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Purpose. This work explores the distribution of water and its effects on molecular mobilities in
poly(vinylpyrrolidone) (PVP) glasses using molecular dynamics (MD) simulation technology.

Methods. PVP glasses containing 0.5% and 10% w/w water and a small amount of ammonia and Phe-
Asn-Gly were generated. Physical aging processes and associated structural and dynamic properties
were monitored vs. time for periods up to 0.1 us by MD simulation.

Results. Increasing water content from 0.5% to 10% w/w was found to reduce the T, by about 90 K and
increase the rates of volume and enthalpy relaxation. At 0.5% w/w, water molecules are mostly isolated
and uniformly distributed while at 10% w/w, water distribution is markedly heterogeneous, with strands
of water molecules occupying channels between the polymer chains. At 10% w/w, each water molecule
has an average of 2.0 neighboring water molecules. The plasticization effects of water were revealed in
diffusion coefficient increases of 3.7-, 7.3-, and 7.6-fold for water, ammonia, and the individual
polyvinylpyrrolidone segments, respectively, and in shorter relaxation times (37- to 47-fold) for rotation
of polymer segments with an elevation in water content from 0.5% to 10% w/w. Water diffusivity was
found to linearly correlate with the number of neighboring water molecules. Rotation of the PVP
segments is comprised of a fast wobble motion within a highly restrained cavity and a slow rotation over
a wider angular space. Only the slow rotation was shown to be significantly affected by water content.
Conclusions. Water distribution in the PVP glass is highly heterogeneous at 10% w/w water, reflecting
the formation of water strands or small clusters rather than complete phase separation. Local
enhancement of mobility with increasing water content has been demonstrated using MD simulations.
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INTRODUCTION

Amorphous materials are widely employed in the phar-
maceutical industry as components in capsule and tablet
formulations, lyophilized products, and controlled release
drug delivery systems. The potential improvement in oral
bioavailability of poorly soluble drugs administered in amor-
phous form, which promotes solubility and dissolution rate
(1,2), has led to a resurgence of interest in solid dispersions of
amorphous drugs stabilized in amorphous polymers such as
poly(vinylpyrrolidone) (PVP), a polymer that is widely used
in the drug industry (3,4). Inhibition of crystal nucleation and
growth is a prerequisite for the successful development of
such amorphous systems (3,5,6). The inhibition of crystalli-
zation of amorphous drugs by excipients is often attributed to
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specific interactions between the drug and excipient and a
decreased molecular mobility in amorphous glasses with high
glass transition temperatures (5).

Amorphous drugs are not only metastable because of
their potential to crystallize, but also generally less stable
chemically than their crystalline forms (7,8). Stabilizing
peptides and proteins in amorphous solid formulations is a
frequent concern in the development of lyophilized products,
where poor stability in aqueous solution may have been a
factor in the decision to produce a lyophile (9,10). The extent
to which a given protein/peptide can be stabilized in the
amorphous solid state depends on several interdependent
factors (e.g., temperature, residual water, the viscoelastic state
of the amorphous solid, chemical nature of the excipients,
effective pH, and the potential degradation pathways). Mo-
lecular mobility, a property related to several of the above
factors, is a primary contributor to the instability of lyophilized
proteins and other amorphous drugs, even at temperatures
well below the glass transition (11,12). Understanding diffu-
sion mechanisms in amorphous polymers is also imperative
for developing polymeric matrices for controlled release ap-
plications and for controlling the effects of water vapor trans-
mission through film coatings and packaging materials.
Consequently, molecular mobility in amorphous solids has
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Fig. 1. (A) Chemical structure of a PVP monomer, vinylpyrrolidone
(VP). (B) Tacticities (racemo and meso) of adjacent pairs of mono-
mers in PVP.

been the subject of numerous investigations using various ex-
perimental and computational methods such as nuclear mag-
netic resonance (NMR) (13-15), dielectric relaxation (16-18),
differential scanning calorimetry (DSC) (5,11), and molecu-
lar dynamics (MD) simulation (19-21).

Water content plays a critical role in protein decompo-
sition in amorphous solids (22-24). However, the precise role
played by water is often obscured by the diverse number of
possible ways in which it may impact protein stability (e.g., as
a nucleophile, as a catalyst for proton transfers, as a solvent,
or as a plasticizer) (10,25). Thermomechanical, calorimetric,
NMR, and computational studies (18,20,26,27) have shown
that water can alter glass transition temperatures (T,),
polymer relaxation times, and the mobilities of dissolved
solutes in various polymers. However, the molecular mech-
anisms responsible for these water-induced changes are
poorly understood. For example, it is unclear if water
molecules mix in the PVP polymer matrix heterogeneously
or in a somewhat ideal manner. Also uncertain are the
molecular mechanisms by which water content contributes to
increasing solute mobility.

MD simulations have been widely used for the investiga-
tion of the structure and dynamics of polymers and other con-
densed materials (28,29), resulting in significant progress
toward understanding glass transition phase behaviors
(30-32) and molecular motions accompanying relaxation
and diffusion in amorphous polymers (20,21,28,29,33). Re-
cent MD simulations by Karlsson and coworkers (20, 34) at
water concentrations up to 5.2% revealed that water is homo-
geneously distributed in a polar, hydrogen bonding polymer,
poly(vinyl alcohol). The primary rate-controlling factor for
water diffusion in this hydrophilic polymer is the constraining
effect of hydrogen bonds formed between polymeric chain
segments. In contrast, water clusters of various sizes were
observed in the nonpolar polymer polyethylene, and diffusiv-
ity for the water cluster was reported to be one order of
magnitude lower than that of a single water molecule (19).

In this study, molecular dynamics simulations have been
conducted to explore the distribution and plasticization
effects of water in PVP (Fig. 1), a polar but non-hydrogen-
bond-donating amorphous polymer. In the glassy state, PVP
can significantly inhibit crystallization (35,36) and drug
degradation (24,25). PVP can spontaneously absorb a signif-
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icant amount of water from its environment even at a low
humidity, which strongly influences the glass transition, poly-
mer structure, and stability of dissolved proteins (27,37).
Systems containing PVP at a chain length comparable to a
commercial PVP product were constructed at 0.5% and 10%
w/w water including, in addition, small amounts of ammonia
and a model tripeptide, Phe-Asn-Gly. The asparagine residue
in this peptide can react to yield a cyclic imide followed by
hydrolysis or back reaction with ammonia. This system may
therefore serve as a prototype for deamidation and covalent
aggregate formation of more complex proteins (38,39) in
amorphous polymers, which depend on the plasticization
effect of water (24,37). Additional MD runs were conducted
in water to compare the dynamic properties of the solutes in
the PVP glasses with those in water.

COMPUTATIONAL METHODS

Most of the computational detail has been described
previously (21). Briefly stated, polymer assemblies containing
six PVP chains (each having 40 monomer units), 8-167 water
molecules, 8§ ammonia molecules, and one Phe-Asn-Gly pep-
tide were built using xLeap in the AMBER 6 program
suite (40). The molecular mass for a PVP chain is 4456 Da,
which is close to the average molecular mass of 4000 for a
commercial PVP product, Kollidon K12 (BASF Co.). Since
the CH-N carbon in the PVP monomer (see Fig. 1A) is a
chiral center, the PVP structure depends on the distribution
of the handedness of successive chiral centers along the
polymer backbone (i.e., racemo and meso). *C NMR studies
for PVP found a slight preference for racemo (55%) with an
otherwise random distribution throughout the polymer (41).
This preference depends slightly on the method of polymer
synthesis (42). The sequences of dyads in the PVP chains
used in this study were determined from random numbers
chosen between 0 and 1.0 (racemo, 0.0-0.55; meso, 0.55-1.0).
Some simulations were also performed in pure water for
comparison. The water assemblies were built by soaking
8 ammonia molecules and one Phe-Asn-Gly within a box of
571 water molecules using xLeap.
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Fig. 2. Density vs. temperature diagrams for the PVP systems
containing 0.5% (gray) and 10% w/w water (black) at a constant
pressure of 1 bar. The cooling rate for both systems was 0.1 K/ps.
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The ff99 force field parameters (43) with revised &/y
dihedral parameters to improve agreement with ab initio
relative energies of alanine tetrapeptide conformations (44)
were used. Partial charges for molecules in water were
calculated at the level of HF/6-31G*, which systematically
overestimates dipole moments and thereby implicitly
includes solvent polarization (45,46). Partial charges for
PVP monomer atoms and the solutes were obtained by first
calculating the electrostatic potentials (ESPs) of the opti-
mized structures at the level of B3LYP/cc-pVTZ (47,48)
using Gaussian 98 (49), which was followed by fitting the
ESPs using RESP (50,51) in AMBER 6 to yield sets of point
charges. These sets of charges were then scaled by a factor of
1.1 to approximately account for polarization in PVP, which
is a polar polymer but less polar than water. This scaling
method gave better agreement between calculated and
experimental chloroform/water partition coefficients of N-
methylated nucleic acid bases (52). Separately, we have
shown that partial charges for alanine peptides obtained at
the level of B3LYP/cc-pVTZ agree with those obtained at
the level of HF/6-31G* when adjusted by a scaling factor of
1.2-1.3 (53).

Once constructed, the PVP assemblies were energy
minimized (500 iterations each of steepest descent and
conjugate gradient) to eliminate possible bad contacts. The
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Fig. 3. Density (A) and enthalpy (B) relaxation in simulated PVP
glasses containing 0.5% (light) and 10% w/w (dark) water at 298 K
and 1 bar.
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Fig. 4. Spatial distributions of water molecules obtained from two
instantaneous structures of the PVP glasses with 0.5% (A) and
10% (B) water by weight.

PVP and water assemblies were then equilibrated at 1 bar
and 700-900 K and 298 K, respectively, by dynamic
simulations (1-2 ns) subjected to periodic boundary con-
ditions. The minimization and dynamic runs were performed
using Sander 7, in which Newton’s equations of motion were
evolved using the Verlet leapfrog algorithm (54) with a time
step of 1-2 fs. The dielectric constant was set at 1.0. Constant
temperature and pressure were maintained by coupling to
external thermal baths (55). Electrostatic interactions were
calculated via the Particle Mesh Ewald method (56) with a
cutoff of 9 A. The SHAKE algorithm was used to constrain
all covalent bonds involving hydrogen. The equilibrated PVP
systems were then subjected to dynamic runs during which
the system was cooled to a final temperature of 200 K at 0.1
K/ps. After the completion of a cooling run, a selected PVP
structure corresponding to a certain temperature (i.e., 298 K)
from the acquired trajectory file was used as a restarting
configuration for a prolonged aging dynamic run (0.1 ps) at
the same temperature and pressure to acquire system
trajectories at 2- to 4-ps intervals for subsequent calculations.
A similar dynamic run was performed in the water system.
The ptraj and carnal programs in Amber 6, the VMD 1.8.2
(57), and computer programs developed in house were
utilized to calculate numerically and analyze visually various
structural and dynamic properties of the PVP chains and
embedded solutes. Calculations were performed on an HP
Superdome at the University of Kentucky, an IBM pSeries
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690 cluster at the National Center for Supercomputing
Applications, University of Illinois at Urbana-Champaign, a
Linux/Intel cluster, and four HP and SGI workstations at the
Center for Computational Sciences, University of Kentucky,
and a PC in the authors’ laboratory.

RESULTS
Water-Induced Thermodynamic Changes in Simulated PVP

The PVP systems constructed at 0.5% and 10% w/w
water were equilibrated at a high temperature and cooled
through the glass transition temperature at a rate of 0.1 K/ps
to obtain polymer glasses. The density vs. temperature pro-
files for PVP containing 0.5% and 10% w/w water are pre-
sented in Fig. 2. Decreases in slope are evident upon cooling
(6.0 x 107* - -32 x 10™* g/em® K at 0.5% w/w water and
-10.8 x 107* - —4.5 x 10 * g/em® K at 10% w/w water)
from which estimates of T, can be obtained. The slope
changes more abruptly at a higher water content. T, values
estimated from the changes in slope at the lower and higher
ranges of temperature are 560 £ 15 K and 470 + 10 K at 0.5
and 10% w/w water content, respectively.

The PVP glasses formed after the cooling processes,
which are not at equilibrium states, were then subjected to
long simulations (up to 0.1 us) at 298 K and 1 bar to evaluate
the aging of thermodynamic properties such as density and
enthalpy (AH® = AE® + pAV®) of the PVP glasses. Gradual
changes in density and enthalpy are visible in Fig. 3 despite
large thermal fluctuations. Relaxation times for these pro-
cesses would be desirable to estimate, but this requires
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Fig. 5. Probability distributions for the number of water molecules

(ny) surrounding a given water molecule (A) or carbonyl oxygen

atom (B) in simulated PVP glass with 10% water by weight.
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Fig. 6. (A) Radial distribution functions, g(r), between the oxygen
atoms in water molecules and oxygen atoms in other water mole-
cules (solid circles), carbonyl oxygen atoms (open circles) or hy-
drogen atoms (open squares) of all methylenes in PVP containing
10% w/w water. (B) Radial distribution functions, g(r), for the
nitrogen atoms in ammonia molecules (solid circles) or the glycine
amide nitrogen atom in the tripeptide (open circles) with respect to

water molecules in PVP containing 10% w/w water.

knowledge of the equilibrium values for these properties.
Considering first the density, the initial densities for the
simulated PVP glasses are about 10% lower than the
experimental values (ca. 1.25 g/cm®) for commercial PVP
glasses because of the rapid cooling in the simulation (3). As
a first approximation, we assume that the experimental density
reflects a pseudo-equilibrium value and the relaxation
processes are first order. A least-squares regression analysis
of the density data in Fig. 3 on the basis of these assumptions
yields relaxation times (i.e., inverses of the first-order rate
constants) of 2.47 + 0.02 and 1.28 + 0.03 ps at 0.5% and 10%
w/w water, respectively. The simulated glasses containing
0.5% and 10% w/w water had initial enthalpies of 4200 and
2300 kcal/mol, respectively. Over the 0.1-us simulation, the
system enthalpies decreased by (0.34 + 0.04) % and (0.71 +
0.09) %, respectively.

Water Distribution and Cluster Formation in Simulated PVP

Snapshots of the spatial distribution of water in the
simulated PVP are shown in Fig. 4. At 0.5% w/w water
(Fig. 4A), the water molecules are mostly isolated from each
other and appear to be distributed uniformly throughout the
polymer. On the other hand, at a concentration of 10% w/w,
water’s distribution is markedly heterogeneous, with clusters
or strands of water molecules occupying channels between
the polymer chains.
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The state of water in PVP at 10% w/w was characterized
quantitatively by the number (ny) of water molecules within
a certain distance (3.4 A in this study) of another water
molecule or a given atom of interest (e.g., PVP carbonyl
oxygen). A water molecule was considered as being within
the solvation shell if any atom of the water was within 3.4 A.
The probability distribution for n,, surrounding a water
molecule, averaged over the entire simulation time (0.1 ps),
is shown in Fig. SA. The average number of water neighbors
for a water molecule in the PVP was found to be 2.0 with an
apparent standard deviation of 2.1 indicating a broad
distribution. Structural relaxation alters water’s distribution
as n,, increased from 1.9 to 2.2 over 0.1 ps simulation (data
not shown).

The probability distribution for the number of water
molecules (ny,) surrounding a carbonyl oxygen atom in the
simulated PVP at 10% w/w water is shown in the upper panel
of Fig. 5. The average number of water neighbors per
carbonyl oxygen atom was found to be 0.86 with a wide
standard deviation of 1.2. About 35.5%, 46.0%, 15.7%, and
2.5% of the carbonyl oxygen atoms in PVP had 0, 1, 2, and 3
water molecules, respectively, within 3.4 A.

The distribution of water in PVP at 10% w/w was further
explored by generating radial distribution functions g(r) for
the oxygen atoms in water molecules with respect to: (a)
oxygen atoms in other water molecules, (b) oxygen atoms in
the carbonyl groups of PVP, and (c) hydrogen atoms in non-
polar methylene groups of PVP. The results are presented in
Fig. 6A. The lower panel shows similar curves for ammonia
and the glycine amide nitrogen atom of the tripeptide with
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respect to water. Distinct peaks are evident near the first-
shell distance for water and the polar carbonyl groups in PVP
with respect to other water molecules, suggesting there is a
higher probability for a water molecule to have either a water
molecule or a carbonyl group adjacent to it in PVP than
predicted from a uniform statistical distribution. A similar
result was also found for the radial distribution of ammonia
with respect to water (Fig. 6B). The g(r) distribution for
water with respect to the nonpolar PVP methylene groups is
roughly uniform beyond the close-contact distance (2.6 A)
indicating no preferential solvation by water. Similarly, the
g(r) distribution for oxygen atoms in water molecules with
respect to the glycine amide nitrogen atom in the tripeptide
(Fig. 6B) demonstrates a low probability for finding water in
the first-solvation shell near the glycine amide nitrogen.

Molecular Diffusivity in Simulated PVP

Molecular diffusivity in the simulated PVP was assessed
by monitoring the mean-squared displacements, <Ir(t) —
r(0)*> (<r*>), for water, ammonia, Phe-Asn-Gly, and
individual vinylpyrrolidone (VP) segments over time (t) at
0.5 and 10% w/w water. The results are presented in Fig. 7 as
log-log plots. The diffusivity of PVP chains as a whole would
be expected to be extremely slow. However, pseudo-diffu-
sional motions of local VP segments, although constrained by
covalent bonds with adjacent VP segments, may exist over a
short time. These motions may affect the rate of free-volume
redistribution, a key factor for solute diffusion in polymers
(58). Apparent diffusion coefficients for water, ammonia, and
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Fig. 7. Log-log plots of the mean-squared displacements, 12, vs. time for (A) water, (B) ammonia, (C) Phe-Asn-Gly, and (D) individual
VP-segments in the simulated PVP glasses at 298 K. Open circles, 0.5% w/w water; and solid circles, 10% w/w water. The lines are the

least-squares fits.
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Table I. Structural and Dynamic Properties in Simulated PVP
Glasses at 298 K and Two Different Water Concentrations

Water content %w/w

Properties 0.5 10.0
T, (K) 560 = 15 470 + 10
C
Cc-C 0.040 + 0.000 0.042 + 0.001
C=0 0.110 + 0.000 0.111 + 0.001
T (ps)
cC (33 +0.4) x 10° (7.0 £ 0.4) x 10
C=0 (45+04) x 10* (1.2+0.1) x 10
D (cm?/s)
Water (1.3+£0.0) x 1077 (4.8£0.0) x 1077
NH; (70£0.1) x 1078 (51£0.0) x 1077
VP segment (6.0+02) x 10711 (4.6 £ 0.0) x 10710

the VP segment were calculated from the slopes of linear fits
of the <r*> vs. t curves (<r>> = 6Dt), as reported in Table L.
Because of its size, the tripeptide was found to be virtually
frozen in its original position during the entire simulation
period.

To evaluate the effects of neighboring water molecules
on water diffusivity, we sorted all the water molecules in the
PVP glasses at 0.5% and 10% w/w water in terms of the
number of surrounding (first-shell) water molecules they
possessed (averaged over the entire simulation run) and
calculated the respective diffusion coefficients for the sorted
water molecules. The results are presented in Fig. 8. A linear
least-squares fit yields a positive increase in diffusivity of
(2.6 £ 0.3) x 1077 ecm?%s (r* = 0.99) per neighboring water
molecule.

Polymer Segment Relaxation Rates in Simulated PVP

Another important component of polymer mobility is
the rotational relaxation of PVP segments, which can be
evaluated by the autocorrelation function (ACF) for selected
atomic bonds on the PVP backbone (e.g., C-C) and side
chains (e.g., C=0). The ACF is defined as

(m(0) - m(1))
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Fig. 8. Correlation between the diffusion coefficient D for water and
the number of first-shell water molecules in the PVP glass containing
0.5% and 10% w/w water.
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where m(t) is the vector connecting the atoms of interest
and the brackets indicate averages over multiple starting
points (t = 0) along a molecular trajectory. The results of this
calculation averaged over all of the PVP chains are pre-
sented in Fig. 9. In general, the ACFs exhibited an initial fast
decay within 2 ps followed by a slow decline that was in-
complete over the 0.1-ps time scale. The first-decay compo-
nent reflects wobble motions of the PVP segments within a
local cavity, the extent of which can be characterized by cq,
the depth of this initial decay prior to the onset of a second
slower decline. The results are summarized in Table I.

The second slower decay covers a wider rotational space
and, as such, requires some cooperative motions of neigh-
boring polymer chains. Based on this concept, which was first
proposed by Glarum (59) in the so-called defect relaxation
model, one can describe the second slower decay by the
Kohlrausch-Williams-Watts (KWW) function (60-62):

fiww (6) = exp [~ (1/2)'] @)

where 1 and B are respectively a central relaxation time and a
stretching parameter between 0 and 1. The second decays of
the ACFs in Fig. 9 were fitted with this equation which was
modified to include the pre-exponential factor, c;. Although
least-squares fits resulted in excellent statistics (r* > 0.99), the
regression results are at best approximations of the long-term
relaxation behavior because of the lack of completion of the
slow decay over the 0.1-pus simulation time. This results in a
high correlation between the t and f values, such that a small
change in f would lead to a large change in t. Since f for the
four curves in Fig. 9 varies over a range of 0.30-0.47 with an
average value of 0.39, the same curves were refit with a fixed
B value of 0.39. The parameter values generated at the fixed 8
are presented in Table I. A similar B value (0.36) was re-
ported for dipolar relaxation in glassy polyethylene, a struc-
turally simpler and more flexible polymer (28).
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Fig. 9. Averaged autocorrelation functions for rotational relaxation
of backbone alkyl bonds (circles) and side-chain carbonyl bonds
(diamonds) in the PVP systems containing 0.5% (solid) and 10%
w/w water (open). The curves are least-squared fits obtained using
the modified KWW function.
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DISCUSSION

Glasses are often prepared by cooling an initially melted
material. If crystallization does not occur during cooling, then
a “glass transition” occurs, which has been described as the
range of temperatures over which the system “falls out of
equilibrium” (63). The glass transition temperature therefore
depends on the time scale over which cooling occurs. The
rate of cooling in the present simulations (0.1 K/ps) was con-
siderably faster than that typically employed experimentally.
The approximate glass transition temperatures estimated in
these simulations are ca. 100 K higher than experimental T,
values for PVP (K 90) containing the same amounts of water
but obtained at much slower heating/cooling rates of 0.3-0.7
K/s (11,27). Similar differences were reported in computer
simulations of other polymers and silica glasses (31,64). The
faster cooling rate employed in the simulations is considered
to be the main cause for the discrepancy, although other fac-
tors such as differences in polymer chain lengths, the pre-
sence of small amounts of residual monomer, and branching
of PVP chains may also have affected the experimental
values (65). The ~90 K reduction in the glass transition
temperature (T,) when the water content increased from
0.5% to 10% w/w resembles that obtained experimentally
(ca. 100 K) (26,27).

The PVP glasses generated in the cooling processes were
far from thermodynamic equilibrium. Their physical proper-
ties such as density and enthalpy were found to drift slowly
and monotonically during subsequent MD simulations at 298
K and 1 bar, as shown in Fig. 3. The relaxation rates for both
the system density and the system enthalpy were about
twofold larger at 10% w/w water than at 0.5% w/w water.
The faster density and enthalpy relaxation at the higher
water content can be attributed to higher mobilities of the
various components in the polymer also found in this study.

An understanding of the plasticization effects of water
on the structure and dynamics of PVP initially requires
knowledge of water’s distribution in the polymer. The
snapshots of water molecules in the simulated PVP as shown
in Fig. 4 indicate that water molecules are mostly isolated
from each other at 0.5% w/w water while water’s distribution
is markedly heterogeneous at the higher water content (10%
w/w), with clusters or strands of water molecules occupying
channels between the polymer chains. Water distribution in
PVP was further described in terms of the number (ny) of
water molecules within 3.4 A of a target water molecule or
PVP carbonyl atom. The results in Fig. 5 indicate that a water
molecule is, on the average, in close contact with 2.0 other
water molecules at a water content of 10% w/w. A linear
H-bonded chain of water molecules would have two nearest
neighbor H-bonded water molecules for each internal water
molecule in the chain.

Also evident in Fig. 5 is that 64% of the carbonyl oxygen
atoms in PVP are within a distance of 3.4 A from the oxygen
atom of at least one water molecule. Since the number of
PVP monomer residues (240) is 44% higher than the number
of water molecules available (167), it is likely that most of the
available water molecules are in close contact with PVP
carbonyl groups. This appears to be consistent with FTIR
spectra in the region of 3600-3200 cm !, where three
absorption bands have been attributed to sorbed water in
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PVP (66). The absence of bands for unbound hydroxyl
groups was taken as evidence that all the protons of water
molecules are either H-bonded to the polymer or to other
molecules of absorbed water. Lebedeva et al. also concluded
from FTIR spectra that, at low water content, water
molecules hydrogen bond to the PVP carbonyl groups (66).

At 10% w/w water, there is a twofold higher probability
for water to hydrogen bond with another water molecule
than with a PVP carbonyl group even though the number of
monomer residues exceeds the number of water molecules
available. Similar results were also reported in PVA (67).
This may be rationalized by the fact that a carbonyl oxygen
atom has two electron pairs capable of forming two hydrogen
bonds with water while water can form four hydrogen bonds
with neighboring water molecules. A linear water strand in
which each water molecule is hydrogen bonded to a PVP
carbonyl residue also yields a 2:1 ratio of water—water to
water—carbonyl hydrogen bonds.

Experimental evidence based on T, data for PVP versus
water content (26,27) suggests apparently ideal mixing be-
havior at water contents up to 10% water by weight while
deviations from ideality occur above 10% w/w water. One
interesting scenario to consider is that of complete phase sepa-
ration of water from the PVP glass as suggested by Franks
(68). In the present simulations at 10% w/w water, the value
of 2.0 for the number of neighboring water molecules within
3.4 A of a reference water molecule in PVP was found to be
far below the value for ny, (8.9) obtained in bulk water using
the same distance criteria. Thus, there is no evidence in the
MD simulation for phase separation at 10% water content.
Hamaura and Newton also ruled out complete phase sepa-
ration below a weight fraction of water of 0.47 based on the
absence of a melting peak for water in DSC experiments (26).

The diffusion coefficients obtained for water in the
simulated PVP, 1.3-48 x 1077 cm?s, appear to slightly
exceed or lie near the upper end of the range of reported
values (12,69,70). This may be attributed to: (1) the lower
densities (ca. 10%) of the simulated PVP due to the faster
cooling rate (0.1 K/ps); and (2) the short length of time
(0.1 ps) during which the diffusion coefficients were calcu-
lated. The latter argument is supported by the fact that solute
diffusion in amorphous polymers and other similar systems
(e.g., lipid membranes) may exhibit two or more diffusion
coefficients differing by one to three orders of magnitude
depending on the time scales of measurement methods such
as NMR, fluorescence and neutron scattering (71,72). The
short simulation length also caused anomalous non-
Einsteinian diffusion behavior as demonstrated by curvature
in plots of log 1 vs. log t with slopes <1 (Fig. 7). Estimates
of the slopes for water, ammonia, and the VP segments in
simulated PVP containing 0.5% w/w water were 0.70, 0.62,
and 0.07, respectively, increasing to 0.83, 0.77, and 0.25 when
the water content was elevated from 0.5% to 10% by weight.
Evidently, the larger solute (VP) exhibits greater deviation in
its diffusion from the Einstein relation. Anomalous diffusion
behaviors have also been found in other polymers [e.g.,
oxygen and helium in polyisobutylene (73); helium in
polypropylene (33)], although over a shorter time scale of 1
ns. In the present case, anomalous diffusion behavior
persisted well over 100 ns, especially for the larger species,
presumably owing to the more dense packing in the PVP
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glass [1.13 g/em®, compared with 0.93 g/em® for polypro-
pylene in the study by Boshoff et al. (33)].

Reaction rates in amorphous glasses may be rate limited
by the relative diffusion coefficients of the reactants, which is
strongly affected by moisture content (22,37,39). The diffu-
sion coefficients for water, ammonia, and the VP segment
were found in this study to be increased by 3.7-, 7.3-, and 7.6-
fold, respectively, when the water content was elevated from
0.5% to 10% w/w. These increases are consistent with the
general trend of increasing diffusivity with increasing water
content observed experimentally (12,70,74). In particular,
Oksanen and Zografi (12) found an increase in water’s
diffusion coefficient of 3.1-fold when the water content was
increased from near zero to 10% w/w. Also, the diffusion
coefficients obtained for water in the simulated PVP, 1.3-4.8
x 1077 cm?/s, are about two orders of magnitude smaller
than the diffusivity (3.4 x 10> cm?/s) in pure water (21).

Mechanistically, increased solute diffusivity in a PVP
glass containing a higher water concentration (i.e., 10% w/w)
may arise from a global change in the polymer structure (e.g.,
a change in the free-volume) or from a local change due
to the presence of an increased number of water molecules
in close proximity to the diffusing solute. To test the latter
hypothesis, we calculated the diffusion coefficients for water
molecules as a function of their n,, values. The positive
slope (2.6 x 1077 cm?/s per neighboring water molecule) in
Fig. 8 suggests that, indeed, water molecules with a higher
diffusivity tend to be those surrounded by more water
molecules, and that water’s plasticization effect on solute
diffusivity is at least partly a local phenomenon.

The effects of water on polymer chain dynamics were
further evaluated by generating ACFs for rotational relaxa-
tion of various PVP segments of interest. As illustrated in
Fig. 9, the ACFs exhibited an initial fast decay followed by a
slow decline. The initial rapid decay was much steeper for the
side-chain C=O groups than for the backbone C-C groups.
Clearly, the polymer side chains can wobble over a wider
angular space than the backbones. Surprisingly, water
content appeared not to affect c; to a large degree, suggesting
that the free volume surrounding the PVP segments available
for these wobble motions does not increase with water
content. This is also in line with the finding that water
content does not greatly affect the overall density of the
polymer glasses (see Fig. 2).

The relaxation time, t, for the slower second decay, was
found to depend strongly on the water content. As indicated
in Table I, the t values for the C=0O groups decreased from
440 to 12 ps and those for the —C—C- backbone decreased
from 3300 to 70 us when the water content in the PVP glass
increased from 0.5% to 10% w/w, representing increases of
37- and 47-fold, respectively. Oksanen and Zografi (12)
utilized *C solid-state NMR to examine the effect of
absorbed water on three PVP resonances at 2°C and 50
MHz. All three resonances indicated a dramatic increase in
mobility with an increase in water content from 0% to 10%
(by weight), though the magnitude of the change (~3-fold)
was less than that in the present simulations. Taken together,
the above results thus suggest that an increase in water
content greatly increases the mobility of the polymer chains
and thereby the rate of free-volume redistribution while
exerting only a minor effect on the overall amount of free
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volume in the polymer. These findings appear to refute the
first hypothesis proposed above that a global change in
polymer structure such as an increase in free-volume is the
primary factor accounting for the increased solute diffusivity
at higher water content.

CONCLUSIONS

An increase from 0.5% to 10% w/w water was found to
reduce the glass transition temperature of the simulated PVP
by 90 K. At 10% w/w, water’s distribution is heterogeneous
and dominated by water strands or clusters with the number
of first-shell waters (n,,) averaging roughly 2 but varying
from 0 to 6. These clusters are much smaller than those
observed in bulk water, suggesting that there is no phase
separation at 10% w/w water. The higher water content
promotes the relaxation (aging) rates of the thermodynamic
properties of the initially prepared PVP glasses such as the
volume and enthalpy. The plasticization effects of water are
also reflected in higher diffusivities (3.7- to 7.6-fold) for the
small molecule solutes and polymer segments and shorter
relaxation times (37- to 47-fold) for rotation of the polymer
segments. The diffusivity increases were found to correlate
closely with the number of first-shell water molecules.
Rotation of the PVP segments is comprised of a fast wobble
motion within a highly restrained cavity and a slow rotation
over a wider angular space. The fast wobble motion at the
water content of 0.5% and 10% w/w as measured by c; (see
Table I) suggests a similar amount of free-volume available
for segmental rotation at these two water concentrations.
Thus, models based on the concept of instantaneous redistri-
bution of free volume (75) are unable to account for these
substantial increases in solute diffusivity with water content
in PVP. Rather, the effects of the translational and rotational
mobilities of the polymer chains and other species (e.g.,
water) to solute diffusion must be considered, as emphasized
in a dynamic free-volume theory proposed by Xiang (76). A
future study will further explore the multiple roles played by
water molecules surrounding a diffusing solute in assisting its
diffusion including: (1) promotion of free-volume redistribu-
tion, (2) participation in local cooperative rotation by
position exchange with the diffusing solute, and (3) facilita-
tion of the movement of a diffusing molecule along a
particular coordinate via strong electrostatic interactions or
hydrogen-bond bridging.
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