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Structure of supercooled and glassy water under pressure
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We use molecular-dynamics simulations to study the effect of temperature and pressure on the local struc-
ture of liquid water in parallel with neutron-scattering experiments. We find, in agreement with experimental
results, that the simulated liquid structure at high pressure is nearly independent of temperature, and remark-
ably similar to the known structure of the high-density amorphous ice. Further, at low pressure, the liquid
structure appears to approach the experimentally measured structure of low-density amorphous ice as tempera-
ture decreases. These results are consistent with the postulated continuity between the liquid and glassy phases
of H2O. @S1063-651X~99!10007-2#

PACS number~s!: 64.70.Pf, 61.12.Ex, 61.20.Ja, 61.43.Fs
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The structure of liquid water has been well-studied at a
bient pressure by a variety of experimental and simulat
techniques. It has been recognized that each water mole
is typically hydrogen bonded to four neighboring molecu
in a tetrahedral arrangement, leading to an open bond
work that can account for a variety of the known anomal
of water @1,2#. More recently, the effect of pressure on bo
the structure and the hydrogen bond network of liquid wa
has been studied experimentally@3,4# and by simulations us
ing a variety of potentials, including the ST2 potential@5,6#,
the MCY potential@7#, the TIP4P potential@6,8–10#, and the
SPC/E potential@11#. Furthermore, understanding the effec
of pressure may be useful in elucidating the puzzling beh
ior of liquid water @12,13#.

In particular, three competing ‘‘scenarios’’ have been h
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pothesized to explain the anomalous properties of water~i!
the existence of a spinodal bounding the stability of the l
uid in the superheated, stretched, and supercooled s
@14#; ~ii ! the existence of a liquid-liquid transition line be
tween two liquid phases differing in density@6,10,15–17#;
~iii ! a singularity-free scenario in which the anomalies a
related to the presence of low-density and low-entropy str
tural heterogeneities@18#.

Here, we present molecular-dynamics~MD! simulations
~Table I! of a comparatively large system of 8000 molecu
@23,24# interacting via the extended simple point char
~SPC/E! pair potential@25#. We find remarkable agreemen
with neutron-scattering studies of the effect of pressure
the structure of liquid D2O @4#, indicating that the SPC/E
potential reproduces many structural changes in the liq
for
he
lative to

.

FIG. 1. Pair correlation functionh(r ) for two of five temperatures studied~Table I!. The curves can be identified as follows~reading from
top to bottom at the location of the arrow!: P5600 MPa,465 MPa,260 MPa,100 MPa,0.1 MPa, and2200 MPa. Pressures are the same
the experiments and simulations, with the exception that no experiment was possible atP52200 MPa. Note the pronounced increase in t
3.3 Å peak~arrow! when pressure is increased. To facilitate comparison with experiments, the simulation temperature is reported re
the TMD of the SPC/E potential at atmospheric pressure. Similarly, the experimental data are reported relative to theTMD of D2O at
atmospheric pressure. The behavior of the simulatedh(r ) strongly resembles the experimental results.~b! The pair correlation function
gOO(r ) for three of five temperatures studied~Table I!. Note the pronounced increase in the 3.3 Å peak~arrow! when pressure is increased
The curves may be identified as in~a!. ~c! The molecular structure factorSM(q), calculated from the Fourier transform ofh(r ) @~a!#. Looking
at the first peak inSM(q), the curves are identified as described in~a!. Note the shift in the first peak when pressure is increased.
1084 ©1999 The American Physical Society
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FIG. 2. The valueq0 of the first peak of the structure factor from
Fig. 1~c!. At low T, both the simulated~filled symbols! and experi-
mental~open symbols! values ofq0 tend toward the values for th
two amorphous forms of water, HDA and LDA.

FIG. 3. ~a! Comparison of the structure of the supercooled liqu
at DT5230 °C andP5600 MPa with the experimentally mea
sured structure of HDA solid water from Ref.@32#. ~b! Comparison
of the supercooled liquid structure atDT5230 °C and P5
2200 MPa with LDA solid water@32#. ~c! Comparison of the
structure of the glassy simulation atDT52145 °C and P
5600 MPa with the experimentally measured structure of HD
solid water from Ref.@32#. ~d! Comparison of the glassy simulatio
at DT52145 °C and atmospheric pressure@35# with LDA solid
water @32#.
over a wide range of temperatures and pressures. By c
paring the simulated pair correlation functions and struct
factor with our experimental data, we find that the structu
of the supercooled liquid at low pressure resembles the st
ture of low-density amorphous~LDA ! ice. At high pressure,
we find that the structure of the liquid appears independ
of temperature and is nearly indistinguishable from that
high-density amorphous~HDA! ice. The combined results a
high and low pressure appear consistent with continuity
tween the liquid and glassy states of water at all pressur

We analyze the structures found in our simulations
calculating the atomic radial distribution functionsgOO(r ),
gOH(r ), and gHH(r ). To compare the distribution function

TABLE I. Summary of results from the 24 liquid and 2 glass
state points simulated. The liquid state points simulated at pos
pressure correspond roughly to temperatures and pressures st
in the experiments of Ref.@4#. We equilibrate systems of 800
molecules to a constant temperature and pressure by monitorin
evolution of the density and internal energy. We adjust the temp
ture and pressure via the methods of Berendsen@19# and we ac-
count for the long-range Coulomb interactions using the reac
field technique with a cutoff of 0.79 nm@20#. The equations of
motion evolve by theSHAKE algorithm@21# with a time step of 1 fs.
To facilitate comparison between simulations and experiments,
defineDT[T2TMD , the temperature relative to that of the 1 at
temperature of maximum densityTMD @22#. Thus we report the
simulation temperature relative toTMD

SPC/E'245 K. Similarly, experi-
mental temperatures reported relative to the 1 atmTMD of D2O, 284
K. All state points are liquid, exceptDT52145 °C, which is
glassy.

P ~MPa! DT(°C) r(g/cm3) U(kJ/mol)
Equilibration

time ~ps!

600 35 1.193060.0003 247.65 1100
10 1.204160.0004 249.02 1300

210 1.213960.0005 250.22 2000
230 1.223660.0003 251.43 3000

2145 1.25060.008 255.3 4000
465 35 1.161660.0004 247.61 1100

10 1.172360.0005 249.05 1300
210 1.180360.0005 250.24 1800
230 1.189960.0004 251.49 2500

260 35 1.106060.0004 247.59 550
10 1.114560.0006 249.09 750

210 1.120160.0005 250.33 1500
230 1.122460.0005 251.62 2100

100 35 1.051460.0004 247.51 600
10 1.057060.0005 249.11 800

210 1.055560.0003 250.48 1500
230 1.051360.0006 251.85 2100

0.1 35 1.013260.0003 247.42 600
10 1.015860.0004 249.12 800

210 1.013260.0003 250.56 1500
230 1.004660.0006 252.15 3000

2145 1.02260.009 256.1 4000
2200 35 0.906460.0003 246.73 600

10 0.921260.0005 248.83 800
210 0.924560.0003 250.59 1500
230 0.928360.0004 252.12 3000
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with neutron-scattering measurements, we form the weigh
sum

h~r ![4prr @w1gOO~r !1w2gOH~r !1w3gHH~r !21#,
~1!

where the weighting factorswi are selected to coincide wit
experimental measurements of D2O @26#. Experimentally,
h(r ) is obtained by Fourier transformation of the molecu
structure factor. The dominant contributions toh(r ) are the
H-H and O-H ~or D-D and O-D for D2O) spatial correla-
tions, so h(r ) includes relatively little contribution from
oxygen-oxygen correlations. Figure 1~a! showsh(r ) at two
of the five temperatures simulated and also compares
experimental data. The peaks centered at 1.8 Å , 2.3 Å , and
2.8 Å correspond to the O-H, H-H, and O-O intermolecu
distances in the hydrogen-bonded configuration, resp
tively. While the magnitudes of these peaks change sligh
their ubiquity demonstrates the stability of the first neighb
ordering, namely, that each molecule is typically surround
by four molecules in a tetrahedral configuration.

We find that the peak at 3.3 Å ofh(r ) becomes more
pronounced asP increases. Examination of the individu
radial distribution functions shows that the increase at 3.
can be attributed to changes ingOH(r ). In addition,gOO(r )
shows a pronounced increase at 3.3 Å under pressure@Fig.
1~b!#, but cannot account for the changes inh(r ), as the
gOO(r ) weighting factor in Eq.~1! is small @3#. The growth
at 3.3 Å in gOO(r ) indicates that the liquid locally has th
structure of an interpenetrating tetrahedral network simila
ice VI and VII, the ice polymorphs close to the high-pressu
liquid @27,28#, and can also be associated with the format
of clusters with structure similar to HDA@29#.

To directly compare with experimental measurements,
calculate the molecular structure factorSM(q)5SM

intra(q)
1SM

inter(q), whereSM
intra(q) andSM

inter(q) are the intramolecu-
lar and intermolecular contributions toSM(q), respectively.
We calculateSM

intra(q) explicitly, as described in Ref.@30#,
and Fourier transformh(r ) to obtainSM

inter(q). We find strik-
,
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ing agreement between simulated and experimental value
SM(q) @Fig. 1!~c!#. In particular, the valueq05q0(P,T) of
the first peak ofSM(q) shifts to largerq values asP increases
@Fig. 2#. We note the feature that as temperature is lowe
~i! for P5600 MPa,q0 approaches the experimentalq0
value of HDA ice (2.20 Å21), ~ii ! for P50.1 MPa and
2200 MPa, q0 approaches the experimentalq0 value of
LDA ice (1.69 Å21). Indeed we find that the high-pressu
liquid structure resembles that of HDA ice@Fig. 3~a!#, and
the low-pressure liquid structure that of LDA ice@Fig. 3~b!#
@31#.

We also study the structure of the glassy phase@33,34#
and find that the structure of the simulated glasses stron
resembles the experimentally measured structure of H
and LDA solid water@Figs. 3~c! and 3~d!#, suggesting that
the simulated glassy state points are the analogs of HDA
LDA solid water for SPC/E. Furthermore, by compression
the simulated LDA-like system, we are able to reversib
transform the structure to the HDA-like system, reminisce
of the experimentally observed reversible first-order tran
tion of LDA to HDA under pressure@36#.

The absence of a dramatic structural difference betw
the liquid and the glassy states is consistent with the po
lated continuity between atmospheric pressure water
LDA ice @37#, based on measurements of the free ene
@16,38# and dielectric relaxation time@39# at 1 atm. Our re-
sults are also consistent with continuity between hig
pressure liquid water and HDA ice@4,6#, but thus far the
glass transition of HDA has not been experimentally o
served, due to the difficulties of studying supercooled wa
under pressure.
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