with
varying content of water.92

■ CONCLUSIONS
By means of molecular dynamics simulations and simulated
cooling, we have prepared molecular structures of poly(vinyl
methyl ether) aqueous solution with water content of cw = 30%
in a wide temperature range 400 K down to 175 K. In the
simulated structures, we have investigated the free volume
microstructure in terms of various free volume measures, such
as free volume fractions, free volume distributions, cavity
numbers, and cavity environment. The free volume obtained
computationally by geometrical analyses of the intermolecular
space is a direct method for obtaining the free volume. The
free volume calculations are still computationally demanding,
but the development of new computational methods able to
obtain various properties of the free volume such as its
environment, dynamics, distributions, etc., will make it possible
to revisit conclusions by various free volume definitions after
more data are collected.
In the current work we show that the behavior of the excess

free volume, calculated for a probe with a radius 0.5 Å, agrees
with the predictions by Simha−Boyer theory in terms of the
free volume at (αL − αG)Tg ∼ 11% and the coefficient of
thermal expansion αL

f = αL − αG. A good agreement would be
obtained also with the recent LCL model, predicting the value
of fractional free volume at Tg

MD at 7.3%, if a probe with slightly
increased radius is employed, Rp = 0.6 Å. Moreover, the
obtained free volume data were found consistent with the
concentric shell model and data from the PALS measurements,
which confirmed that the computed free volume data are
physically relevant and reasonable for further discussion of the
free volume distributions around specific sites around
molecules of plasticizer.
The calculated free volume distributions showed that at the

concentrations cw = 30% of water the water is perfectly
distributed around the polymer chains, with 90% of the free
volume cavities formed by both water and polymeric
molecules. The remaining 10% of the cavities is formed by

Figure 8. Percolation of the free volume. The integral free volume is
given as a function of the cavity volume and of temperature as
indicated.
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polymer segments or by water molecules and corresponded in
a greater part to interstitial cavities. This picture corresponds
to experimental findings where at lower concentrations of
water the water molecules are complexed to the polymer chain,
rather than forming a continuous phase.
An interesting observation was made for the free volume

around polymer ends, which are expected to be associated with
larger free volumes. However, as simulations have shown, the
increase is only by a subtle 7%. This is probably due to the
presence of the water molecules, which have been shown to
take control over polymer chain dynamics by experimental
dynamics studies (QENS) or as suggested by combined
Raman spectroscopy, dielectric spectroscopy, and calorimetry
experimental work.
Furthermore, multiplicity of hydrogen bonds is in excellent

agreement with the free volume−mobility relationship
encoded in the free volume theory. The computed free
volume distributions have shown that around sites with
increased hydrogen-bonding formation, and hence smaller
mobility, lower amounts of the free volume are directly
determined.
Besides the implications for the free volume theory, the

computed average cavity volumes, being around 102 Å3 in
average and 40 Å3 solely in polymer, provide information
about pore sizes available to diffusants in the hydrogel formed
by PVME and water. The pore size is an important property
for biomedical applications of hydrogel such as membranes or
drug carriers. The computed mean cavity volumes are also
interesting for the experimental measurements by means of
positronium annihilation spectroscopy, while the aim here is
creating a complementary rather than supplementary tool for
direct measurements of the free volume.
Toward the ongoing development of hybrid methods

employing combined tessellation−voxelization of space by
Manak et al.,43 it would be challenging to include an aspect of
time autocorrelation functions for determination of the excess
free volume cavities, such as can be obtained by excessive
probing of time-correlated structures, presented earlier.76
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Koningsveld, R.; Dusěk, K.; Šolc, K. Zero and Off-Zero Critical
Concentrations in Systems Containing Polydisperse Polymers with
Very High Molar Masses. 2. The System Water-Poly(vinyl methyl
ether). Macromolecules 1997, 30, 410−416.
(59) Maeda, H. Interaction of water with poly (vinyl methyl ether)
in aqueous solution. J. Polym. Sci., Part B: Polym. Phys. 1994, 32, 91−
97.
(60) Meeussen, F.; Bauwens, Y.; Moerkerke, R.; Nies, E.;
Berghmans, H. Molecular complex formation in the system poly
(vinyl methyl ether)/water. Polymer 2000, 41, 3737−3743.
(61) Angell, C. A. Liquid fragility and the glass transition in water
and aqueous solutions. Chem. Rev. 2002, 102, 2627−2650.
(62) Zhou, Y.; Milner, S. T. Average and Local Tg Shifts of
Plasticized PVC from Simulations. Macromolecules 2018, 51, 3865−
3873.
(63) Holten, V.; Anisimov, M. A. Entropy-driven liquid−liquid
separation in supercooled water. Sci. Rep. 2012, 2, 713−719.
(64) Fox, T. G.; Flory, P. J. Second-order transition temperatures
and related properties of polystyrene. I. Influence of molecular weight.
J. Appl. Phys. 1950, 21, 581−591.
(65) Steinhaus, H. Mathematical Snapshots, 3rd ed.; Dover: New
York, 1999; pp 202−203.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c00472
Macromolecules XXXX, XXX, XXX−XXX

L

https://dx.doi.org/10.1021/j100624a022
https://dx.doi.org/10.1021/j100624a022
https://dx.doi.org/10.1021/acs.macromol.6b00215
https://dx.doi.org/10.1021/acs.macromol.6b00215
https://dx.doi.org/10.1063/1.1677067
https://dx.doi.org/10.1016/0301-0104(81)80307-2
https://dx.doi.org/10.1016/0301-0104(81)80307-2
https://dx.doi.org/10.1016/0022-3093(94)90582-7
https://dx.doi.org/10.1016/0022-3093(94)90582-7
https://dx.doi.org/10.1007/BF02056403
https://dx.doi.org/10.1007/BF02056403
https://dx.doi.org/10.1016/S0032-3861(02)00604-3
https://dx.doi.org/10.1016/S0032-3861(02)00604-3
https://dx.doi.org/10.1063/1.3525380
https://dx.doi.org/10.1063/1.3525380
https://dx.doi.org/10.1063/1.3525380
https://dx.doi.org/10.1016/j.polymertesting.2018.04.016
https://dx.doi.org/10.1016/j.polymertesting.2018.04.016
https://dx.doi.org/10.1016/j.polymertesting.2018.04.016
https://dx.doi.org/10.1021/ma00122a016
https://dx.doi.org/10.1021/ma00122a016
https://dx.doi.org/10.1002/(SICI)1099-0488(19980715)36:9<1513::AID-POLB9>3.0.CO;2-K
https://dx.doi.org/10.1002/(SICI)1099-0488(19980715)36:9<1513::AID-POLB9>3.0.CO;2-K
https://dx.doi.org/10.1002/(SICI)1099-0488(19980715)36:9<1513::AID-POLB9>3.0.CO;2-K
https://dx.doi.org/10.1103/PhysRevB.61.8784
https://dx.doi.org/10.1103/PhysRevB.61.8784
https://dx.doi.org/10.1103/PhysRevB.61.8784
https://dx.doi.org/10.1021/jp050576g
https://dx.doi.org/10.1021/jp050576g
https://dx.doi.org/10.1016/S0969-806X(02)00481-4
https://dx.doi.org/10.1016/S0969-806X(02)00481-4
https://dx.doi.org/10.1103/PhysRevE.74.021306
https://dx.doi.org/10.1016/S0925-7721(96)00025-9
https://dx.doi.org/10.1016/S0925-7721(96)00025-9
https://dx.doi.org/10.1021/ma00228a002
https://dx.doi.org/10.1021/ma00228a002
https://dx.doi.org/10.1107/S0021889883010985
https://dx.doi.org/10.1111/cgf.12870
https://dx.doi.org/10.1111/cgf.12870
https://dx.doi.org/10.1016/S0921-5093(01)01181-9
https://dx.doi.org/10.1016/S0921-5093(01)01181-9
https://dx.doi.org/10.1021/cr040426m
https://dx.doi.org/10.1021/cr040426m
https://dx.doi.org/10.1021/jp991786u
https://dx.doi.org/10.1021/jp991786u
https://dx.doi.org/10.1021/jp991786u
https://dx.doi.org/10.1021/jp980939v
https://dx.doi.org/10.1021/jp980939v
https://dx.doi.org/10.1021/jp980939v
https://dx.doi.org/10.1021/jp992913p
https://dx.doi.org/10.1021/jp992913p
https://dx.doi.org/10.1021/jp992913p
https://dx.doi.org/10.1021/ma00149a018
https://dx.doi.org/10.1021/ma00149a018
https://dx.doi.org/10.1103/PhysRevE.65.041804
https://dx.doi.org/10.1103/PhysRevE.65.041804
https://dx.doi.org/10.1103/PhysRevE.65.041804
https://dx.doi.org/10.4028/www.scientific.net/MSF.666.15
https://dx.doi.org/10.4028/www.scientific.net/MSF.666.15
https://dx.doi.org/10.1021/jp991153f
https://dx.doi.org/10.1021/jp991153f
https://dx.doi.org/10.1209/epl/i2004-10214-6
https://dx.doi.org/10.1209/epl/i2004-10214-6
https://dx.doi.org/10.1016/j.polymer.2006.08.003
https://dx.doi.org/10.1016/j.polymer.2006.08.003
https://dx.doi.org/10.1088/0953-8984/5/11/002
https://dx.doi.org/10.1088/0953-8984/5/11/002
https://dx.doi.org/10.1088/0953-8984/5/11/002
https://dx.doi.org/10.1016/j.tca.2014.05.025
https://dx.doi.org/10.1016/j.tca.2014.05.025
https://dx.doi.org/10.1021/ma960114o
https://dx.doi.org/10.1021/ma960114o
https://dx.doi.org/10.1021/ma960114o
https://dx.doi.org/10.1021/ma960114o
https://dx.doi.org/10.1002/polb.1994.090320112
https://dx.doi.org/10.1002/polb.1994.090320112
https://dx.doi.org/10.1016/S0032-3861(99)00513-3
https://dx.doi.org/10.1016/S0032-3861(99)00513-3
https://dx.doi.org/10.1021/cr000689q
https://dx.doi.org/10.1021/cr000689q
https://dx.doi.org/10.1021/acs.macromol.8b00271
https://dx.doi.org/10.1021/acs.macromol.8b00271
https://dx.doi.org/10.1038/srep00713
https://dx.doi.org/10.1038/srep00713
https://dx.doi.org/10.1063/1.1699711
https://dx.doi.org/10.1063/1.1699711
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00472?ref=pdf


(66) Doolittle, A. K. Studies in Newtonian flow. I. The dependence
of the viscosity of liquids on temperature. J. Appl. Phys. 1951, 22,
1031.
(67) Williams, M. L.; Landel, R. F.; Ferry, J. D. The temperature
dependence of relaxation mechanisms in amorphous polymers and
other glass-forming liquids. J. Am. Chem. Soc. 1955, 77, 3701.
(68) Simha, R.; Boyer, R. F. On a general relation involving the glass
temperature and coefficients of expansion of polymers. J. Chem. Phys.
1962, 37, 1003.
(69) Racko, D.; Chelli, R.; Cardini, G.; Bartos, J.; Califano, S.
Insights into positron annihilation lifetime spectroscopy by molecular
dynamics simulations. Eur. Phys. J. D 2005, 32, 289−297.
(70) Martin, J. M.; Rogers, S. S.; Mandelkern, L. Volume−
temperature relations of amorphous polymers over on extended
temperature range. J. Polym. Sci. 1956, 20, 579.
(71) White, R. P.; Lipson, J. E. G. Free volume, cohesive energy
density, and internal pressure as predictors of polymer miscibility.
Macromolecules 2014, 47, 3959−3968.
(72) White, R. P.; Lipson, J. E. G. Free volume in the melt and how
it correlates with experimental glass transition temperatures: results
for a large set of polymers. ACS Macro Lett. 2015, 4, 588−592.
(73) White, R. P.; Lipson, J. E. G.; Higgins, J. S. How Pure
Components Control Polymer Blend Miscibility. Macromolecules
2012, 45, 8861−8871.
(74) White, R. P.; Lipson, J. E. G.; Higgins, J. S. New Correlations in
Polymer Blend Miscibility. Macromolecules 2012, 45, 1076−1084.
(75) White, R. P.; Lipson, J. E. G. Connecting Theory and
Experiment To Understand Miscibility in Polymer and Small
Molecule Mixtures. J. Chem. Eng. Data 2014, 59, 3289−3300.
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