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An aqueous poly(vinyl alcohol) (PVA) model has been extensively studied by using the molecular
dynamics (MD) simulation method. The employed molecular and force field models are validated against
the available data in the literature. In particular, the glass transition temperature (Tg) is determined from
the specific volume versus temperature, which compares well with the experimental observations. The
diffusion coefficients of water (H2O) through the PVA matrix follow the Arrhenius equations at both
temperature regions separated by Tg, indicating the existence of free and bound water defined by
hydrogen bonds (HBs). It has also been confirmed that HBs occur between PVA and H2O, between PVA
and PVA, between H2O and H2O, and all of them play the key roles in the glass transition. The local
dynamics suggested by the decorrelations of various bond vectors can be well described by the Williams
eLandeleFerry (WLF) equation. This work demonstrates the cooperative behavior of PVA and H2O which
is responsible for the glass transition of the whole binary system.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Structure and dynamics are closely related to the properties
exhibited by polymer materials. On one hand, the glass transition
temperature (Tg) can be used for characterizing the structural
relaxation. On the other hand, the Tg itself, which defines the use
type, is one of critical properties of polymers. Therefore, under-
standing the phenomenon around Tg of different polymers under
various environments is of great importance academically and
technically, which has been a focus of many efforts [1e12].
However, it should be noted that more deep insights are limited by
the resolving power of experimental equipments. On this point,
molecular simulations can be employed as important supplements
since they can provide detailed information on molecular structure
and intermolecular interactions. Although extensive molecular
simulations have been performed to study glass transition of the
pure polymers [13e15], few are devoted to the binary systems
comprised of polymers and water. These model systems are of
interest for the practical cases, i.e. degradation and failure of
structural materials and stability of hydrogels, which deserve
further investigation.

In viewpoints of molecular structure, PVA is one of most simple
hydrogen bonded polymers, which can be a good model to study
the complex properties of polymeric materials. About ten years
u759@qq.com.
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ago, extensive molecular dynamics (MD) simulations on PVAeH2O
were performed by Tamai [16e22] and Muller-Plathe [23e25] and
their coworkers. Several years later, Karlsson [26,27] and Chiessi
[28,29] and their coworkers also carried out some MD simulations
on PVAeH2O using different molecular models. Throughout all
these studies, the emphasis was put on state, structure, and
dynamics of H2O in PVA. Until the year of 2008, the effects of
water on structure and dynamics of PVA chains were studied using
MD methods by Bermejo and Ugarte [30]. The limited equivalence
between the action of water on the polymer and the action of
temperature has been proposed [31]. It has also been noted that
PVA is soluble in water at high temperature but is insoluble at low
temperature [17]. Judging from this phenomenon, temperature
can have more impact effects on structure and properties of
PVAeH2O than does water content, which has not yet adequately
studied by MD simulation methods.

In this work, MD simulations were carried out on a PVAeH2O
system with a middle water content at wide temperature range
across its Tg, aiming to elucidate structure and properties of the
whole system, and specially to understand glass transition in the
binary system. Towards these ends, the OPLS-AA [32] and TIP4P
[33] force fields were utilized to model detailed interactions for
PVA and H2O, respectively. New development of suitable force
field for polyalcohols continues to attract much attention [34].
So the force field employed in this work would be validated
against available data in the literature. Obtained knowledge from
this study would surely contribute to develop new PVA-based
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materials, such as coatings, adhesives, etc., with some improved
performances.

2. Computational details

2.1. Preparation of initial model system

One single PVA chainwith the degree of polymerization n¼ 300
was generated using the polymer builder in Visualizer interface of
Materials Studio-4.0 [35]. The fraction of meso dyads was set as 0.5
for the atacticity. This PVA chain has two terminals, one of which is
a capped hydrogen atom and the other is a methyl group. The
molecular structure of PVA chain is schematically shown in Fig. 1,
together with the three types of groups classified by the partial
charge of atoms. The generated chain was optimized using the
steepest descent (SD) and conjugate gradient (CG) methods. The
optimized chain was then enclosed in a cubic box according to the
Monte Carlo (MC) method developed by Theodorou and Suter [36],
which is implemented in the Amorphous Cell module of Materials
Studio-4.0. The periodic boundary conditions (PBC) and minimum
image conventions were used to reduce the surface effects. The
dimension of cubic box was defined by the target density value at
300 K, 1 g cm3, which was about 79% of the corresponding experi-
mental density [17], 1.27e1.31 g cm3. By doing so, the structure was
a bit easier to be equilibrated while corresponding well to the
realistic system.

According to the method described above, 10 structural models
were built, but only one out of them was chosen at random for the
following manipulation. This structure was further optimized using
SD and CG methods to remove the unreasonable close-contacts
between atoms in the system. All these energy calculations were
based on COMPASS force field [37] whereas the energy calculations
thereafter were based on the OPLS-AA force field [32]. Note that
since all the groups including alkyl and hydroxyl have been
parameterized for the two force fields, both can be used to model
the PVA. Here, to choose OPLS-AA instead of COMPASS is just for
the technical convenience, for only the OPLS-AA is currently
embraced in the much faster GROMACS-4.0.4 than the Materials
Studio-4.0. However, the partial charges of atoms remained to that
assigned by COMPASS force field. To choose these COMPASS
charges instead of the original OPLS-AA charges is a bit arbitrary.
However, their values are very similar and the COMPASS charges
based on the bond-increment parameters [37] can ensure the zero
charges for each charge groups, but for some groups the original
OPLS-AA charges cannot.

Based on the PVA bulk structure, 200 explicit TIP4P [33] water
molecules were then randomly added to the free space in the
model system using the genbox routine in the GROMACS-4.0.4
[38,39]. Thus the aqueousmodel system contained about 21%water
byweight. The so-obtained structurewas optimized firstly using SD
and secondly using CG, and relaxed using constant-NVE MD at first
and using constant-NVT MD (at 420 K) later on. The energy mini-
mizations (EM) were converged when the max force was smaller
than 0.1 kJmol�1 nm�1. The MD simulations were lasted for 12 ns
(1 ns¼ 10�9 s) to obtain good uniformity of water through the PVA
CH2 CH CH3

OH

H
300

CH2 CH

OH

H

a b

Fig. 1. Chemical structure of PVA chain (a), which is composed of three
matrix. The long-range columbic interactions were handled by the
fast Particle-Mesh Ewald (PME) method. The short-range Lennard-
Jones terms of the potentials were cut off at a distance of 10�A, and
the long-range correction terms were added to both energy and
pressure, which was found very important to obtain desired
densities and Tg. The structure of the last frame obtained from the
final MD simulation is shown in Fig. 2, which is subjected to the
following collecting-phase MD simulations.

2.2. Collecting-phase MD simulations

In this part, GROMACS-4.0.4 was employed for performing all
the following MD simulations. Firstly, constant-NPT MD simula-
tion was performed at 420 K and 0.1 MPa (1 MPa¼ 106 Pa) to
achieve equilibrium density, which was considered as an impor-
tant property to achieve dynamical properties. One structure with
the density closest to the averaging one was then chosen from the
last 100 ps of MD trajectory. Based on this structure and temper-
ature, another constant-NVT MD simulation was started to achieve
equilibrium energy. The systemwas cooled stepwise to 200 K with
the temperature interval of 20 K, in which the last structure from
the MD simulations at higher temperature was used as the initial
structure for the MD simulations at lower temperature. Therefore,
totally 12 temperatures were studied. At each temperature,
a constant-NPT MD simulation of 4 ns and a constant-NVT MD
simulation of 10 ns were repeated for several times. Generally,
only 1e2 times were required to bring the system into equilib-
rium, as suggested by the temperature and energy for constant-
NVT MD simulation and additional density for constant-NPT MD
simulation.

The Berendsen et al. [40] methods were used for controlling the
pressure and temperature at the former 500 ps, whereas the Par-
rinelloeRahman [41] method and the NoseeHoover [42,43]
method were used for controlling the pressure and temperature
thereafter, respectively. The reasons of these choices are that the
Berendsen method can quickly equilibrate temperature and pres-
sure of the system whereas the NoseeHoover method and Parri-
nelloeRahman can generate the normal ensembles. In all the MD
simulations, a leap-frog algorithm with time step of 1 fs (10�15 s)
was used for the integration of the equations of motion. None of any
degrees of freedom was constrained. The MD trajectories were
saved every 1000 frames (1 ps) for further analysis.

3. Results and discussion

3.1. Volumetric properties and Tg

The packing density of system is often taken as a criterion of
validating the force field and molecular model used in molecular
simulations. In this work, the equilibrium density was obtained by
averaging over the last 3e4 ns out of the constant-NPT MD
trajectory. Note that the simulated value at 300 K and 0.1 MPa for
the model system is 1.20 g cm�3, which is between that for pure
water (about 1.00 g cm�3) [17] and that for pure PVA (about
1.28 g cm�3) [17]. If the macroscopic rule-of mixtures were obeyed,
CH2 CH

OH

CH3

c d

C1 C2

types of groups: head group (b); middle group (c); tail group (d).



Fig. 2. Snapshot of final structure of PVA hydrogel model obtained from initial model
building. The water molecules are displayed in CPK style for distinguishing from the
polymer chain.
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the experimental density under the same water content would be
about 1.22 g cm�3, which agrees very well with the simulated one.

The specific volume is plotted as a function of temperature, as
shown in Fig. 3, indicating monotonic increase in the density with
increasing the temperature. Furthermore, this curve shows
a distinct break at around 283 K, which is identified as character-
istic of vitrification. This manner inwhich Tg is extracted is common
and empirically justified [14,15]. The simulated Tg also lies in
between that for pure water (134 K) [31] and that for pure PVA
(385 K) [31]. According to the sameRef. [31], variation of measured
Tg with water content lower than 30 wt% (as for this work) can be
modeled by the GordoneTaylor equation:

1
Tg

¼ w1

Tg1
þ w2

Tg2
(1)

where Tg1, and Tg2 are the Tgs of pure water and pure PVA,
respectively, and where w1 and w2 are the mass fractions of pure
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Fig. 3. Specific volume versus temperature using MD simulations for PVAeH2O model
system.
water and pure PVA, respectively. So the experimental Tg under the
samewater content to our model is about 264 K, lower by 19 K than
the simulated Tg. If the fast cooling rate is taken into account, this
upward discrepancy is very reasonable, which is also noted by
Tamai and Tanaka [22].

Variations of specific volumes with temperatures in both
regions almost approach the straight lines. By fitting the two lines
by the least-squared method, the volume expansion coefficients at
both temperature regions can be obtained from the slopes:

a ¼ 1
V0

�
vV
vT

�
P

(2)

where a is volume expansion coefficient, V is total volume, V0 is
reference volume at 300 K, T is temperature, and P is pressure fixed.
The coefficients of determination R2 corresponding to these data at
both temperature regions are beyond 0.994. The calculated volume
expansion coefficient in the rubbery region is about 6.91�10�4 K�1

while that in the glass region is about 1.43�10�4 K�1. Since the
system is isotropic, the linear coefficients of thermal expansion
(LCTE) in the two regions are one third of volume expansion
coefficients, that is, 2.30�10�4 K�1 and 0.47�10�4 K�1, respec-
tively. The LCTE value above Tg is roughly consistent with the earlier
range of values (0.7e1.2)� 10�4 K�1 reported for PVA [44]. The
higher LCTE value with higher water content in this work can
mainly result from plasticization effect of water on PVA matrix.
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Fig. 4. MSD as functions of simulation time (t) for water in PVA at higher temperatures
(a) and at lower temperatures (b).
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Fig. 5. Variation of diffusion coefficients with the temperature for water in PVA.

Table 1
Coordination number of water molecules to oxygen atoms of PVA at various
temperatures.

T, K rCD, nm nCD

420 0.380 1.33
400 0.375 1.26
380 0.372 1.13
360 0.369 1.19
340 0.366 1.23
320 0.362 1.20
300 0.360 1.23
280 0.356 1.17
260 0.349 1.11
240 0.343 1.10
220 0.336 1.04
200 0.330 1.00
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3.2. Diffusion coefficients (D) of water

Since dynamics of water depends significantly upon the
surrounding environment, water can be used as the first probe to
study structure and properties of the binary system. Diffusion
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Fig. 6. RDF for O(PVA)eO(H2O) at higher temperature region (a) and lower temper-
ature region (b).
coefficient (D) is one of good characteristic parameters of dynamics,
which can be determined using the Einstein relation:

D ¼ 1
6
lim
t/N

d
dt
MSDðtÞ (3)

where t is simulation time andMSD is mean-squared displacement.
Here, MSDs with simulation time are computed from the position
vectors R

!ðtÞ for water molecules:
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Fig. 7. Total HB number (a) and HB number between pairs (b) per hydroxyl group in
the PVAeH2O system as function of temperature.
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MSDðtÞ ¼ 1
N

XN
i¼1

D��� R!iðtÞ � R
!

ið0Þj2
E

(4)

The broken brackets denote averaging over all choice of time origin.
The results are represented collectively in Fig. 4 for various
temperatures, which are divided into two sub-figures for clarity
according to the two temperature regions defined by the Tg.

As expected, mobility of water within the same simulation time
increases with increasing temperature. For the higher temperature
region, good linearity is obtained, indicating that the diffusion
approaches Fickian liquid-like behavior. However, for the lower
temperature region, non-linearity up to longer time (w3 ns) is
obviously seen, meaning that the diffusion is anomalous in that the
water molecules spend a great deal of time sampling a local free
volume in the matrix. This cage-like diffusion cannot be recognised
clearly in the higher temperature region. On contrary, Karlsson
et al. [26,27] reported a cage-like diffusion at above Tg for water in
PVA matrix. Main reason for the difference can result from the
different water content (21 wt% in this work vs. 5.2 wt% in their
work), and much more water induces more lubricative effects on
themselves. Moreover, in their system oxygen molecules can
importantly influence the diffusion behavior of water.

The diffusion coefficients at various temperatures are calculated
based on the linear parts of the MSDs. For the lower temperatures
(200e280 K), the fitting is made between 3 ns and 6 ns. For the
0 1000 2000 3000 4000 5000
0.0

0.2

0.4

0.6

0.8

1.0

P 2(t)

t, ps

 C
1-C2

T

0 1000 2000 3000 4000 5000
0.0

0.2

0.4

0.6

0.8

1.0

P 2(t)

t, ps

C2-O

T

a

b

Fig. 8. Decorrelation of the C1eC2 bond vector located on the backbone (a) and the
C2eO bond vector located on the aside (b) of PVA at various temperatures.
higher temperatures (300e420 K), the fitting is made between 1 ns
and 8 ns. The results are shown in Fig. 5. Once again, it can be seen
that the more water is the faster water moves, as suggested by the
diffusion coefficients. Note that for the systems with same water
content 21 wt% at 0.1 MPa, the simulated values in this work, at
300 K and 380 K, (4.3�1.5)� 10�7 cm2/s and (8.4� 0.0)�
10�6 cm2/s, agree roughly with the values, (6.0� 2.3)� 10�7 cm2/s,
(2.9� 0.7)� 10�6 cm2/s at 300 K and 375 K, respectively, reported
by Muller-Plathe [45]. For the systems with different water
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contents and temperatures, similar results can also be obtained by
extrapolation [25e27].

For the both temperature regions, Arrhenius relations are
almost obeyed as suggested by the good linearity (the correlation
coefficients R2 are both over 0.98), as shown in Fig. 5. The straight
lines in Fig. 5 are obtained by fitting to the following equation:

ln D ¼ ln D0 þ
� �ED
1000R

�
$
1000
T

(5)

where R is general gas constant and ED is called activation energy.
The calculated values of ED are about 3.58 kcal/mol (1 kcal¼ 4.18 J)
and 7.75 kcal/mol for higher temperature region and lower
temperature region, respectively. These values have the same order
of magnitude as the reported ones, 4.5� 0.5 kcal/mol obtained
using MD simulations [28] and 4.0� 0.6 kcal/mol obtained in the
QENS study [28]. The simulated activation energy at lower
temperatures is lower by 4.17 kcal/mol than that at higher
temperatures, which is on the order of the energy for hydrogen-
bonding between PVA and H2O, that is, 4.71e5.15 kcal/mol [17].

Here, for the first time, we report there is a break in the plot of ln
(D)e1000/T for the PVAeH2O binary system. Similar phenomena
have also been discovered for the polar polymerewater systems,
watereepoxy system [46] and waterepolyacrylate latex film [47].
These phenomena can be explained by the different desorption
activation energies of free water and bound water in the polymer
matrixes. Just as the name implies, the two types of water are
defined according to whether they bound to the polymers through
the hydrogen-bonding (HB) interactions [8]. In the lower temper-
ature region, only freewater can be desorbedwhereas in the higher
temperature region, both free water and bound water can be des-
orbed. The two types of water correspond to two different
Table 2
Correlation time of various bond vectors on the PVA chains.

T, K Correlation time, ps

C1eH C2eH OeH

420 312.8 323.7 62.4
400 675.7 704.4 136.8
380 2474.5 2757.4 935.1
360 27,272.5 22,767.6 2084.3
340 60,011.9 63,588 62,605.7
320 4,186,390 2,076,030 5,123,540
300 10,553,400 7,718,760 698,811
desorption activation energies. And it is obvious that the bound
water has higher desorption activation energy than the free water.

Interestingly, the slope changes of Arrhenius plots have been
also found for the apolar polymer systems, PEeCO2 [48] and
PSeCO2 and PSeC3H8 [49]. Differently, activation energy at lower
temperature region is higher than that at higher temperature
region. Since no HBs are presented, it corresponds to a different
mechanism. It is worthy of pointing out that, for the non-HB
polymeric system [48], the difference in activation energy between
the two temperature regions is much smaller than those for the HB
polymeric systems [46,47]. This comparison illustrates the impor-
tance of HB interactions in the desorption process.

Finally, the break in the ln(D)e1000/T plot is found to occur at
around Tg. This phenomenon can also be explained as the abrupt
increase of HB interactions at Tg from the higher temperature,
which is discussed below.

3.3. Hydrogen bonds (HBs) interactions

3.3.1. Radial distribution functions
RDF provides a first insight into the HB interactions, which can

be calculated using the following formula

gABðrÞ ¼ hrBðrÞi
rB

(6)

The numerator in this formula is particle density of type B at
a distance around A, which can be computed according to the
following formula:

hrBðrÞi ¼ 1
NA

XNA

i˛A

XNB

i˛B

d
�
rij � r

�
4pr2

(7)

inwhich delta function is either 1 or 0, depending on if the distance
difference is within the ranges considered. The denominator in
formula 6 is particle density of type B averaged over all spheres,
which can be calculated as the number of particle B per unit
volume:

rB ¼ NB

V
(8)

The intermolecular RDFs of OpeOw are computed for oxygen of PVA
and oxygen of H2O at various temperatures, as shown in Fig. 6. The
shape of RDFs is very similar to that obtained by other authors
[16,17,28e30]: one sharp peak at about 0.28 nm and one broad
peak at about 0.49 nm. When the ethanol molecules were added
[23], however, more peaks would be present, resulting from the
additional complex interactions. The sharp peak marks the occur-
rence of HBs between PVA and H2O, which defines the first
hydration shell on PVA oxygen. Likewise, the broad peak is attrib-
uted to the presence of a second hydration shell on PVA oxygen. No
obvious peaks are seen at the distance longer than 0.8 nm, indi-
cating the amorphous feature of the system.
C1eC2 C2eO C1eC2eO

522.5 321.5 288.8
1078.8 660.8 706.7
3481.2 2456.2 2345.0

38,184.9 18,296.2 20,378.1
75,915.3 52,325 76,584.9

4,100,270 1,185,300 1,429,390
3,396,860 2,407,820 5,642,190
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With increasing temperature, the heights of the sharp peaks
become lower and the positions of the broad peaks shift slightly
towards the longer distance (the positions the broad peaks start
and the sharp peaks terminate are shown as rCD in Table 1). Tamai
et al. [17] and Bermejo and Ugarte [30] have reported that water
content has similar effect on RDFs, which demonstrates that the
higher temperature has equivalent effect to the higher water
content on RDFs. Shorter distance the sharp peaks locate also
indicates water molecules prefer in the vicinity of hydroxyl groups
than onmethyl groups of PVA [30]. From this sharp peak region, the
coordination number nCD of water molecules to oxygen atoms of
PVA can be calculated according to the following relation:

nCDðrÞ ¼ 4prB

ZrCD

0

gABðrÞr2 dr (9)

where rCD is the location of the first minimum in RDF. The values of
rCD and nCD are shown in Table 1 for various temperatures. It can be
seen that the rCD has slight temperature dependence. This is also
equivalent to the effect ofwater content on rCD, as reported by Tamai
et al. [16]. The nCD can only be considered to be accurate within the
range of 1.0e1.4, which compares well with the PVAeH2O systems
with similar temperatures and water contents [17,30]. For the
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Fig. 11. WLF fit of C1eC2 bond vector (a) and C2eO bond vector (b) on the PVA chain.
PVAeH2O systems with much higher temperatures or water
contents, the nCD is reasonably a bit bigger [16,17,28e30,50].

3.3.2. Number of HB using the geometric criterions
Counting the number of HB may be more direct way than the

RDFs of OweOp available for studying HBs. Towards this aim,
the following geometric criteria are used to define an HB: (1) the
distance between donor and acceptor is less than 0.35 nm and (2)
b

c

Fig. 12. WLF fit of C1eH bond vector (a) and C2eO (b) bond vector and OeH bond
vector (c) on the PVA chain.



Table 3
Parameters used for the fits of WLF curves for various orientation functions.

Orientation type C1
g

C2
g
, K DHap

WLF, kJ/mol

C1eH 14.4 34.8 9.6
C2eH 14.1 31.7 8.6
OeH 16.1 42.8 13.2
C1eC2 13.9 32.7 8.7
C2eO 13.8 28.9 7.6
C1eC2eO 14.1 31.1 8.4
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the angle acceptoredonorehydrogen is less than 30�. Several
different definitions have been used for HBs [16,17,22,28,29], which
arebelievednot to significantlyaffect the reportedgeneral tendency.

The total HB number per hydroxyl group is plotted as function of
temperature, as shown in Fig. 7(a). It can be seen that this value at
each temperature is just a bit bigger than the coordination number
of water molecules to oxygen atoms of PVA, which indicates that
besides between hydroxyl groups and water molecules HBs also
form between hydroxyl groups on PVA and between H2O and H2O.
Furthermore, this value monotonously decreases with increasing
temperature, which almost approaches straight line at both
temperature regions. An abrupt change in the slope of the straight
lines can be obviously seen, which marks the occurrence of glass
transition as for the specific volume and diffusion coefficient. This
phenomenon confirms that HB interactions in the whole system
play a key role in glass transition. When the same analysis proce-
dure is carried out separately on the three pairs, PVAePVA,
PVAeH2O, and H2OeH2O, no similar phenomenon turns up as
shown in Fig. 7(b), which suggests that the properties of the whole
system (such as Tg) depend on not only the HB interactions between
PVA and H2O (PVAeH2O) but also on those between PVA and PVA
(PVAePVA) and those between H2O and H2O (H2OeH2O).
3.4. Local dynamics of PVA

In this part, the local dynamics of PVA would be discussed in
terms of WilliamseLandeleFerry (WLF) equation, which is often
used to explain the glass transition phenomenon [51].

The second term of the Legendre polynomial is computed for
various normalized bond vector autocorrelation functions
(VACFs)huðtÞ$uð0Þi:

P2ðtÞ ¼ 3
2
$
D
ðuðtÞ$uð0ÞÞ2

E
� 1
2

(10)

The decorrelations of the bond vectors containing either non-
hydrogen or hydrogen atoms at the temperatures above Tg are
shown in Figs. 8e10, where the arrows point at the direction the
temperature enhances. It can be seen that, at the higher tempera-
tures, the decrease in the vector orientation is more rapid, indi-
cating that the chain segments are more mobile, as expected. In
order to extrapolate the simulation time to the practical time scale
the glass transition occurs, these functions are required to be fitted
by a defined mathematic function. Towards this aim, the Kols-
raucheWilliamseWatt function is employed:
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Fig. 13. WLF fit of C1eC2eO bond vector on the PVA chain.
fðtÞ ¼ exp
h
� ðt=sÞb

i
(11)

inwhich s is the average relaxation time, b represents the deviation
from a simple exponential decay: 0< b< 1. Except at the lowest
temperature 300 K due to the statistic error, the fits are found
practically very well at the other temperatures above Tg.

By integrating the fitted functions with t from 0 toN, the
correlation time can be obtained, which gives the following form:

sc ¼ s
b
G

�
1
b

�
(12)

where G represents Gamma function with a single parameter. The
correlation times are reported in Table 2 for various bond vectors at
various temperatures. These values are several to hundred times
the average relaxation time, as a result of many cooperative tran-
sitions of neighboring dihedrals [29]. These correlation times can
also quantify the motions of chain segments.

According to theWilliamseLandeleFerry (WLF) equation, or the
equivalent VogeleFulchereTammann (VFT) equation [51], the
following relation is deduced:

T � Tg ¼ Cg
1

�
� T � Tg
log

�
sðTÞ=s�Tg��

�
� Cg

2 (13)

in which the correlation time at Tg, s(Tg) is set as 100 s, C1g and C2
g are

two parameters, which can be accessed by fitting the straight line to
the above relation. The corresponding results are shown in Figs.
11e13. Compared to the original WLF equation [51], the apparent
activation energies can be evaluated according to the following
relation:

DHWLF
ap ¼ lnð10ÞRCg

1C
g
2 (14)

Once again, the data at the 300 K is not included in the fitting
procedure due to the biggest statistic error at this temperature. The
correlation coefficients are all over 0.995, meaning a good fit above
Tg. The so-obtained C1

g
and C2

g
are shown in Table 3 together with

DHap
WLF. No corresponding experimental data are available for

comparison. However, these data are all dropped into the same
order of general polymers [51].

4. Conclusion

In this work, extensive MD simulations have been carried out on
the aqueous PVA containing about 21 wt% H2O over a wide
temperature range across Tg. Many simulated results, including Tg,
LCTE, D, RDF, and VACF, are in good agreements with the available
data in the literature, which validate the employed molecular
model and force field. Besides, for the first time, a break is found for
the ln(D)e1/T plot of water in the PVA matrix around Tg, and the
orientation behavior of various bond vectors on the PVA chains at
above Tg can be well fitted by the WLF equations. These results
strongly suggest that dynamics of both PVA and H2O are respon-
sible for the glass transition of the binary system. Furthermore, this
can be explained by the HB interactions: around Tg, total HB
number presents an abrupt intersection.
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In a word, this work demonstrates the cooperative behavior of
PVA and H2O which is responsible for the glass transition of the
whole binary system. While the MD simulation can reproduce
many experimental characterizations about structure and proper-
ties of PVAeH2O, the insoluble behavior at lower temperatures is
not observed in this work. It is partly due to the slow relaxation at
lower temperatures. Since MD simulations have the internal limi-
tations, we cannot expect that MD simulations can reproduce all
the realities. Moreover, the reported relations are built for the
middle water content. For the lower and higher water contents,
whether the same relations also apply remains to be discovered in
the future.
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