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Abstract In this study, molecular dynamics simulations were
performed to study the influence of water on polyvinyl formal.
The effects of adding different concentrations of water (0,
0.23, 0.47, 0.94, 1.40, 1.86, 2.76, 3.65 and 4.52 wt%) to a
copolymer of polyvinyl acetal, polyvinyl alcohol, and polyvi-
nyl acetate were investigated. Simulated results clearly indi-
cated that the radius of gyration of the polymer chain de-
creased whereas the cohesive energy density increased with
the addition of water molecules. The diffusion coefficient
initially decreased and then monotonically increased with
increasing water concentration, and the same trend was ob-
served for the fractional free volume. The results provide
insights into the molecular structural and physical properties
of polyvinyl formal with different water contents.

Keywords Polyvinyl formal - Water - Molecular dynamics
simulation

Introduction

Polyvinyl formal (PVF) possesses a number of desirable prop-
erties, and is widely used in alpha spectrometry, electron
microscopy substrates, and radiation-transparent vacuum win-
dows [1, 2]. PVF presents high elongation, is easy to fabricate,
and can be cast into very thin films [3]. Indeed, PVF film has
been used as a mechanical support for the fuel capsule within
the hohlraum inside the fusion target that is used to achieve
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thermonuclear ignition in the National Ignition Facility (NIF)
[4—6]. The success of experiments performed at the NIF is
critically dependent on the positioning of this fuel capsule,
and the static and dynamic mechanical properties of the PVF
film appear to play a crucial role in this positioning [7].

PVF (also known as “formvar,” e.g., formvar 15/96E) is a
copolymer of polyvinyl acetal, polyvinyl alcohol, and polyvi-
nyl acetate [8]. Formvar can also be prepared from polyvinyl
acetate using an acid-catalyzed reaction involving formaldyde
in aqueous media. Altering the acetic acid:water:formaldehyde
ratio used during synthesis allows the composition of the
monomers within the resulting polymer to be modified in order
to maximize material performance [9]. Furthermore, previous
investigations have shown that formvar films readily absorb
and desorb water and that formvar film strength is reduced by
exposure to high humidity levels [10].

Absorbed water greatly influences the structural, electrical,
and mechanical properties of polymers [11-14]. The mecha-
nism for the absorption of water by the polymer molecule and
the corresponding structure—property relationships are very
important factors in the environmental aging of polymers and
high-performance composites [15]. It has been suggested that
the quantity of absorbed water present at equilibrium is dictated
by the available free volume [16, 17]. Another supposition is
that water absorption is directly correlated to the molecular
formula of the polymer and that equilibrium water concentra-
tion is a molar additive function, leading to relationships with
some predictive properties [18, 19]. Note that, in all of the
studies referenced above, dynamic mechanical analysis as well
as calorimetric and dielectric measurements were the main
research tools employed.

Molecular simulations can provide insight into the influence
of water on the thermal and mechanical properties of polymers.
Neyertz et al. [20] studied the effects of different weight per-
centages of water on the volumetric and energetic properties of
a polymer as well as its specific interactions with water, and
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explored the existence of water clusters as a function of the
water content. Goudeau et al. [21] used molecular dynamics
simulation to elucidate the effect of water on the structure of
the amorphous region of polyamide 6,6, and they found highly
localized water organization relative to the polyamide moieties,
in qualitative agreement with a two-step sorption model. Wu
et al. [22] carried out a series of two-step molecular dynamics
simulations to study the effects of moisture on an epoxy—amine
polymer network. Simulated results clearly indicated that, upon
the addition of water molecules, the density of the polymer
system decreased, whereas the mobility of the network chains
increased at high water concentrations. Ennari [23] reported the
diffusion coefficients of the protons, hydronium ions, and water
molecules in sulfonated PVF-based polyelectrolyte materials,
and studied the movement of ions by atomistic molecular
modeling. Darvas [24] reported the molecular dynamics simu-
lation of poly(ethylene oxide) (PEO) adsorbed at the free sur-
face of water. It was found that the adsorption of PEO at the
water’s surface was determined by two main competitive pro-
cesses: the solvation of the segments and the adsorption of the
surface-active monomer segments.

In the study reported in the present paper, a series of molec-
ular dynamics simulations were performed to study the effects
of water on polyvinyl formal. We studied the changes in the
density, fractional free volume, radius of gyration, cohesive
energy density, diffusion of water, and radial distribution func-
tion as the water content was varied. The model and simulation
techniques used are described in the next section. The section
after that provides the results and a discussion of them, before
conclusions are drawn in the final section.

Model and simulations

MBD simulations were performed using the Discover and Amor-
phous Cell modules of the Accelrys Materials Studio 4.3 sim-
ulation software package. Energy minimization was conducted
using the smart minimizer method, which switches from the
steepest-descent to the conjugated-gradient and then to the
Newton method as the energy derivatives decrease, in

order to accelerate the computation [25]. For the MD
process, the Nose thermostat and Andersen barostat were
used to control temperature and pressure, respectively.
The Lennard—Jones potential was adopted to model van
der Waals interactions. The short-range Lennard—Jones
potential was cut off at 9 A and long-range correction
terms were added [26]. The time step was set to 1 fs in all
MD runs.

The COMPASS (i.e., condensed-phase optimized molecular
potentials for atomistic simulation studies) force field [27] was
used throughout the simulations. This ab initio force field
enables the properties of the gas phases and condensed phases
of a broad range of molecules and polymers to be predicted
accurately and simultaneously [28—30]. The COMPASS force
field potential is represented as follows [31]:

E total = E valence E cross—term 1 Enonbond> (1)

where Eygence 18 the valence energy, Ecrossterm 1S the cross-
term interaction energy, and £\, pong 1S the nonbonded inter-
action energy. Further details of this force field can be found
elsewhere [32, 33].

Random PVF copolymers with 100 repeat units (the poly-
vinyl acetal:polyvinyl alcohol:polyvinyl acetate ratio was
82:12:6) were generated. Energy minimization and geometry
optimization of the PVF chains were performed prior to amor-
phous cell construction.

The initial polymeric conformation was constructed from
four chains with 100 repeat units, and the water was randomly
embedded into the amorphous cell. To simulate the effect of the
water on the PVF membrane, different numbers of water mol-
ecules and the four polymer chains with 100 repeat units were
constructed with periodic boundary conditions. To prevent ring
catenation during model construction, it is usually necessary to
start modeling with an unrealistically low initial packing densi-
ty (typically 0.1 g/cm3 ). A summary of the properties generated
from the simulations is presented in Table 1.

The initially dense membranes were subsequently optimized
by a 10,000-step energy minimization to eliminate irrelevant

Table 1  Properties of the amorphous cell with different numbers of water molecules

Number of water molecules

0 5 10 20 30 40 60 80 100
Number of PVF chains 4 4 4 4 4 4 4 4 4
Number of atoms 5672 5687 5702 5732 5762 5792 5852 5912 5972
Net mass 38036 38126 38216 38396 38576 38756 39116 39476 39836
wt% of water 0 0.23 0.47 0.94 1.40 1.86 2.76 3.65 4.52
Volume (A%) 51475 51597 51719 51963 52207 52450 52938 53426 53913
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contacts by smart minimization. Afterward, a 500-ps MD
equilibration run was performed with the NPT ensemble at
298 K and 101.325 kPa to obtain the equilibrium density using
the Discover module. Afterward, using the Forcite module, an
MBD equilibration run was performed for the final membranes
using an annealing procedure and the temperature cycling
method. During the annealing, the systems were heated from
298 to 598 K in steps of 50 K and then cooled back down in
steps of 50 K. Each annealing step involved a 50-ps simulation
with the NPT ensemble. After that, a 20-ns MD equilibration
run was implemented for the PVF membranes with the NPT
ensemble to obtain the final equilibrium density at 298 K and
101.325 kPa. The atomic trajectory, which was recorded every
picosecond, was suitable for analyzing the structural and equi-
librium thermodynamic properties of the system. A snapshot of

Fig. 1 a-i Snapshots of simulation cells containing a PVF

every PVF/water system is shown in Fig. 1. The simulation
cells containing 0, 5, 10, 20, 30, 40, 60, 80, and 100 H,O
molecules correspond to the nine concentrations of H,O, i.e.,
0,0.23,0.47,0.94, 1.40, 1.86, 2.76, 3.65, and 4.52 wt%.

Results and discussion

Density

All PVF/water systems were generated with the density of dry
amorphous PVF. Due to the influence of the water molecules,
the density of the system was expected to change during
equilibration under constant-NPT conditions. Three typi-
cal curves (for PVF, PVF+0.47 % water, and PVF+

100 H,0O molecules)l. The water molecules are displayed in CPK style so that they can be distinguished from the polymer chain
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Fig. 2 Density vs time during the equilibration of various PVF-only and
PVF/water systems

4.52 % water) of density vs time during the equilibration
are shown in Fig. 2. Because the PVF and PVF/water
systems had a low density (typically 0.1 g/cm®) when
generated, the system density in Fig. 2 shows a strong
increase during the first 500-ps NpT MD simulation be-
fore settling down to a constant level for the rest of the
equilibration. In addition, the average PVF membrane
density was calculated from the other 19,500 ps of the
MD equilibration run for the PVF membranes, performed
in the NPT ensemble at 298 K and 101.325 kPa.

The densities of all the PVF/water systems after equil-
ibration are compared in Fig. 3. The simulated density of
PVF without water at 298 K and 101.325 kPa was 1.202,
in good agreement with the experimental value of 1.23 g/
cm’® obtained from the CAS database (#9003-33-2). These
results show that a linear combination rule (by weight
fraction) seems to apply to all PVF/water systems inves-
tigated, within the precision associated with the density
data calculated by MD simulations. The densities of
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Fig. 3 Densities of PVF/water systems as a function of the water content
(Wt%)
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Fig. 4 Radius of gyration Rg as a function of the water content (wt%)

equivalent structures that were generated independently
were within 2 % and in the same range as the deviations
of the densities of the structures obtained from the linear
combination rule.

Radius of gyration

A useful structural parameter to measure the size of the poly-
mer is its radius of gyration, Rg, defined as

where m; is the mass of atom i and r; is the position of atom i
with respect to the center of mass of the molecule. An increase
in Rg indicates polymer expansion, while a decrease in Rg
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Fig.5 Cohesive energy density as a function of the water content (wt%o)
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implies polymer contraction. Figure 4 shows Rg as a function of
the water content (wWt%).

As shown in the figure, the water content has a significant
effect on the total polymer size. When the water content is low,
the polymer chain adopts an elongated conformation because
of the molecular interactions between the polymer chains. The
radius of gyration of polyvinyl formal chains decreases with
increasing water content. This can be explained as follows.
Upon adding water molecules, the affinity of the hydrogen
atoms in water for oxygen atoms in the polymer lead to the
formation of hydrogen bonds between the water molecules
and the polymer chains of PVF, enhancing the rigidity of the
polymer and increasing both inter- and intrachain interactions.
The increased rigidity of the polymer causes a decrease in its
radius of gyration.

r ¢
4'\;\),” "‘; % , W
Fig. 6 a-i Free-volume morphologies in the a
molecules in the simulation cell)

Cohesive energy density

The cohesive energy is defined in atomistic simulations as the
increase in energy per mole of a material upon eliminating all
intermolecular forces [34]. Normalizing the cohesive energy
with the molar volume yields the cohesive energy density,
which is a measure of the intermolecular forces in a system,
estimated via the nonbonded parameters of the force field.
Figure 5 presents the cohesive energy density for each of the
systems studied here as a function of the water content (wt%).
Generally, increasing the water content increased the cohesive
energy density of the polymer chain, favoring the formation of
intermolecular hydrogen bonds between the water molecules
and the polymer chains of PVF. Calculations of the cohesive
energy density showed that the presence of water enhances the
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PVF-only and b—i PVF/H,O systems at different H,O loadings (5, 10, 20, 30, 40, 60, 80, and 100 H,O
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intensity of the intermolecular interactions between neighbor-
ing macromolecules, mainly because of electrostatic interac-
tions between the water and the polymer chains.

Fractional free volume (FFV)

The size and morphology of the free volume are very important
influences on the transport behavior of molecules that penetrate
into polymer membranes. The fractional free volume (FFV) is
defined as

V-V  V-13Vy

FFV = ,
v Z

3)

where V' is the specific volume, ¥ is the occupied polymer
chain volume, and Vyy is the van der Waals volume of the
polymer chains. Figure 6 illustrates the free-volume morphol-
ogies in the PVF-only and PVF/H,O systems. At low H,O
concentrations, the free volume is dominated by a collection
of small voids. However, at high H,O concentrations, large
voids appear, some of which are interconnected.

In the MD simulations, the free volumes of the membranes
were also analyzed using the Connolly surface method. The
probe molecule was modeled using hard spheres of radius
0.1 nm. The change in the fractional free volume of the PVF
membrane as the water content is varied is displayed in Fig. 7.
Generally, the fractional free volume of the polymer chain
initially decreased with increasing water concentration before
increasing beyond a certain water concentration. This can be
explained as follows. When a small amount of water is added
(<0.5 %), the water molecules appear to be accommodated in
the free volume available in the PVF matrix, resulting in a
relatively low free volume and a decrease in the available free
volume. At relatively high concentrations of water (>0.5 %),
the fractional free volume increases slowly below 2 % and
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Fig. 7 Fractional free volume as a function of the water content (wt%)
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then increases rapidly above 2 %. As the concentration of water
is increased (<2 %), some of the water molecules are absorbed
into the polymer matrix, resulting in minor volumetric swelling
of the PVF system, so the fractional free volume slowly in-
creases. However, when more water is absorbed into the poly-
mer matrix (>2 %), there is no remaining free volume to
accommodate the extra water molecules. The matrix is there-
fore saturated with water molecules, so adding more water leads
to a rapid increase in the fractional free volume.

Diffusion of water molecules

Since the dynamics of water significantly depend upon its
environment, the diffusion of H,O into the polymers can pro-
vide some useful information concerning the structure and
properties of the polymer itself. Diffusion coefficients were
obtained from the mean squared displacement (MSD) of the
penetrating molecules according to Einstein’s equation:

1d e
Do = gy lim g 3 (b0 niO)F ). @)

where D is the diffusion coefficient, 7,(0) is the initial
coordinates of the penetrating molecule in the polymer micro-
structure, and r(f) is the coordinates of the penetrating mole-
cule after time ¢. [r(f) — r,(0)] represents the displacement of
the penetrating molecule during time ¢, and N is the total
number of penetrating molecules.

The diffusion of water molecules in the polyvinyl formal
system was studied by implementing 20-ns NPT MD simula-
tions with different water contents. Plots of the MSD of the
water molecules as a function of time are shown in Fig. 8.

According to Eq. 4, a plot of MSD versus time should be
linear if D is constant; that is, the water molecules should
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Fig. 8 MSD of water molecules as a function of simulation time (¢) for
each PVF/water system
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exhibit normal (Einstein) diffusion behavior. However, at long
times, the plots deviate from linearity due to the increasing
statistical error in the MSD calculations [35]. The diffusion
coefficients of water molecules at different water contents
were calculated from linear fits of plots of MSD versus time,
and the results are shown in Fig. 9.

From Fig. 9, the diffusivity of water in the PVF polymer was
found to initially decrease and then monotonically increase with
increasing water concentration. As the concentration of water
increases beyond 0.5 wt%, the diffusion coefficient of water
increases. This can be explained by fractional free volume
theory as follows. At low water concentrations, the water
molecules appear to be accommodated into the available free
volume in the PVF matrix, so the mobility of water is confined
to the available free volume, meaning that the diffusion coeffi-
cient of water decreases. As the concentration is increased, the
free volume available to accommodate the new water mole-
cules decreases until the matrix is saturated, which causes the
water diffusion coefficient to increase.

Radial distribution function

The radial distribution function (RDF) is a measure of the
probability that there is an atom within a spherical shell of
infinitesimal thickness at a distance 7 from a reference atom.
The resulting function is denoted g,g(7), and is calculated by
averaging over the static relationships between all pairs of
particles AB as follows:

ga(r) = (e (7))

— \aBV)) 5
A2 Apap’ )

where <nap(r)> is the average number of atom pairs be-
tween 7 and 7 + Ar, and pap is the density of AB atom pairs. In
order to determine the effect of the relative water content on
the structure of the PVF polymer, the radial distribution
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Fig. 9 Diffusion coefficient of water as a function of the water content
(Wt%)
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Fig. 10 Intermolecular RDFs for pairs of oxygen atoms (where one of
the oxygens is in the polymer and the other is in a water molecule) in
polymer/water systems with different water contents

functions of PVF/water mixtures with various water concen-
trations were obtained via MD simulation.

Generally, RDFs can be used to identify the distance asso-
ciated with the nearest interaction, and can provide important
information about the polar interactions between water and
polymer networks, such as hydrogen bonding. Figure 10
shows, for polymers with different water contents, the inter-
molecular RDFs for pairs of oxygen atoms, where one of the
oxygens is in the polymer and the other is in a water molecule.
All of the PVF/water mixtures display similar peaks at dis-
tances of 2.75A and 5.07A. The sharp peak at 2.75A is an
indication of the presence of hydrogen bonds, whereas the
broap peak at 5.07 A is associated with the symmetry of polar
groups in acetal, alcohol, and acetate moieties in the polymer
network. The shorter distance associated with the sharp peak
at 2.75 A indicates that the absorbed water molecules prefer to
be located in the vicinity of the polar groups in the polymer
network. The concentration of water does not affect the

100

— 0.23 wt% of water|
—— 0.47 wt% of water| -
804 —— 0.94 wt% of water|
— 1.40 wt% of water|
— 1.86 wt% of water|

60+ 276 wt% of water| |
E 1 — 3.65 wt% of water|
9 40 4 — 4.52 wt% of water|
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Fig. 11 Intermolecular RDFs between oxygen atoms in water molecules

present in polymer/water systems with different water contents
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positions of the peaks and valleys in the RDFs, only their
heights and depths. It can be seen that the probability of
hydrogen-bond formation drops monotonically with increas-
ing water concentration. This is because the number of polar
groups available for hydrogen bonding in the network does
not change upon the addition of water molecules, and when
these polar groups are all hydrogen-bonded to water mole-
cules, any water molecules that are not hydrogen-bonded to
polar groups prefer to form hydrogen bonds with other water
molecules, not with the polar groups in the network. This
indicates that water molecule clusters appear at higher water
concentrations.

In addition to this analysis, the intermolecular RDFs be-
tween oxygen atoms in water molecules were evaluated for
polymer/water systems with different water contents. These
RDFs are shown in Fig. 11. It can be seen that the RDFs for
all water concentrations show a sharp peak at a distance of 2.80
A, indicating self-aggregation of water molecules. The proba-
bility of self-aggregation drops monotonically as the water
content increases from 0.23 wt% to 4.52 wt%. This is further
proof that water molecules tend to cluster together at higher
water concentrations, which is consistent with the results of
simulations of other polymer systems reported by Wu et al.
[22].

Conclusions

Molecular dynamics simulations afforded clear results for
the density, radius of gyration, cohesive energy density,
fractional free volume, diffusion of water molecules, and
radial distribution function of each PVF/water system
studied in this work. The radius of gyration of the poly-
mer chain was found to decrease whereas the cohesive
energy density increased as the concentration of water
molecules was increased. The incorporation of water mol-
ecules enhances the intensity of intermolecular interac-
tions between neighboring macromolecules. The polymer
chains form hydrogen bonds with absorbed water mole-
cules, which prefer to be located in the vicinity of polar
groups in the polymer chains. The MD simulations also
indicated that the diffusion coefficient of water initially
decreases with increasing water concentration before in-
creasing when the water concentration passes a critical
value. The same trend was observed for the fractional free
volume. We can therefore conclude that the water mole-
cules are accommodated in the available free volume in
the polyvinyl formal matrix at low concentrations,
resulting in a decrease in the free volume available to a
molecule diffusing into the system. However, as the con-
centration of water increases, volumetric swelling of the
polymer matrix occurs.
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