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ABSTRACT: Molecular dynamics simulations have been performed for hydrogel models of poly(vinyl
alcohol) (PVA), poly(vinyl methyl ether) (PVME), and poly(N-isopropylacrylamide) (PNiPAM). The
dynamics of hydrogen bonds and the translational and rotational motions of water molecules in the vicinity
of the polymer segments are analyzed to investigate the properties of water molecules which are highly
cooperative with the surrounding polymer chains. The characters of the hydrophilic groups which are
reflected in the lifetime of hydrogen bonds, the spectral density, etc., are examined. The mobility of
water molecules is significantly lowered around polymer chains for both translational and rotational
motions. This is partly because of the hydrogen bonds between water and polymers around the hydrophilic
groups and partly because of the structuralization of water around the hydrophobic groups.

Introduction

In the hydrogels, which are made of hydrophilic
polymer and water, structure and stability of water
molecules are highly perturbed by polymer matrices, as
elucidated in our previous paper1 through molecular
dynamics (MD) simulation for hydrogel models of poly-
(vinyl alcohol) (PVA), poly(vinyl methyl ether) (PVME),
and poly(N-isopropylacrylamide) (PNiPAM). Polar
groups in the polymers strongly bind water molecules
and yield defects in water-water hydrogen bonds in the
vicinity of the groups. The hydrogels simulated contain
also nonpolar groups, which cause so-called hydrophobic
effects in the solvated structure of the polymers. Water-
water hydrogen bonds are enhanced and stabilized
around hydrophobic groups especially for PVME and
PNiPAM, which have large hydrophobic groups in side
chains.
The mobility of water molecules in hydrogels is

significantly depressed by slowly relaxing polymer
matrices. Destruction and re-formation to hydrogen-
bond networks are necessary for water molecules to
diffuse. The dynamics of hydrogen bonds is expected
to contribute to the various time-dependent phenomena
in hydrogels. As reviewed by Ladanyi and Skaf,2 single-
particle and hydrogen-bond dynamics has been studied
for hydrogen-bonding liquids: water, methanol, aqueous
solutions of small molecules, etc. Collective motion and
fluctuation of hydrogen-bond networks in liquid water
have also been studied as reviewed by Ohmine and
Tanaka.3 These studies on water and small molecules
will also serve to elucidate the dynamics of hydrogels.
In the previous paper1 (hereafter called Part 1),

equilibrium results and structure and stability of hy-
drogen-bond networks are presented for the hydrogel
models of PVA, PVME, and PNiPAMwith various water
contents under several temperature conditions. In the
present article, the dynamics of hydrogen bonds is
analyzed, using trajectories of MD simulations obtained
in Part 1. The translational and rotational motions of

water are investigated and related to the hydrogen-bond
dynamics and to the equilibrium solvation structures.

Model and Simulation Details

In this article, all the analyses are performed using
the trajectory files which are obtained in Part 1.1 The
initial configurations of hydrogel models of poly(vinyl
alcohol) (PVA), poly(vinyl methyl ether) (PVME), and
poly(N-isopropylacrylamide) (PNiPAM) are obtained by
the procedure presented in Part 1. Water contents are
0, 25, 50, 75, and 100 wt %. MD simulations are
performed under NPT ensemble4,5 at a pressure of 0.1
MPa at five temperatures (400, 350, 300, 250, 200 K).
The AMBER/OPLS6 force field is used for the polymers,
and the SPC/E7 for water. The united atom approxima-
tion is applied for -CH3, -CH2-, and >CH- groups,
each of which is treated as a single interaction site. The
long-range Coulombic interactions are handled by the
Ewald sum method.8 The short-range Lennard-Jones
terms of the potentials are cut off at 9 Å, and the long-
range correction terms are added. The bond angles,
H-O-H of water and CH-O-H of PVA, and all the
bond lengths are constrained by the SHAKE algorithm.9
The total sampling time amounts to 50 ps (100 000
steps) at each temperature. A detailed description of
the simulation is given in Part 1.1

All the dynamical quantities and time correlations are
calculated from the 5000 configurations saved by 0.01
ps interval and are averaged over all the time origins
t0. Water dynamics are analyzed in three classified
regions: (1) those around hydrophilic groups, (2) those
around hydrophobic groups, and (3) the bulk region. The
classification is based on the polymer-water radial
distribution functions as described in Part 1.1

Results and Discussion

Residence Rate of Water. The water molecules
diffuse from one region to another with the passage of
time. The residence rate, Pres(t), is defined as the
probability that the water molecule which exists in one
region at time t0 stays in the same region at later time
t + t0, not departing from the region. Pres(t) is averaged
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over all the time origins t0 of 0.01 ps interval. Figures
1a, 1b, and 1c show Pres(t) at 300 K for the hydrophilic,
hydrophobic, and bulk regions, respectively. The decay
curves of Pres(t) is understandable in terms of polarity
of polymers (see Table 2 of Part 1) and size of the region
(see Table 6 of Part 1).
In the hydrophilic region Pres(t) have long tails

because the hydrogen bonds between water and poly-
mers bind the water molecules to the region for a long
time. For PVA Pres(t) decays slowly since PVA has
highly polar sites and the hydrophilic region spreads

continuously. For PVME Pres(t) decays fast since -O-
of PVME is less polar than -OH of PVA and the average
cluster volume of the region is small.
For PNiPAM Pres(t) decays slower than as expected

from polarity and cluster volume of the region. Al-
though -NH- group is less polar and has much smaller
cluster volume around the group than that around -OH
group, Pres(t) of -NH- resides for a longer time than
that of -OH. Although the partial charges and cluster
volumes are the same for -O- and dO, Pres(t) of dO
resides for a longer time than that of -O-. The reason
for these observations is that the groups dO and -NH-
of PNiPAM are located in a somewhat isolated space
from the bulk solvent; water molecules around the
groups are hard to leave the area. Since the region
around -CONH-, which includes those around both
dO and -NH-, is a combined wide space for water
molecules to move around, Pres(t) resides for a much
longer time period.
In the hydrophobic region, Pres(t) decreases faster than

that in the hydrophilic region because the hydrophobic
groups form no hydrogen bonds with water. For PVME
and PNiPAM, the relaxations of Pres(t) are slower than
those for PVA because the volumes of the hydrophobic
region are large (see Table 6 of Part 1) for former two
polymers and also mobility of water is decreased by the
structuralization of water molecules around -CH3
groups. For PVME, the relaxation of Pres(t) in the
hydrophobic region is the same rate as that in the
hydrophilic region. In the bulk region, Pres(t) of PVA
decays more slowly than those of PVME and PNiPAM
as expected from the volume of the region.
In the calculation of a time correlation function C(t)

for water molecules in each region, the molecules which
stay in the region from time t0 to t contribute to C(t) at
time t. C(t) is normalized by accumulation numbers,
which are proportional to Pres(t).
Analysis of Hydrogen-Bond Dynamics. Forma-

tion and destruction of hydrogen bonds are recurring
in hydrogels. Several definitions of hydrogen-bond time
correlations have been developed in different ways.2,10-13

The mean hydrogen-bond lifetimes, τHB, somewhat differ
depending on the definition.
Rapaport11 performed an analysis of the hydrogen-

bond lifetime using two different kinds of autocorrela-
tion functions: “intermittent” and “continuous” ones.
Autocorrelation functions of the form

are defined for both kinds of analysis, with the subscript
x indicating whether the intermittent (I) or continuous
(C) version is intended. In order to study the intermit-
tent lifetime, a quantity sij(t) is defined for a pair of
molecules, i and j, at time t as

Only those pairs of molecules which have sij ) 1 at t )
0 are included. This type of analysis focused on the
elapsed time until the final breakage of the bond
occurred. If the same hydrogen-bond pairs persist for
a long period, CI(t) values have a long tail. If exchanges
of bond pairs occur frequently, the values of CI(t)

Figure 1. Residence rate Pres(t) of water at 300 K for (a)
hydrophilic region, (b) hydrophobic region, and (c) bulk re-
gion: (solid line) PVA, (dotted line) PVME, (dashed line)
PNiPAM.

Cx(t) )

〈∑
ij

sij(t + t0)‚sij(t0)〉

〈∑
ij

sij(t0)‚sij(t0)〉
(1)

sij(t) ) {1 (bonded)
0 (nonbonded) (2)
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decrease in a short time. The information related to
the exchange of hydrogen-bond pairs can be obtained
from this analysis. In the analysis of continous lifetime,
each sij(t) is allowed to make just one transition from
unity to zero. The elapsed time until the first breakage
is observed from this type of analysis. Rapaport showed
that the total time scale for CI(t) is an order of
magnitude longer than that of CC(t).
In the present study, we have performed two types

of analyses to elucidate hydrogen-bond dynamics. One
is the direct measurement of the distribution of hydrogen-
bond lifetime, which is roughly equivalent to the con-
tinous lifetime of Rapaport. Pon(t) is defined as a
distribution of time from formation of a hydrogen bond
to destruction of the bond. Poff(t) is defined as a
distribution of time from destruction of a hydrogen bond
to re-formation of the bond which was bonded previously
with the exactly same pair. The histograms of Pon(t)
and Poff(t) are smoothed by averaging the values of
successive 5 columns. The other analysis is similar to
the intermittent time correlation CI(t) of Rapaport. For
water molecules sij(t) is defined for a pair of molecules
i and j. The subscript i (and j) denotes polar groups
-OH, -O-, dO, or -NH- for polymers. The sums are
taken over the atom pairs which have already formed
hydrogen bonds at time t0 and are averaged over all the
time orgins t0. Calculation is performed for 5000 points
of time origins (0.01 ps interval) during 50 ps. Below
in our paper, CHB(t) denotes this function.
The average hydrogen-bond lifetime τon and re-forma-

tion time τoff are calculated from Pon(t) and Poff(t),
respectively, as

where x denotes “on” or “off.” Another time constant
τHB is evaluated from the hydrogen-bond autocorrelation
function CHB(t) by defining the exponential decay of
CHB(t).

Rapaport11 makes it clear that the values of the time
constant are highly dependent on the choice of criteria
for definition of the hydrogen bond. In his study, the
hydrogen bond is defined by the energy criteria. The
lifetime varies with the cutoff energy: VHB ) -4, -3,
-2 kcal/mol (-16.7, -12.5, -8.4 kJ/mol). The average
hydrogen-bond number also varies from 1.6 to 3.7 by
increasing VHB from -4 to -2 kcal/mol. In our study,
the hydrogen bond is defined by the geometry definition
as described in Part 1. A pair of water molecules are
defined to be hydrogen-bonded if distances and an angle
satisfy the following conditions:

where ROO and ROH are distances O1‚‚‚O2 and O1‚‚‚H2
and φ is an angle O1‚‚‚O2-H2, where the subscripts 1
and 2 show indices of water molecules. This choice of
the distance cutoff is reasonable because it is based on
the first minimum of the radial distribution function.
Figure 2 shows dependence of average hydrogen-bond
number 〈nHB〉, lifetime τon, and reformation time τoff on

the cutoff angle φ for pure water. Although the average
number of hydrogen bonds increases with increase of
φ, 〈nHB〉 reaches an asymptotic value at φ) 30°, at which
hydrogen bonds are cut off in our analysis. It is
expected that the dynamic behavior of hydrogen bonds
is also saturated with increasing φ. As shown in Figure
2, τon and τoff, which reflect short-time dynamics of
hydrogen bonds, are saturated at slightly larger cutoff
angle: φ g 40°. Figure 3 shows the hydrogen-bond
autocorrelation function CHB(t), which reflects long-time
dynamics of hydrogen bonds. The decay curve of CHB-
(t) reaches asymptotic one at φ g 30°. Accordingly,
equilibrium properties and long-time dynamics of hy-
drogen bonds are independent of the cutoff angle at φ
g 30°, while short-time dynamics slightly depends on
that.
Hydrogen-Bond Dynamics of Polymer. Figures

4a and 4b show distribution of the lifetime Pon(t) and
that of the re-formation time Poff(t), respectively, of
hydrogen bonds of polymers in the hydrogel models with
cw = 50 wt % at 300 K. The average hydrogen-bond
lifetime τon and re-formation time τoff are tabulated in
Table 1. Figure 5 shows the hydrogen-bond autocorre-
lation function CHB(t) of polymers with cw ) 50 wt %.
Similar results are obtained for the systems with the
other water contents. All the correlations become

τx ) ∫0∞ t Px(t) dt (3)

CHB(t) ∼ exp(- t
τHB) (4)

ROO e 3.60 Å

ROH e 2.45 Å (5)

φ e 30°

Figure 2. Dependence of average hydrogen-bond number
〈nHB〉, lifetimes τon, and re-formation time τoff on the criteria of
hydrogen bonds. Dependence on cutoff angle φ is plotted for
pure water with fixed cutoff lengths ROO e 3.60 Å and ROH e
2.45 Å.

Figure 3. Dependence of the hydrogen-bond autocorrelation
function CHB(t) on the cutoff angle φ with fixed cutoff lengths
ROO e 3.60 Å and ROH e 2.45 Å.
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higher for a longer time, with decreasing the water
contents. The relaxation times of CHB(t), τHB, are listed
in Table 2. The fitting of the single exponential function
to CHB(t) is a rather rough estimate of τHB for the present
system. The relaxation time varies with a fitting range
of t. The results for two different fitting ranges, 2-10
and 1-3 ps, are listed in the table.
For the hydrogen bonds between polar groups of

polymers, rapid destruction and re-formation whose
time scale is shorter than 0.1 ps are observed domi-
nantly in both Pon(t) and Poff(t). Very slow processes of
the destruction and re-formation are also seen. The
lifetimes are longer than that of pure water; 0.23 ps.
The initial decay of CHB(t) reflects short-time compo-

nents of Pon(t). CHB(t) does not decay in the long-time
region; the relaxation time is very long as listed in Table
2. For PNiPAM, which has large side chains, temper-
ature dependence of CHB(t) is very small. The exchange
of hydrogen-bond pair is suppressed because global
conformational transition of polymer chains is hard to
occur in our simulation.
For the hydrogen bonds between water and polymers,

the distributions of Pon(t) and Poff(t) are highly depend-
ent on the species of polar groups. The distributions
for -OH of PVA and -O- of PVME are all similar to
that for pure water (see Figure 6). Those for PVA have
components longer than 1 ps, those for PVME do not.
As shown in Part 1,1 the hydrogen-bond energy is higher
for PVME than PVA. This leads to shorter τon of PVME.
For the dO group of PNiPAM, the populations shorter
than 0.1 ps are small; the distribution Pon(t) broadens
toward 0.5 ps. There are few pairs whose hydrogen-
bond lifetime is longer than 1 ps. As for -NH- group
of PNiPAM, there are some pairs whose lifetime is fairly
long as in the case of hydrogen bonds between polar
groups of polymers, though the population shorter than
0.05 ps is dominant. The lifetime τon is very long for
this group.
CHB(t) also depends on the characters of polar groups.

The polar groups of PVA and PVME show similar
decays of CHB(t). Those for PNiPAM exhibit longer
correlation of hydrogen-bond pairs, especially for the

Figure 4. Distributions of (a) lifetime Pon(t) and (b) re-
formation time Poff(t) of hydrogen bonds of polymers in hydro-
gel models with a water content of 50 wt % at 300 K. Symbols
“O” and “N” indicate oxygen and nitrogen atoms of polymers,
respectively, and “w” indicates water.

Table 1. Hydrogen-Bond Lifetime of Polymers at 300 Ka

group polymer-water polymer-polymer

Lifetime τon
-OH (PVA) 0.28 0.36
-O- (PVME) 0.18
-CO- (PNiPAM) 0.23 }0.33-NH- (PNiPAM) 0.52

Re-formation Time τoff
-OH (PVA) 0.76 0.98
-O- (PVME) 0.50
-CO- (PNiPAM) 0.38 }0.72-NH- (PNiPAM) 1.49
a For hydrogel models with a water content of 50 wt % in units

of ps (10-12 s).

Figure 5. Hydrogen-bond autocorrelation function CHB(t) of
polymers in hydrogel models with a water content of 50 wt %.
Symbols “O” and “N” indicate oxygen and nitrogen atoms of
polymers, respectively, and “w” indicates water. The CHB(t)
functions are calculated at 200, 250, 300, 350, and 400 K; each
corresponds to the upper to the lower lines in each part.

Table 2. Relaxation Time of Hydrogen-Bond Correlation
of Polymers at 300 Ka

group polymer-water polymer-polymer

-OH (PVA) 51 (29) 230 (130)
-O- (PVME) 44 (31)
-CO- (PNiPAM) 280 (74) }200 (160)-NH- (PNiPAM) ∞ (∞)
a Obtained from least-squares fitting with a range of 2-10 ps

(in parentheses: 1-3 ps) for hydrogel models with a water content
of 50 wt % in units of ps (10-12 s).
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-NH- group. In the hydrophilic region of PNiPAM,
the decay of Pres(t) of water is slower than that of the
other systems, as shown in Figure 1a. The profiles of
CHB(t) also show that smaller numbers of exchange of
water molecules occur and the hydrogen bonds continue
for a long time.
Hydrogen-Bond Dynamics of Water. Figures 6a

and 6b show distribution of the lifetime Pon(t) and that
of the re-formation time Poff(t), respectively, of water-
water hydrogen bonds in the hydrogel models with cw
= 50 wt % at 300 K. The distributions are calculated
for three regions classified above. Interregional bonds
are defined to contribute to the statistics of both spatial
regions. Figure 7 shows CHB(t). Time constants of
relaxation are tabulated in Table 3 and 4.
In the bulk region the distributions resemble that in

pure water. The distributions around polymers are
different from those in pure water. In the hydrophobic
region, the lifetime of PNiPAM is shifted to longer time
than that of PVA. In estimation of τon and τoff listed in
Table 3 the classification raises some problems. All the
lifetimes and re-formation times for classified regions
are shorter than those for nonclassified one. This is
an artifact caused by classification. Because the resi-
dence rate Pres(t) of water rapidly decays at short-time
region, contribution to the distribution of Pon(t) and
Poff(t) at longer time is partly excluded from statistics.
Concerning the nonclassified region, the lifetimes in
hydrogels are slightly longer than that in pure water.

The re-formation times are longer than that in pure
water. Correlation of hydrogen-bonded pair is stronger
in hydrogels. This is reflected on the decay curve of
CHB(t).
The decay of CHB(t) in the bulk region is almost the

same as that in pure water; the relaxation time in the
former is slightly longer. The decay in the hydrophilic
and hydrophobic regions is much slower. The results
for PVA are shown in the left part of Figure 7. In the
hydrophilic region, rearrangements of water-water
hydrogen bonds are suppressed because of the decrease
in the mobility of water molecules by polymer-water
hydrogen bonds. In the hydrophobic region, the cor-
relation for a long time cannot be calculated for PVA
since Pres(t) decays fast. The results for PNiPAM are
shown in the right part of Figure 7. Since the exchanges
of water molecules are hard to occur as described
previously, only a small number of rearrangements is
observed for water-water hydrogen bonds in the hy-
drophilic region. The correlation in the hydrophobic
region is also higher than that in the bulk region.
Similar results are obtained for the systems with the

other water contents. All the correlations become
higher for a longer time, with decreasing the water
contents, for both polymer-water and water-water
hydrogen bonds. This is because the diffusivity of water
molecules decreases in the systems with low water
contents.
Diffusion of Water. To examine the effects of

polymers on the translational motions of water, the

Figure 6. Distributions of (a) lifetime Pon(t) and (b) re-
formation time Poff(t) of water-water hydrogen bonds in
hydrogel models with a water content of 50 wt % at 300 K.
Dotted lines show those for pure water.

Figure 7. Hydrogen-bond autocorrelation function CHB(t) of
water in hydrogel models with a water content of 50 wt % at
300 K: (solid line) hydrophilic region, (dashed line) hydropho-
bic region, (dotted line) bulk region, and (dash-dot line) pure
water.

Table 3. Hydrogen-Bond Lifetime of Water at 300 Ka

polymer hydrophilic hydrophobic bulk nonclassified

Lifetime τon
PVA 0.19 0.13 0.19 0.25
PVME 0.20 0.21 0.16 0.26
PNiPAM 0.21 0.19 0.17 0.25
pure water 0.23

Re-formation Time τoff
PVA 0.36 0.12 0.49 0.87
PVME 0.23 0.34 0.37 0.81
PNiPAM 0.25 0.28 0.38 0.79
pure water 0.71

a See footnote of Table 1.

Table 4. Relaxation Time of Hydrogen-Bond Correlation
of Water at 300 Ka

polymer hydrophilic hydrophobic bulk

PVA 60 (16) ∞ (42) 11 (6.5)
PVME 120 (35) 38 (21) 11 (6.8)
PNiPAM ∞ (71) 32 (19) 11 (6.7)
pure water 8.0 (5.4)
a See footnote of Table 2.
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diffusion coefficient of water is calculated for three
regions classified above. The diffusion coefficient D is
calculated from the mean-square displacement (MSD)
as

where R(t) is the center of mass of a water molecule at
time t and 〈...〉 means the ensemble average.
The MSD’s deviated from linear at long time scales,

when those are calculated for classified regions. This
is because the relaxation of Pres(t) is very fast in the
hydrophilic region of PVME and the hydrophobic region
of the three polymers, and the number of samples
becomes very small in the regions. The long-time
behavior is characterized only by the particular samples
which stay in the region for a long period. The mol-
ecules staying in a specific region for a long time have
low mobility, which gives rise to the deviation of MSD
from a linear line. We should not consider the longer
time behavior too seriously for calculation of diffusion
coefficients and orientational relaxation time. In the
time scales of 0.5-5 ps, the MSD’s are approximately
linear in time for all the systems. Therefore, the values
of D are determined from the least-squares fit with a
fitting range of this time scale. Figure 8 shows the

Arrhenius plots of D calculated for the systems with cw
= 50 wt %. Parts a and b of Figure 8 show the results
for PVA and PNiPAM, respectively. The straight lines
in the figure are obtained by the least-squares method.
The diffusion coefficients are well-fitted to the equation

from which the activation energy of diffusion, ED, is
calculated.
The experimental14 diffusion coefficient for pure water

is (2.11-2.66) × 10-5 cm2/s at 298 K. The calculated
value at 300 K agrees with the experiments. The
calculated value of ED is 3.7 kcal/mol, which agrees with
the experimental values 4.4-4.8 kcal/mol, though slightly
smaller.
In the hydrophilic and hydrophobic regions, the mo-

tions of water molecules are highly hindered by the
presence of polymer chains. The diffusion coefficients
are approximately 10-40% of those in pure water. The
motions are suppressed more significantly in the hy-
drophilic region than in the hydrophobic region. For
the PVME hydrogel models the motions are also sup-
pressed more significantly in the former region. In the
hydrophilic region, the motions are hindered because
of tight hydrogen bonds between water and polymers
and stabilization of water-water hydrogen bonds. In
the hydrophobic region, the motions are hindered
because of the structuralization of water. Using MD
simulation, Kitao et al.15 studied the hydration of
melittin, which is a bioactive polypeptide consisting of
26 amino acid residues and is a main component of bee
venom. The diffusion coefficients of water are calculated
in the classified areas around charged, polar, and
nonpolar groups and in bulk. The water molecules in
the first hydration shell around charged groups are
immobilized by the strong interaction. The diffusion
coefficients in the first hydration shell around polar and
nonpolar groups are 40-50% of that in pure water.
These values are the same order as our results.
Even in the bulk region, where water molecules are

distant from polymers, D is influenced by polymer and
becomes smaller than that in pure water. For the sys-
tems with a water content 75 wt %, D values in the bulk
region are almost the same as those in pure water. For
the systems with lower water contents, however, D
values decrease in the bulk region by the presence of
polymers. The reason for this is discussed below.
Local Motion of Water. In order to obtain informa-

tion about the local motion of water molecules, the
spectral densities are calculated for the translational
motion of water. The spectral density G(ω) is obtained
from the Fourier transform of the translational velocity
autocorrelation function as

where v(t) is the velocity of center of mass of a water
molecule at time t, ω is the angular frequency, and 〈...〉
means the ensemble average. The spectra are smoothed
with a help of a window function.
Figure 9 shows those spectra. The abscissa is wave-

number κ in cm-1 and the ordinate is the spectral
density G(κ) in arbitrary units. In the bulk region, the
distributions are almost the same as those in pure water
except for the diffusional component near κ ) 0. In the
hydrophobic region, the distributions are shifted by 15

Figure 8. Arrhenius plot of diffusion coefficient D of water
for (a) PVA and (b) PNiPAM hydrogel models with a water
content of 50 wt %: (solid line) hydrophilic region, (dashed
line) hydrophobic region, (dotted line) bulk region, and (dash-
dot line) pure water. The straight lines show the least-squares
fits.

D ) lim
tf∞

1

6t
〈[R(t + t0) - R(t0)]

2〉 (6)

D ) D0 exp(-
ED

RT) (7)

G(ω) ) 2
π ∫0∞ 〈v(t + t0)‚v(t0)〉 cos(ωt) dt (8)
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cm-1 toward high frequency without deformation of the
waveform. It is evident that the structure enhancement
gives rise to this shift. There is little difference between
PVA and PNiPAM. In the hydrophilic region, the
intensity curves are highly deformed by the polymers;
the high frequency components of 100-250 cm-1 in-
crease. The intensities of the high frequency compo-
nents follow the order of

These results together with the analyses of the lifetime
of hydrogen bonds lead us to a picture that water
molecules around the -NH- groups are strongly bound
to the groups and are also making intermittent forma-
tion and destruction of hydrogen bonds in a short time
scale.
Orientational Relaxation of Water. The effect of

polymers on the rotational motions of water is examined
using the orientational time correlation functions2

where Pl(x) is the lth order Legendre polynomial and
u(t) is a vector embedded in the molecule at time t. In
the present study, u(t) is along the dipole vector of water
molecules. In the time region shorter than 0.1 ps, the
rapid relaxation caused by the libration of molecules is

observed in Cl
R(t). In the time regions longer than 0.5

ps, the single exponential decay is observed. The
orientational relaxation time τR is calculated by fitting
the decay of Cl

R(t) to the exponential function.

When water molecules are classified into the regions,
the decay of Cl

R(t) deviates from a single exponential
function because of the problems previously described.
In this case, the fitting procedure is performed with
supplementing the long time scale behavior.
Figure 10 shows the Arrhenius plots of τR for water

in each region of hydrogel models with a water content
50 wt %. Parts a and b of Figure 10 show those for PVA
and PNiPAM, respectively. The plots are linear in all
the regions. In the hydrophilic and hydrophobic regions,
also the rotational motions of water molecules are highly
suppressed by the presence of polymer chains. The
motions are suppressed more severely in the hydrophilic
region than in the hydrophobic region. The values of
τR are large around the hydrophilic groups because the
motion of water molecules is constrained by the water-
polymer hydrogen bonds. The values of τR are also large
around the hydrophobic groups because the structure
of water is promoted in the hydrophobic region.

Figure 9. Spectral density G(κ) of translational motion of
water for (a) PVA and (b) PNiPAM hydrogel models with a
water content of 50 wt %: (solid line) hydrophilic region,
(dashed line) hydrophobic region, (dotted line) bulk region, and
(dash-dot line) pure water.

NH(PNiPAM) > CO(PNiPAM) > OH(PVA)

Cl
R(t) ) 〈Pl[u(t0)‚u(t + t0)]〉 (9)

Figure 10. Arrhenius plot of orientational relaxation time
τR of water for (a) PVA and (b) PNiPAM hydrogel models with
a water content of 50 wt %: (solid line) hydrophilic region,
(dashed line) hydrophobic region, (dotted line) bulk region, and
(dash-dot line) pure water. The straight lines show the least-
squares fits.

Cl
R(t) ∼ exp(- t

τR) (10)
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Even in the bulk region, which is far from polymers,
τR is influenced by polymer and is longer than that in
pure water. Although τR values in the bulk region are
not affected by the polymers for the systems with a
water content 75 wt %, the values decrease for the
systems with lower water contents. In the bulk region,
hydrogen-bond numbers and local motions are equal to
those in pure water, irrespective of water contents. The
translational diffusion and the orientational relaxation
of water molecules are, however, suppressed by poly-
mers for the systems of lower water contents. Water
molecules are continuously spread over in whole the
simulation cell and are preferentially dissolved in the
bulk region for the system with a high water content.
On the other hand, water molecules are compartmen-
talized for the system with a low water content. There-
fore, though the local structure and local motion of water
are not affected, the mobility of long time scales is
suppressed in the latter system.
Comparison with Hydration in Other Systems.

Hydration of small molecules has been studied through
computer simulation as reviewed by several authors.2,16,17
Rossky and Karplus18 studied structure and dynamics
of the hydration shell for alanine dipeptide through MD
simulation. The translational and rotational mobility
of water molecules is highly suppressed around hydro-
phobic groups, while slightly suppressed around hydro-
philic ones. Tanaka et al. performed MD simulations
for aqueous solutions of tert-butyl alcohol (TBA)19 and
that of urea.20 In spite of strong interaction between
water and urea, the diffusion coefficient of water is less
suppressed in the urea solution than in TBA solution.
In the vicinity of apolar molecules, water becomes more
structured and less mobile by so-called hydrophobic
effects.21,22 In the present study, mobility of water is
significantly lowered around both hydrophilic and hy-
drophobic groups. Hydrophobic effects play an impor-
tant role also in hydrogels. Water molecules in hydro-
gels are strongly bound to hydrophilic groups of polymer
chains, which relax very slowly compared with small
molecules. This leads to different behavior of water
around hydrophilic groups in hydrogels from that
around small molecules.
The slow relaxation of a solute is the same situation

as in the case of hydration of proteins. In the hydration
shell of melittin, which is a bioactive polypeptide
consisting of 26 amino acid residues, mobility of water
is significantly suppressed around charged, polar, and
nonpolar groups of the protein.15 The water molecules
in the first hydration shell of a charged group are
immobilized by the strong interaction with the group.
In the hydration of proteins, water molecules are bound
to the surface area of protein of rather compact confor-
mation. On the other hand, water molecules are sur-
rounded by polymer networks in hydrogels. Large
hydrophobic side chains impose a constraint on the
mutual orientation of water and polar group. Finite size
of the local solvent droplet reduces the mobility of water
molecules even in the bulk region of our system.

Conclusion

MD simulations have been carried out for the hydro-
gel models of PVA, PVME, and PNiPAM to elucidate
the structure and dynamics between water and poly-
mers. The simulations are performed for the systems
with water contents 0, 25, 50, and 75 wt % at five
temperatures ranging from 200 to 400 K. The dynamics
of hydrogen bonds in the hydrogels is investigated

through the lifetime distribution and the hydrogen-bond
correlation function. The translational diffusion and the
orientational relaxation are analyzed for water mol-
ecules which are classified into three categories: (1)
around hydrophilic groups, (2) around hydrophobic
groups, and (3) the remaining bulk region.
The effects of polymers on the properties of water

molecules are varied with the species of polar groups.
The characters of the hydrophilic groups are reflected
in the lifetime of hydrogen bonds, the spectral density,
etc. Around the -NH- groups of PNiPAM, the analy-
ses such as the residence rate, the lifetime of hydrogen
bonds, and the hydrogen-bond autocorrelation function
show that exchange of water molecules hardly occurs
and the polymer-water hydrogen bonds persist for a
long period. Although water molecules are strongly
bound to the -NH- groups, the populations having a
lifetime of hydrogen bonds shorter than 0.05 ps are
dominant in the lifetime distribution. Those of very long
time scales are also observed. This implies that the
formation and destruction of hydrogen bonds are recur-
ring in a short time scale. This is consistent with what
we observed in the translational spectral density.
The mobility of water molecules is highly reduced

around polymer chains for both translational and
rotational motions. The mobility is reduced because of
the hydrogen bonds between water and polymers around
the hydrophilic groups and because of the structural-
ization of water around the hydrophobic groups. In the
bulk region, the hydrogen-bond numbers and local
motions are equal to those in pure water irrespective
of water contents. The mobility of long time scales is,
however, lowered by polymers for the systems with low
water contents. Compartmentation of water is one of
the reasons.
In this paper, several analyses are made to elucidate

interplay between water and polymers, with attention
directed mainly to the properties of water molecules.
The effect of water molecules on the local motions of
polymers is also an interesting subject. A discontinuous
change is expected in the temperature dependence of
mobility of water molecules around the phase transition
temperature.23 In this study, however, it could not be
observed partly because the simulation time is not long
enough to observe the phase transition. Longer time
scale simulations or more macroscopic models are
needed since the entropy terms of polymer chains should
be considered to describe the volume phase transition
phenomena. The functional separation membrane is
one of the applications of hydrogels. Cooperative mo-
tions of water and polymers play an important role in
the permeation phenomenon of gases in hydrogels.
Further studies should be carried out to elucidate these
phenomena.
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