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Abstract

We step toward the elucidation of the relation between the structural and dynamic anomalies
in supercooled water. We present the results of molecular dynamics simulations of the extended
simple point charge (SPC/E) model of water for the translational and rotational diffusion and for
the number of neighbors and hydrogen bonds. We find that the product of diffusion coefficient
and relaxation time is nearly constant. The coupling between the two mobilities is explained in
the framework of the structural anomalies.
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1. Introduction

Water is the most common liquid in nature and it is also important in technological
applications. Despite the simple structure of water molecules, this system exhibits a very
peculiar thermodynamical behavior. It expands on freezing and, at a pressure of 1 atm,
the density has a maximum at 4°C. Additionally, there is a minimum of the isothermal
compressibility at 46°C and a minimum of the isobaric heat capacity at 35°C [1]. Even

* Corresponding author. Tel.: +55-51-33166516; fax: +55-51-33167286.
E-mail address: barbosa@pcstatd.if.ufrgs.br (M.C. Barbosa).
URL: http://www.if.ufrgs.br/~barbosa

0378-4371/02/$ - see front matter (©) 2002 Elsevier Science B.V. All rights reserved.
PII: S0378-4371(02)01083-X



P.A. Netz et al. | Physica A 314 (2002) 470—476 471

in extreme conditions, the behavior of water has interesting applications. There is a
number of transport phenomena in plants that occurs at low temperature and pressure.
Moreover, since water yields strong solvent effects in reactions, it is commonly used
as a solvent in chemistry.

The thermodynamic anomalies are explained by structural peculiarities of water.
They are linked to the local structure: water has strong and directional hydrogen
bonds in such a way that it behaves as a transient gel [2,3]. Each water molecule
acts as both a donor and an acceptor of bonds, generating a structure that is
locally ordered, similar to that of ice, but maintaining the long-range disorder typical
of liquids.

Almost three decades of computer simulations on water have broadened our knowl-
edge about this unusual liquid. It is now possible to reproduce in a molecular
dynamics simulation a wide range of properties of water. Thus, besides the ther-
modynamic properties, the dynamics of water was also explored [4—12]. The sur-
prising result of these works is that water also exhibits an anomalous dynamical
behavior. The increase of the applied pressure leads to an increase in water trans-
lational diffusion coefficient [13-16] that has a maximum at ppm.x. If the pressure
is decreased it appears an opposite behavior, and if we analyze the diffusion coeffi-
cient along isotherms, a minimum of the diffusion coefficient can be found at ppmin
[12,17]. The rotational diffusion exhibits a complementary behavior to the translational
diffusion [17,18].

Unlike the thermodynamic properties, the anomalous behavior of the mobility is still
not well understood. Recently, it was proposed that the structural anomalous region is
bounded at low densities by the maximum of the tetrahedrality and, at high densities
by the minimum of the translational order [11]. Many experiments indicate that the
random tetrahedral network cannot be perfect, but must contain some sort of structural
defects associated with the region of maximum diffusivity [19]. The importance of such
network defects for the mobility of water molecules has been supported by simulations
[20], however the association between ppmax and the number of defects needs to be
explored. Moreover, it is not also clear how the number of intact hydrogen bonds is
related with ppmin.

In this paper, we attempt to gain a quantitative understanding of the relationship
between the anomalous behavior observed in the kinetics and the underlying struc-
tural properties. Our main hypothesis, based on experimental observations and sim-
ulations, is that the anomalies in the mobility have their origin in two structural
properties: the distribution of the number of hydrogen bonds and the percentage of
molecules with a certain number of neighbors. In order to check our assumption,
using molecular dynamics we investigate how these quantities change with density
and temperature in the region where the anomalies in the dynamics appear. Based
on these result, we establish a relationship between the behavior of these distribu-
tions and the diffusivity. Moreover, within this framework we can explain the cou-
pling between the rotational and translational diffusion, also observed in our
simulations.

The reminder of this manuscript goes as follows. In Section 2 the method is explained
in detail and in Section 3 we present our results and conclusions.
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2. Methods

We performed an extensive set of molecular dynamics simulations using 216 SPC/E
[21] water molecules, integrated using SHAKE [22,23], in the canonical ensemble
(NVT). The rescaling of the velocities was made using the Berendsen thermostat [24],
the electrostatic interactions were calculated using reaction field [25] with cut-off radius
of 0.79 nm.

The orientational relaxation was analyzed using the rotational autocorrelation function
[22]:

C(e) = (e(r) - €(0)) (1)

using an exponential decay fit function. The vector e is a chosen unity vector describing
the orientation of the dipole.

In order to understand the effect of the structure on the dynamics we also carried
out a detailed analysis of the distribution of the number of H-bonds and distribution of
the number of first neighbor molecules. Complementary to the analysis of the number
distribution of neighbors and hydrogen bonds, the angle distribution of these quantities
was also computed, and was discussed elsewhere [18]. The number of first neighbors
is calculated by computing all molecules whose distance from a given molecule is
less than 0.32 nm. This distance represents the first minimum in the oxygen—oxygen
radial distribution function gpo(r) at moderate and low densities. In order to have a
better comparison, the same O—O distance criterion is also applied for all state points,
irrespective of the density. !

The distribution of the number of hydrogen bonds is computed in a similar way. A
hydrogen bond between two water molecules is counted if, besides the O-O, also a
non-bonded H...O distance criterion is obeyed, i.e., the H...O distance should be less
than 0.25 nm. This is similar to the geometrical definition of the hydrogen bonds [26]
but modified in the sense that no restriction about hydrogen bond angle was applied.

3. Results and conclusions

The behavior of the translational diffusion at the isotherm 7 = 240K is illustrated
in Fig. 1. For high densities (p > ppmax ~ 1.1 gcm_3), water behaves as a normal
liquid and the decrease of translational diffusion coefficient, D, with increasing pres-
sure is governed by steric effects. For p < ppmax, as the density is decreased, unlike
other liquids, the mobility in water decreases. Further stretching, at p < ppmin, desta-
bilizes the hydrogen bond network, leading to an increase in mobility. The interplay
between these three different factors leads to a maximum in the diffusion constant D at
Ppmax and a minimum at ppmin. In compass, the rotational diffusion time, also shown
in Fig. 1, increases as the density is decreased and has a maximum at the ice-like

! Despite that for high density systems this O—O distance no longer corresponds to a minimum in the
goo(r). In this high densities the presence of non-tetrahedrally coordinated neighbors leads indeed to a
deformation in the goo(r), with the first minimum displaced to 0.40 nm.
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Fig. 1. Diffusion coefficient (circles) and rotational time (squares) versus density along the isotherm
T =240K. In order to have the two graphs in the same plot, the diffusion coefficient was multiplied
by a factor of 400.
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Fig. 2. The relaxation time for different temperatures (dashed lines) and the product of diffusion coefficient
and relaxation time (solid lines). In this scale the product is nearly constant, independent of the temperature
and density.

density, ppmin. Therefore, in the range of densities where the mobility is anomalous,
Ppmin < P < Ppmax, the translational and rotational mobilities are not independent, but
correlated. The product of D x 1, shown for various temperatures in Fig. 2, is nearly
constant showing only a small decrease with increasing density, but no dependence on
temperature, for the range ppmin < P < PDPmax-
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Fig. 3. (a) Fraction of molecules with n neighbors and (b) fraction of molecules with » hydrogen bonds,
both calculated within a distance 7, versus density for 7 = 240 K.

The diffusivity of a large particle in a solvent made of small particles can be
described in the framework of hydrodynamic arguments. In that case, the product of dif-
fusion coefficient and orientational relaxation time is a constant, independent of density,
viscosity and temperature [27]. For studying the mobility of water in its own solution,
neither the continuous description of the solvent nor modeling the water molecule as
compact object are appropriated, so the hydrodynamic description is expected not to
be valid. Nevertheless, the similarity between the results for diffusion coefficient and
relaxation times seems to indicate that these two quantities are related.

We propose that the anomalous behavior in the mobility and the correlation between
the translational and rotational diffusion can be rationalized on the basis of two struc-
tural properties: the distribution of the number of hydrogen bonds and of the number of
neighbors. In order to check our hypothesis, we calculate these two quantities for wide
range of temperatures and densities. We show in Table 1 the fraction of molecules with
n neighbors within the same distance r=rp;, for different temperatures and densities. In
Fig. 3 we show the behavior of the isotherm 7=240 K for the neighbors and hydrogen
bond distributions. All the temperatures exhibit almost the same trend. The number of
molecules with four neighbors has a maximum at ppmi, =~ 09 g cm 3 and decreases as
the density is increased. On its expenses, the higher coordinated molecules, particularly
with five and six neighbors, increase their number. At ppmax ~ 1.1 g cm™3, the sum of
molecules with five and six neighbors overcomes the number with four. Fig. 3 shows
the number of intact hydrogen bonds is not strongly affected by the change in density.

How are these structural properties related to the dynamic anomalies? The increase of
the number of molecules with higher coordination number indicates that imperfections
in the tetrahedral network are formed in the density range from ppmin t0 Ppmax. The
number of hydrogen bonds do not alter significatively, therefore these imperfections
arise from inclusion of extra molecules that will share an hydrogen bond with another
one and not from the formation of an extra hydrogen bond. As a result, the bond is
weakened. The molecule is then free to move. The shared bond breaks and the molecule
by means of a small rotation connects to another molecule enabling the translational
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Table 1
Results of the simulations. Distribution of the number of H bonds and neighbors

r p nHp Tneighb

<l 2 3 4 5

WV
=)

<l 2 3 4 5

WV
a

280 0.850 043 6.15 28.06 58.17 6.66 046 0.15 3.78 2238 56.55 15.05 255
280 0875 046 584 2726 5826 7.69 049 0.17 347 2120 5620 16.68 228
280 0900 0.51 4.62 2464 6221 7.68 034 0.14 260 1784 58.03 19.14 225
280 0925 036 476 2420 6128 886 053 0.13 246 1731 5642 2035 0.3l
280 1.125 022 3.13 19.59 5635 18.01 269 0.03 131 1053 44.10 3241 11.62
260 0.850 0.33 448 2397 6514 587 021 0.10 3.05 1893 6239 1421 1.32
260 0875 034 349 2255 6723 618 021 0.14 198 1774 63.76 14.85 1.54
260 0900 0.26 3.65 2041 68.87 6.62 020 0.10 2.03 1535 6395 16.60 197
260 0925 0.18 2.89 1889 70.16 752 3.62 0.04 138 1354 6466 1821 216
260 1.125  0.19 230 17.61 6033 1720 237 0.02 088 945 4740 3128 1098
250 0.850 0.20 333 2147 6986 494 021 0.08 195 1725 6651 13.13 1.08
250 0.875 022 286 19.65 7224 486 1.76 0.08 1.72 1523 6842 13.42 1.14
250 0900 0.21 258 1820 7280 6.09 021 0.06 145 1353 6844 15.23 1.21
250 0950 0.14 228 1726 72.06 793 031 0.0l 1.06 11.84 6451 1990 2.68
240 0.850 0.11 281 18.14 7441 440 0.13 0.07 156 1441 7049 1249 098
240 0.875 0.14 227 17.18 7584 446 0.11 0.02 126 13.53 7253 11.84 0.81
240 0900 0.11 196 1522 78.16 443 0.13 0.02 1.09 11.50 7393 1246 1.00
240 0925 0.09 1.67 1431 7835 542 0.16 0.02 0.73 1040 72.88 14.58 1.39
240 0950 0.08 1.86 1434 76.79 6.63 3.00 0.02 0.65 973 69.05 1825 229
240 0975 0.17 237 1724 73.00 699 022 0.06 145 1407 7029 13.17 095
240 1.000 0.10 2.18 1591 73.00 850 031 0.02 127 1250 69.71 15.06 142
240 1.075 0.06 143 1293 70.60 1398 1.00 0.00 026 516 48.75 3330 1253
240 1.125 0.09 1.74 1477 6624 1558 147 0.02 048 809 5144 3121 8.76
240 1250 0.05 1.11 11.68 56.69 2504 543 0.0 0.11 323 2791 3834 3040
240 1.300 0.05 080 931 53.84 2811 7.85 0.00 0.05 1.76  19.05 35.64 43.47
230 0.850 0.10 2.19 1527 7876 3.61 0.07 0.02 128 1243 7485 10.76  0.66
230 0.875 0.08 170 1435 80.09 3.69 0.09 0.0l 091 11.17 77.05 1024 0.63
230 0900 0.06 133 1272 8234 351 0.04 0.0l 0.60 979 7848 10.55 0.57
230 0925 0.06 131 11.70 82.09 472 0.11 0.01 053 847 77.03 1295 1.00
230 1.125 0.07 149 13.60 68.99 1455 130 0.00 4.74 738 5467 2983 7.63
220 0900 0.04 1.04 955 8630 3.01 005 0.00 040 730 8258 922 500
220 0925 0.02 084 7.88 8815 3.05 005 0.00 026 566 8361 992 056
210 0.850 0.02 1.04 851 88.95 148 0.02 0.00 045 690 87.19 525 020
210 875 0.04 091 9.08 88.12 1.83 0.03 0.00 034 727 8552 662 024
210 0925 0.00 0.57 4.44 9261 235 0.03 0.00 002 150 73.67 2152 325

diffusion. Since the number of hydrogen bonds do not alter, the molecule has to rotate
to keep all the bonds. The net motion of water structure consists of slow non-oscillatory
or quasioscillatory translational and rotational displacements [28]. This slow dynamics
couples the translation to the rotation of the molecule.
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