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Effects of polymer chains on structure and dynamics of supercooled water in polyinyl alcohol)
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Molecular-dynamics simulations for pdlsinyl alcoho) hydrogels have been carried out in a wide tempera-

ture range 150—-400 K to examine effects of polymer chains on structure and dynamics of supercooled water in
hydrogels. A fragile-strong character of water under perturbations of polymer chains is examined. Polymer
chains affect the fragile-strong character of water, which is manifested in temperature dependences of potential
energy, translational diffusion coefficient, and orientational relaxation time. Water coexisting with polymer has
a rather stronger character in the strong-fragile classification than that in pure water. Structure and dynamics of
water in hydrogels are significantly altered by the slow dynamics of polymer chains, as well as the structure
and dynamics of hydrogen-bond networkS1063-651X99)04405-0

PACS numbds): 61.20.Lc, 61.20.Ja, 61.25.Hq, 64.70.Ja

I. INTRODUCTION hydrogen bonding sites. The temperature dependence of the
viscosity (and rotational relaxation timas described by the
We have performed molecular-dynami@®lD) simula-  Vogel-Tammann-FulchetVTF) equation, which means that
tions of hydrogels and examined both structural and dynamithe agueous solution belongs to a fragile liquid over a wide
cal aspectd1,2]. Special care was taken of the interplay range of temperaturfl1-13. Water molecules coexisting
between water and polymer segmental motions. We foun¥ith polypeptide have a different temperature dependence of
that po|ymer chains Signiﬁcanﬂy affect hydrogen_bond Struc_the relaxation time of rotational motions and are considered
tures and dynamics of water in hydrogels. Compartmentatiof® be rather strong liquidsl4]. Angell suggested that this
of water molecules in hydrogels changes the character dype of behavior may be common to all hydrophilic polymers
water from a bulk one. hence to a large number of biopolymer systdms]. Some
Water exhibits various anomalies in thermodynamic re-Of the evidence were also observed in our previous simula-
sponse functions such as heat capacity and isothermal corfion study for polyvinyl alcoho) (PVA) hydrogel[15]. Itis
pressibility [3,4]. Those properties in a supercooled stateimportant to investigate why water changes its dynamic
tend to diverge when approachifig, 228 K [5], although charactgr_s by changing coexistent solute species from small
water always freezes to ice at a temperature higher by a fefyydrophilic molecules to polymers. _
degrees tha,. Tanaka[6,7] demonstrated that the poten- ~ The glass transition phenomena and properties of super-
tial energy drops significantly at a certain temperature angooled liquids and glasses have long been studied but have
proposed a phase diagram which is different in the locatiof'ot yet been understood complete[$2,13,16. Glass-
of the second critical point from that suggested by Stanleyforming systems have canonical features: non-Arrhenius be-
and co-workerg8,9]. According to the phase diagram pro- havior (fragility), nonexponential relaxation, and nonlinear-
posed by Tanaka, the TIP4P water undergoes a first-orddly Of relaxation (nonergodi¢. Specific heat and thermal
phase transition between low- and high-density liq@ldaL. ~ €xpansion coefficients exhibit discontinuities at the glass
and HDL at 213 K under ambient pressure; the densitytransition temperaturg,, below whlqh configurational rear-
jumps discontinuously at 213 K. Sciortiret al. [10], how-  rangements are extremely slow. It is expected that structure
ever, questioned this interpretation; they argued that the def@nd dynamics of water in hydrogels are affected by a signifi-
sity change is continuous. In spite of the apparent differencéant change in polymer segmental motionsTgtof neat
in the existence of the continuous path from normal superPOlymer. Itis very interesting to examine the effects of poly-
cooled water to LDL, the underlying idea to account for mer chains on the structure and dynamics of water since
those anomalous properties of water is that the phase equfose have a close relation to cryopreservation.
librium between LDL and HDL is responsible for those In the present paper, the structure and dynamics of super-
anomalous properties, apart from the location of the secongiooled water in PVA hydrogel are investigated through MD
critical point. But we will not address in the present paperSimulations of rather long time runs in a wide temperature
the topic as to where there is a critical point in a temperaturetange 150—400 K. We investigate structure and dynamics of
pressure plane. water, which is significantly perturbed by polymer chains.
The divergent character is suppressed and water is cooled
down to the glass transition temperature when alcohol or
hydrogen peroxide is dissolvéd]. A possible explanation is
that LDL structure cannot exist with those solutes because of MD simulations are performed for pure water and hydro-
steric factor, i.e., differences in geometry and the number ofiel models of PVA. Samples are listed in Table I. The

Il. MD SIMULATIONS
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TABLE I. Degree of polymerizatiorx, number of water mol- 1.3
eculesn,,, and water content,, of each sample. .
Cy = 27.5Wt%
Sample X Ny c, (Wt%)
PVA/water 161 150 275
PVA/water 81 199 50.0 1.2 :
Pure water 216 100

Cy = 50.0 W%

amount of water in the hydrogets, is 27.5 or 50.0 wt % of
the hydrated polymer. Here, the ratio of water to polymers is
0.38:1 or 1:1, respectively. PVA is modeled as
H—[—CH,—CH(OH)—],—CHjz with degree of polymer-
ization x=81 or 161. The fraction of meso dyads is 0.5
(atactig. A polymer chain is confined in a unit cell with 199 a

or 150 water molecules under the periodic boundary condi- a A,
tion. The chain may be entangled with its image chains. The 1.0 r
AMBER/OPLS (optimized potential for liquid simulations

[17,18 force field is used for the polymer, and the TIP4P 4
[19] for water. The united atom approximation is applied for

—CH;, —CH,—, and >CH— groups, each of which is

treated as a single interaction site. Nonbonded potentials are 09 . . . .
truncated smoothly at 9 A. The long-range correction for 150 200 250 300 350 400
Lennard-Jones part is made. Initial structures are obtained by T (K)

the same method as described elsewh®/®. The equations  FIG. 2. Temperature dependence of the density of PVA hydro-
of motion are solved by the Verlet algorithm with a time stepgels with water content,,=27.5 wt% (squar¢ and 50.0 wt %

of 0.5 or 1 fs. The bond angles GHO—H of PVA and all  (circle), and that of pure wateftrianglg. Standard fluctuations are
the bond lengths are constrained by the SHAKE algorithmshown by vertical lines. The solid curvésplines are guides to the
The TIP4P water is treated as a rigid molecule by theeye. The simulation results of Tanaka are also plotféigd tri-
SHAKE vectorial constraint methof20]. Simulations are angle.

performed at various temperaturgb0—-400 K and a fixed

pressure(0.1 MPa using the Nosé\ndersen’s constant librium has been reached, the density fluctuates around an
temperature-pressure meth@l —23; the density of the sys- average value. The sampling time ranges from 1 to 40 ns for
tem is allowed to fluctuate. A cubic periodic cell is used foreach temperature. During sampling, no systematic drift is
the simulations of pure water. For the simulations of hydro-observed in the time evolution of potential energy, as shown
gels a rectangular cell is used:; three cell lengths are alloweli our previous study15]. Therefore, systems are considered
to fluctuate independently. The simulations are performedo be equilibrated at least for static properties, such as den-
sequentially from higher temperatures to lower temperaturesity or potential energy. Trajectories and velocities of atoms
according to the stepwise cooling schedule shown in Fig. 1are recorded every 500 steps on disk files for later analyses.
Equilibration runs of 0.2—-0.5 ns are inserted between two In order to extract purely structural information, the ther-
simulations at successive temperatures. In this condition, theally excited vibrational motions are removed from a set of

effective cooling rate is approximately ¥0K/s. After equi-  configurations generated by MD simulations, which are
called instantaneou@) structures. | structures are quenched

to the corresponding local potential energy minimum struc-

400 ) i ) ) ) ; :
300 ']i Gy =27.5Wi% | tures, called Q structures. Q structures are obtained by ap-

p (glem®)

pure water

plying the steepest descent energy minimization with the

200 —— same constraint condition as the MD simulation using the

400 1 gradient-SHAKE metho{i24]. Relaxation of polymer chains
< 300 | Gy =50.0 W% 1 in hydrogels, diffusion coefficient and reorientational relax-
= 200} 1 ation time of water, and distribution and dynamics of hydro-

400 ] gen bonds are examined.

300 | ] $|mulat|0ns are performed on DEC A_Ip_ha and HP 700

200 | pure water ] series workst_atlons and on a CRAY (_)rlgm 2000 parallel

100 ) ) ) ) ) computer, using the molecular-simulation prograamps

0 10 20 30 40 50 60 we coded.
t (ns)

FIG. 1. Schedule of stepwise cooling procedures for MD simu- ll. RESULTS AND DISCUSSION

lation of PVA hydrogel and pure water. Simulations are started at
400 K for each sample which is cooled down to 150 K along with
the schedule shown by stepwise solid lines. As shown by horizontal Temperature dependences of density are given in Fig. 2.
lines, further sampling runs are performed at each temperature. The individual point is an average over total sampling runs at

A. Thermodynamic properties of water
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difference between two ling$ and Q-structure energyor-

-48
responds to the contribution of the anharmonic energy. The
-0t potential energy of the Q structure for supercooled water
_________ decreases with declining temperature. It has been argued that
-52 Cy = 27.5 Wt% in the strong-fragile classification, a fragile character arises

from the anharmonic nature of the potential energy surface
q [12,13. This implies that water in the pure state and polymer
solutions with high water contents have a fragile character at
higher temperatures. As the concentration of the polymer
__________ increases, the anharmonic energiie difference between

o two lineg decreases. This smaller anharmonic energy indi-
] cates that the strong character increases with polymer con-
centration12]. The decrease in anharmonicity in the system
of lower water contents implies that the one-to-one nature of
polymer-water hydrogen bonds dominates the cooperative
nature of water-water hydrogen bonds.

Cy = 50.0 Wi%

U (kJ/mol)

B. Translational diffusion of water

Figure 4 shows logarithmic plots of the mean-square dis-
placementdMSD’s) of water. The MSD lines shorter than
. . . . 10 ps are obtained froNVT MD simulations at average
15 200 250 300 350 400 densities of each temperature in order to calculate short-time

T(K) correlations correctly. Overshoots are observed at low tem-
perature, which is similar to the results of Ga#loal. [26].

FIG. 3. Temperature dependence of the potential energy of &or pure water, the normal diffusioEinstein regime is
water molecule in | structuredilled symbolg and that in Q struc-  achieved above 175 K: the slopes of the figure become unity
tures (open symbols Water-water and water-polymer interactions after the root-mean-square displacements exceed approxi-
are included. Standard fluctuations are smaller than the symbol. Th?ﬁately the radius of a water molecule. The normal diffusion
solid curves(splineg are guides to the eye. regime is achieved above 200 K for the sample ogf

=50.0 wt%. Water molecules diffuse on the average al-
each temperature. The density of pure water shows a maxnost its diameter during 40 ns of MD runs even at 200 K in
mum. An abrupt change is found around 210 K, where thghe samples of,,=27.5 wt%. Therefore, analysis of water
density fluctuation is also large. Since present simulationglynamics from the present simulation is justified above 200
are performed with a small number of molecules andk. The anomalous diffusiorinon-Einstein regime persists
isothermal-isobaric ensembles, the change in density bgor a long time at low temperature, especially in the sample
comes facile in the vicinity of the critical point where the of c,=27.5 Wt%, as in the case of the diffusion of small
fluctuation becomes large, as shown in Fig 2. Harringtoq)enetrams in a pure polymer matf27]. The motion of
etal. [25] reported the existence of a liquid-liquid phase water is highly hindered by strong polymer-water interac-
transition for the ST2 model of liquid water; state pointstjons, especially the sample of,=27.5 wt%.
inside the coexistence region separate into two phases. OW- A series of trajectories at each temperature are divided
ing to a large number of molecul¢s728 and an isochoric  into five intervals, from which self-diffusion coefficienBs
system in their simulation, low- and high-density regions co-gre calculated by the least-squares fit. Figure 5 stowsf
exist in the basic simulation cell. In our study, on the otheryater above 200 K averaged over five intervals. The values
hand, the whole simulation cell takes low- and high-densityy¢ D, for pure water are approximately two times larger than
states alternately with a long period at around 210 K becausggse calculated by the SPC/E potential md@a! By using
of isobaric condition and a small number of molecules: Evenpe T|p4p model, mobility is slightly overestimated. Pro-
though the sharp change in the thermodynamic limit is exvijded that the Stokes-Einstein formula is valid in this tem-
pected, it is somehow blurred in the present system sizeyerature range, a systematic decrease of slope in the Arrhen-
Therefore, we will not refer here to a definite conclusion onjyg plot indicates that water is a fragile liquid. It is also
the discontinuity or continuity of water. . revealed that water becomes stronger with decreasing water

For PVA hydrogels, no gaps are found in the density plotcontents in hydrogels. This is consistent with the above con-

against temperatures. The magnitude of the density fluctugjysjon derived from the magnitude of the anharmonic ener-
tion decreases monotonically with decreasing temperature. gjes,

The potential energies of water for both | and Q structures
are plotted in Fig. 3. The potential energy of water is given
by the sum of water-water and water-polymer interactions.
The I-structure energy is the sum of Q-structure energy plus The orientational time correlation function is defined as
thermal energy, the latter of which is decomposed further
into harmonic and anharmonic vibrational energy. To re- C1()=(u(to)- u(t+to)), @)
move a trivial temperature dependence, the harmonic energy
3RTis subtracted from the I-structure energy in the plot. Thewhere u(t) denotes a unit vector along the dipole vector of a

C. Nonexponentiality of relaxation
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(a) ¢, = 27.5 wt%

107" }

log[Dg (cm2 s'1)]

1072

1072 P N T R S R 5
107° 100 10 10 10 10 10 10
t(ps)

10° - . . 5
ol (b) ¢,, = 50.0 wt% 1000/T (K™)
< 1 FIG. 5. Diffusion coefficienDg of water in PVA hydrogels of
oL 0¥ water content,,=27.5 wt % (square and 50.0 wt %circle) and
=) 100 L that in pure wate(triangle (logarithm to base 10Each point is an
“f average value of diffusion coefficients which are obtained from five
£ 49| subsets of MD trajectories. Error bars are based on minimum and
g maximum of fiveDg values at each temperature.
-2
10 various relaxation times. Non-Debye response functions are
102 . . . . . . a ubiquitous dynamical feature across supercooled liquids
102 107 10° 10" 10® 10® 10* 10° and amorphous polymers in theirrelaxation regime. Re-
t(ps) orientational relaxation time- and exponeni3 (0<B<1)
are determined by a nonlinear least-squares method using
10° . . five subsets of MD trajectories at each temperature. The lines
(c) Pure Water of C,(t) are successfully fitted to Eq2) above 200 K,
10% | though fitting becomes difficult at temperatures lower than
L 200 K because of the extremely slow relaxation. Therefore,
o 10’ we will discuss the strong-fragile character of water on the
g 10° Easis of the fitted relaxation times at temperatures above 200
; .
g 1 The average values of stretching expongnibtained by
= least-squares fitting are listed in Table II. The small values of
1072 B, ~0.35, inc,,=27.5 wt% hydrogel suggests a broad dis-
3 ) . ) ) . ) tribution of relaxation time, which is also reported for pro-
Ol0% 107 10° 100 102 10° 10* 10° teins: 5=0.2-0.4.

t (ps)
D. Non-Arrhenius behavior of relaxation time

FIG. 4. Mean-square displacem&MSD) of water in PVA hy-
drogels of water contertt,=27.5 wt % (a) and 50.0 wt %b) and
that in pure water(c). Each line from upper to lower represents
MSD at 400, 350, 300, 275, 250, 225, 200, 175, and 150 K, respec- TABLE II. Stretching exponen of the KWW function[Eq.
tively. (2)]. The values are average ones calculated from five subsets of

MD trajectories at each temperature.

The reorientational relaxation timesof water molecules
averaged over five subsets are shown in Fig. 6 with experi-

water moleculeuy;,. This is related to a dielectric relaxation

and is expressed by a single exponent@ébye type for T (K) Cw=27.5 ¢,=50.0 ¢, =100
pure water at room temperature. It deviates, however, from
. . . 00 0.50 0.69
the single exponential function. In the supercooled state, the 213 0.75
correlation functionsC,(t) are well fitted to the following :
; - 225 0.39 0.46 0.79
stretched exponential, or Kohlrausch-Williams-Watts 250 0.29 0.39 0.77
(KWW), function : : :
275 0.30 0.41 0.77
300 0.30 0.46 0.78
Cy(t)y=exd — (t/7)7]. 2
(O =exd — (7" @ 350 0.37 0.56 0.79
400 0.47 0.63 0.80

If the correlation function which is well described by Ef)
with small 8 is fitted by the superposition of several expo- Av. 0.35 0.49 0.77
nential functions withB=1 (Debye type, the system has
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TABLE Ill. Fitted parameters of the modified VTF equation

[Ed. 3)].
Cw (Wt%) D Ty (K) logyo(7o/S)
27.5 23 92 —14.6
50.0 53 139 —-13.1
100 3.3 148 -12.9

log(t/s)

tive motions and to approach a relaxation of the Arrhenius
type. Greenet al. [14] determined fragility for model ho-
mopeptide poly--asparagine ¢,=15.5 wt%) from scan
rate dependence experiments by the differential scanning
calorimetry. The VTF plot of the relaxation times calculated
from the fragility parameter shows even stronger behavior
than that of polyisobutylen€PIB), which is known as the
1000/T (K™") strongest chain polymeiD(=20). Angell suggested that this
type of behavior may be common to all hydrophilic polymers
FIG. 6. Reorientational relaxation timeof water in PVA hy- [11] Our present result Supports this Suggestion_ The corre-
drogels of water content,,=27.5 wt% (squar¢ and 50.0 wt % |ation between nonexponential relaxations and non-
(circle) and that in pure wateftriangle (logarithm to base 10 Arrhenius behavior is discussed by lBoer et al. [31]. Ex-
Each point is an average value of relaxation times which are Obéept for orientational glasses and monohydric aliphatic

tbaineg from five SUbseés of MD trajt;*(;_torie? Error bar;" which areyicohols, a distinct but broad correlation of non-Debye be-
ased on minimum and maximum of fivevalues at each tempera- |, iq- \vith non-Arrhenius relaxations is found.

ture, are smaller than symbols for most of the points. The data

points are fitted to the VTF equati¢Bqg. (3)]. Experimental data of . . . L ) i
the dielectric relaxation time are also plotted for pure wéter-) ation time diverges, coincides with the Kauzmann tempera

(Bertolini et al) and water in pol{2-hydroxyethyl methacrylajeof ture and should lie be'ow.g by an amount which depends on
water content,, =24 (V), 32 (X), and 51wt % @) (Xu et al) the paramet_eD. In. our simulation, the vglue of, for pure
water is a little higher than the experimentg}, 136 K.
mental data. Relaxation time of water is more than one ordeﬁiﬁigﬁgstgot?:n N(ljgi f?Js\(lev?er:]sslggcv)\:]nallln ;I%(Sog QN ater
smaller than that of the side chain motion of PVA, and three 9 y - The

) of water lies around 170 K in the simulation of the present
to four orders smaller than that of the main chf28]. The " L " 3 .
motion of water molecules is highly hindered by the SIOW;:non(rj;ttlgnw(irgoobKjg)rvann time-10"% s, the effective cool-
motion of polymer chains. The data points are well fitted by 9 '

the modified VTF equation for the relaxation time

The ideal glass transition temperatdrg at which relax-

E. Structure of water in the vicinity of hydrogel

T(T):TOEX% DTo ) 3) Snapshots of PVA hydrogel shown in our related paper
T=To)’ [28] give an impression of the rather distinct structure of
hydrogel. Water molecules are classified into three catego-

wherer,, D, andT, are fitting parameters. The temperaturei€S: (1) those around hydrophilic group) those around
dependence of for pure water agrees with experimental Nydrophobic groups, an@) the bulk region. The hydro-
data[29], though mobility is systematically overestimated. Philic region is defined so as to cover the inner region up to
This may be owing to a character of the potential modethe first peaks of the radial distribution functiogér) of.
TIP4P (diffusion coefficients are also overestimate@ix- ~ Water oxygen atoms around-OH groups. The hydrophobic
perimental values of the dielectric relaxation time of water in"€gion is  similarly - defined  for hydrophobic ~ groups:
poly(2-hydroxyethyl methacrylaie(PHEMA) hydrogel of =~ CH—, —CH,—, and—CHs. The regions which belong
water content,,= 24, 32, and 51 wt %30] lie above the 0 both regions(1) and (2) are incorporated in regiofL).
VTF lines of our simulation results. Experimental and simu- 1 € bulk region is defined as a region outside regianand

lation data could be smoothly connected, considering the dif(?) (out of the first hydration shells ,
ference in the observation time between them. Table 1V lists the average numbers of water molecules in

For pure water, deviation from the Arrhenius behavior is€ach region. In the present samples, 93%~27.5 wt%)
obvious; water is classified into fragile liquids. In PVA hy- OF 64% (€,=50.0 wt%) of water molecules reside in the
drogels, the temperature dependencerofipproaches the _ .
Arrhenius type with decreasing water content. Best fitted val- | ABLE IV. Average number of water molecules in each region
ues of the fitting parameterg, D, andT, are listed in Table of hydrogels.

lll. As is clear from the strength parametBr, water sur-

. - .
rounded by PVA chains is rather strong at low water content Cu_(WL%) Hydrophilic Hydrophobic Bulk
Slow dynamics of polymer chains affect dynamic properties 275 112.1 28.3 9.6
of water through strong hydrogen bonds between polymer 50.0 86.7 42.0 70.3

and water in such a way as to remove complicated coopera
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FIG. 7. Fractions of water molecules which have four hydrogen bonds in | strudfilled symbolg and that in Q structurepen
symbolg of PVA hydrogels of water contewt,=27.5 wt % (squar¢ and 50.0 wt %_circle): (a) water around hydrophilic groupéy) water
around hydrophobic group&;) water out of the first hydration shell, arid) all water molecules. Data for pure water is also plotted in the
figures(triangle.

first hydration shell. In the system af,=27.5 wt%, nar- content in the Q structure is canceled by larger amplitude-
row interstices contain water molecules, several of whichhermal motions, which arise from the anharmonic vibrations
bridge two—OH groups of PVA. On the other hand, the as seen in Fig. 3. In the system of low water content, there-
bulk region forms awater ball in the sample ofc, fore, the number of configurations to form a local tetrahedral

=50.0 wt%. It is expected that water in the latter preservegrrangement is small for the Q structure p@4) values are
the bulk nature to a certain extent. the same as that of pure water in the | structure.

F. Structure of hydrogen-bond networks G. Dynamics of hydrogen-bond networks

With decreasing temperature, the network structure of hy- Dynamical properties of polymer chains are transferred to
drogen bonds for water is more enhanced; defects of thwater molecules through hydrogen bonds between water and
tetrahedral network structure decrease. A water moleculgolymers. The dynamics of hydrogen bonds seem to play an
forms four hydrogen bonds in ice. Therefore, the fraction ofimportant role in the structure and dynamics of water in hy-
water molecules which have four hydrogen bong¢4),  drogels. This should be investigated in more detail. In order
could be a measure of the perfectness of the hydrogen bond®. €xamine the dynamics of hydrogen bonds, itftermittent
Figure 7 shows the temperature dependenge(d) in each  hydrogen-bond autocorrelation functiGiAF) [32]
region defined above. Hydrogen bonds are defined by a ge-
ometry criterion, in the same manner as our previous study TABLE V. Stretching exponeng [Eq. (2)] averaged over tem-
[1,2]. In pure waterp(4) reaches a limiting value of 0.97 at Peratures for the correlation functions E¢) of polymer-polymer
low temperature. Pure water includes only a few defects ofP-P), Polymer-water (p-w), and water-water(w-w) hydrogen
the tetrahedral network structure below 210 K, as shown b)?onds. The values @8 are calculated from five subsets of trajecto-
Tanaka[7]. In the bulk region, the temperature dependencéi€S at each temperature.
of p(4) is approximately the same as that in pure water. In

0, - - -
the hydrophobic regiorp(4) has an upper limit of 0.8, irre- Cw_(WL%) PP pw ww
spective of water contents. In the hydrophilic region, the 275 0.35 0.39 0.36
values ofp(4) strongly depend on water contents in Q struc- 50.0 0.32 0.43 0.51
tures. In | structures, the values pf4) are apparently inde- 100 0.64

pendent ofc,, above 250 K. The greatqx(4) at high water
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FIG. 8. Relaxation time of water-water hydrogen bonds in PVA  FIG. 9. Relaxation time of polymer-polyméppen symbols
hydrogels of water contemt,=27.5 wt % (squar¢ and 50.0 wt %  and polymer-wate(filled symbols hydrogen bonds in PVA hydro-
(circle) and that in pure watgtriangle (logarithm to base 10 The gels of water content,=27.5 wt% (squar¢ and 50.0 wt %
data points are fitted to the VTF equatidgqg. (3)]. (circle) (logarithm to base )0 The data points are fitted to the VTF

equation[Eq. (3)].

<; Sij(t+to)sii(to)> IV. CONCLUSIONS

' “@ MD simulations of rather long time runs have been car-
<; Sii(to)sij(to)> ried out for PVA hydrogels and pure water in a wide tem-
perature range 150—400 K to examine the effects of polymer
chains on the structure and dynamics of supercooled water in
hydrogels. A fragile-strong character of water under pertur-
bations of polymer chains is examined. The fragile-strong
character of water is affected by polymer chains, which is
manifested in temperature dependences of density, potential

{1 (bonded, energy, translational diffusion, and orientational relaxation
sij(t)= G : : ;
1l 0 (nonbondedl time. Water in hydrogels has a rather stronger nature than
that in pure water. Molecular motions of water are correlated
with those of polymer. Polymer and water are mutually in-

Only those pairs which havg;(ty)=1 are included in the : o
sampling. This type of analysis focuses on the elapsed timiuénced via strong hydrogen bonds. The glass transition
temperature of PVA is quite different from that of pure wa-

until the final breakage of the bond occurs. Another defini- i . .
tion of HAF, acontinuousone[32], focuses on the elapsed €M~ Thus, the slowing down of the PVA motion gives, nec-
time until the first breakage is observed. Hydrogen bonds ar8SSarily, rise to slowing down of the motion of water. The
switched on and off repeatedly on the order of a subpicosed@/9€ change in dynamic propertiésansational diffusion
ond by the librational motion of the moleculkg). This time ~ nd rotational relaxation as well as the thermodynamic
scale is reflected in theontinuousHAF. After scores of Properties in pure water is suppressed in the hydrogel.
times of bond-breaking and forming, two molecules separate Water coexisting with hydrogel in the low-temperature
from each other and thiatermittentHAF decays gradually. '€9ime seems to be different in both thermodynamic and

The stretching exponert and the hydrogen-bond relaxation dynamic _characters from pure water since a certain amount
time 7,45 (see Table Vis calculated by fitting Eq(4) (inter- of water in hydrogel is no longer 'Fetrahedrally coordinated.
mittentHAF) to the KWW function[Eq. (2)]. The number of tetrahedrally coordinated water molecules do

Figure 8 shows the Arrhenius plot of s of water-water not increase even if the temperature approaches the glass

hydrogen bonds in PVA hydrogels and that in pure Water_transition temperature due to the steric hindrance by polymer

The figure is similar to Fig. Greorientational relaxation time chalns. It V.VOUId be Wort.hwhlle n the future to examine a
of watep. This again implies that water becomes strongerd'fference n the nucleation mechamsm bgtween pure water
with decreasing water contents. Figure 9 shows thg of a_nd water in hydrogel, ano_l to examine |ts_relat|on to the_
polymer-water and polymer-polymer hydrogen bonds. At thedlvergence in thermodynamic response functions observed in
T4 of polymer chains (1000/~3.85) [28], 75 of polymer- pure water.
water hydrogen bonds in the sample @f=27.5 wt% is

comparable to the observation timel0 8 s. Sinceryg in

the sample ofc,,=50.0 wt% is one order shorter, an ex-

change of water molecules which are hydrogen-bonded to This work was supported by the Japan Society for the
—OH groups of PVA occurs even belofy, of the hydrated = Promotion of Science and by the Japan Ministry of Educa-
polymer. As seen in Fig. 9, relaxation of the polymer-watertion. Computation time was provided by the Supercomputer
hydrogen bond has a stronger nature than that of the watetaboratory, Institute for Chemical Research, Kyoto
water hydrogen bond. University.

Chs(t) =

where(- - - ) means average over all possible time origins
and a quantitys;; (t) is defined for a pair of molecule®r
monomery, i andj, at timet as
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