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Supercooled water and amorphous ice have a rich metastable
phase behaviour. In addition to transitions between high- and
low-density amorphous solids1,2, and between high- and lowdensity liquids3±8, a fragile-to-strong liquid transition has recently
been proposed9,10, and supported by evidence from the behaviour
of deeply supercooled bilayer water con®ned in hydrophilic slit
pores11. Here we report evidence from molecular dynamics simulations for another type of ®rst-order phase transitionÐa liquidto-bilayer amorphous transitionÐabove the freezing temperature of bulk water at atmospheric pressure. This transition occurs
only when water is con®ned in a hydrophobic slit pore12±14 with a
width of less than one nanometre. On cooling, the con®ned water,
which has an imperfect random hydrogen-bonded network, transforms into a bilayer amorphous phase with a perfect network
(owing to the formation of various hydrogen-bonded polygons)
but no long-range order. The transition shares some characteristics with those observed in tetrahedrally coordinated substances
such as liquid silicon15,16, liquid carbon17 and liquid phosphorus18.
A popular model of waterÐthe TIP4P modelÐwas employed19

in the molecular dynamics (MD) computer simulation. The melting
temperature of the three-dimensional (3D) TIP4P normal ice (Ih) at
ambient pressure (0.1 MPa) was recently estimated to be about
237 6 7 K (ref. 20). We prepared a thin ®lm of TIP4P water by
con®ning the water molecules between two parallel walls ®xed in a
space. The wall±wall separation was taken to be just enough to
accommodate two molecular layers. The water±wall interaction was
modelled by a 9-3 Lennard±Jones potential (hydrophobic wall)13.
The MD simulations were performed under the condition of ®xed
temperature and ®xed lateral pressure (pressure tensor components
parallel to the walls), using a modi®ed NoseÂ ±Andersen method. In
the ®rst series of MD simulations, a system of 960 molecules (system
A) was cooled from 400 K to 210 K in steps and then heated back to
400 K, at a lateral pressure of 0.1 MPa. Three independent MD
simulations were carried out with this cooling-and-heating process.
In the second series, a system of 240 molecules (system B) was used
to examine the phase behaviour at several ®xed pressures: 0.1 MPa,
100 MPa, 300 MPa and 1 GPa. At each pressure the temperature was,
again, lowered in steps. The MD simulation time ranged from
200 ps to 20 ns, depending on the temperature and pressure of the
system. For the sake of structure analysis, con®gurations of system A
at 275, 270 and 210 K were mapped respectively onto the inherent
structures21 by means of the steepest descent method at a ®xed
volume.
Figure 1 shows the temperature dependence of the potential
energies at a ®xed pressure of 0.1 MPa. As the system is cooled, the
potential energy ®rst gradually decreases and then suddenly drops
by about 5.6 kJ mol-1 to a lower value at 270 K. This large energy
drop within a small temperature range (5 K) is comparable to that
(7.0 kJ mol-1, ref. 20) at the freezing transition of TIP4P bulk water
and is much larger than that (1.2 kJ mol-1 at 200 MPa, ref. 6) at the
high-density liquid (HDL) to low-density liquid (LDL) transition in
supercooled TIP4P bulk water. In the reversed heating process, the
potential energy jumps to a higher value at around 300 K, following
the trace of the cooling process. The sharp changes in energy and the
large hysteresis appearing in the cooling and heating processes
suggest a strong ®rst-order phase transition in the con®ned water.
The temperature dependence of the density of the system also shows
that the transition is ®rst-order, as the density initially increases
gradually with lowering the temperature but then decreases steeply
at the transition temperature (by about 1% at 0.1 MPa and 4% at
300 MPa). Moreover, the diffusion constants calculated before and
after the transition (at 275 K and 270 K respectively) differ by four
orders of magnitude. The mechanism is also changed at this
temperature from a free diffusion to a jump diffusion, which is
highly cooperative but involves very few molecules. This order-ofmagnitude change in diffusivity is comparable to that of the liquidto-crystalline ice transition in the 3D TIP4P system (Table 1), as well
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Figure 1 Temperature dependence of the potential energy. The potential energy consists of the water±water intermolecular interactions and the water±wall interactions. Filled and
un®lled circles indicate the cooling and heating processes, respectively.
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as to that of real water at the liquid-to-crystalline ice transition22±24.
The drastic change in diffusivity within a small temperature range
(5 K) suggests that the con®ned liquid water transforms into a very
viscous `solid-like' amorphous phase around 270 K, 33 K above the
melting temperature of the TIP4P ice at 0.1 MPa. In contrast, only
about one order of magnitude is the diffusivity change in TIP4P
bulk water within a temperature range (213±233 K at 0.1 MPa and
173±183 K at 200 MPa) of a possible HDL±LDL transition (Table
2).
Shown in Fig. 2a and b are inherent structures of the liquid and
the new bilayer amorphous phase, respectively. In the amorphous
phase, the two molecular layers are nearly ¯at; the spatial arrangements of oxygen atoms in both layers are being superimposed on
each other (that is, they have a symmetry of re¯ection). These two
features do not show up in the liquid phase. More crucial is the
difference in the hydrogen-bond network structure. In the new
bilayer amorphous phase, every molecule is hydrogen-bonded with
four nearest-neighbour molecules (except for a few defects) so that
three neighbours are in the same layer and the fourth one is in the
opposite layer. Consequently, the hydrogen-bond network of the
amorphous phase is almost perfect. Indeed, the substantial decrease
in potential energy as well as the loss of ¯uidity upon the phase
transition can be attributed mainly to the formation of the nearly
perfect bilayer hydrogen-bond network. In passing, we point out
that the observed liquid-to-bilayer amorphous transition occurs
only in the two-layer water system. We have also examined a threelayer water system in a thicker nanopore. No liquid-to-bilayer
amorphous transition was seen at 0.1 MPa.
Although the bilayer amorphous phase has a local network
structure very similar to that of the bilayer crystalline ice13, it lacks
long-range order in the con®guration of oxygen atoms, as shown in
the radial distribution function (Fig. 2d). There is no translational
periodicity in the amorphous phase as there is in the liquid phase.
Also, there is a signi®cant spread in hydrogen-bond angles in the
two-dimensional (2D) network (Fig. 2e). In contrast, the bilayer
crystalline ice does have a periodic unit cell as well as three de®nite
bond angles (Fig. 2c and e). The most notable structural difference
between the bilayer amorphous and the bilayer crystalline ice is the
variation in the shape of the polygonal rings of hydrogen bonds in
each layer. Figure 2b shows that there are not only hexagonal rings
but also pentagonal and heptagonal rings, and even some octagonal
rings. The distribution of the n-membered rings, which was evaluated on the basis of three independent sets of 100 inherent
structures, shows that it is 77% hexagonal (n  6), 11% pentagonal
(n  5), 11% heptagonal (n  7) and 1% the other rings
(n  4; 8; 9; 10). The appearance of a large number of pentagonal
and heptagonal rings indicates that these rings are not some types of

imperfection but characteristic constituents of the hydrogen-bond
network. Also found is a variety of shapes within each group of nmembered rings, compared to the bilayer crystalline ice in which all
the hexagonal rings are congruent. These differences in the network
structure between the quasi-2D bilayer amorphous and the bilayer
crystalline ice are similar to the fundamental differences between the
2D continuous-random network model of a glass and the regular
honeycomb network model of a crystal25.
Existence of the liquid±liquid and/or amorphous±amorphous
transition in supercooled bulk water is still controversial3±5,7,24,26±28.
Here, our simulation directly demonstrates that water, when con®ned in a hydrophobic nanopore, can exhibit a sharp transition to a
bilayer amorphous phase (bilayer polyamorphism) at a temperature
above the melting temperature of the 3D TIP4P ice. In contrast, the
HDL±LDL liquid±liquid transition in bulk water is, if it exists,
below 210 K (refs 5 and 7). Moreover, the bilayer polyamorphic
transition shows a marked change in potential energy, density and
diffusion constant within a very small temperature range (5 K).
These characteristics of ®rst-order transition are similar to those
found in covalent tetrahedral substances29 including liquid silicon16,
carbon17, and phosphorus18.
The relation among the quasi-2D, high-density liquid (bilayer
HDL), low-density amorphous (bilayer LDA), and crystalline
(bilayer ice) phases can be compared with that among three
corresponding 3D HDL, LDL, and crystalline ice (Ih) phases
(Table 2): (1) the potential energy differs more strongly between
the higher-energy liquid phase and the lower-energy amorphous
phase than between the lower-energy amorphous phase and the
crystalline phase in inherent structure, a behaviour found in both
2D and 3D systems. (2) At the transition, the population of molecules with coordination number other than 4 nearly vanishes in the
quasi-2D system, and also decreases substantially in the 3D system.
Table 2 Analogies between the quasi-2D and 3D systems
Potential energy*
(kJ mol-1)

Four-hydrogenbond species²
(%)

Six-membered
rings³
(%)

Phase

Q2D

3D

Q2D

3D

Q2D

3D

HDL
LDL§
Crystalline

-47.6
-51.9
-53.0

-53.5
-55.0
-55.9

73.1
99.7
100.0

80.2
92.2
100.0

35.4
76.7
100.0

46.0
62.2
100.0

.............................................................................................................................................................................

.............................................................................................................................................................................
Q2D, quasi-two-dimensional; HDL, high-density liquid; LDL, low-density liquid; LDA, low-density
amorphous.
* Average potential energy of inherent structures.
² Average fraction of molecules having four hydrogen-bonding neighbours.
³ Average number of six-membered rings normalized by the number in a corresponding crystal.
§ Bilayer LDA in the case of the quasi-2D system.

Table 1 Diffusion constants for the TIP4P water in the quasi-2D and 3D systems (in cm2 s-1)
Quasi-2D system
Hydrophobic pore*

Hydrophilic pore²

Hydrophobic pore, larger width³

250K: 5.0 ´ 10-7

250K: 6.2 ´ 10-6

...................................................................................................................................................................................................................................................................................................................................................................
-5

275K: 1.3 ´ 10
270K: 3.0 ´ 10-9
250K: 7.9 ´ 10-11

...................................................................................................................................................................................................................................................................................................................................................................

3D system
Supercooled
(0.1 MPa)

Supercooled
(200 MPa)

Ice

193K: 3.0 ´ 10-7
183K: 1.4 ´ 10-7
173K: 9 ´ 10-9

240K: 3 ´ 10-10
230K: 0¶

Supercooled (exp.)§

Ice (exp.)k

...................................................................................................................................................................................................................................................................................................................................................................

233K: 2 ´ 10-6
213K: 9 ´ 10-8
193K: 6 ´ 10-8

263.7K 7.0 ´ 10-6
250K: 3.4 ´ 10-6

252K: 1.0 ´ 10-9
242K: 7.7 ´ 10-10

...................................................................................................................................................................................................................................................................................................................................................................
* The system of interest.
² A reference system of water con®ned in a model hydrophilic slit pore.
³ Another reference system with a slit width 1.5 times wider than that of the system of interest.
§ Ref. 22.
k Ref. 23.
¶ Less than 10-11.
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(3) In both 2D and 3D systems, the number of six-membered rings
in the hydrogen-bond network differs considerably among the three
phases. (4) The diffusion constant changes by at least four orders of
magnitude from liquid to the crystalline ice phase or to the bilayer
LDA phase (Table 1).
We also examined the phase behaviour of the con®ned water in a
wide range of pressure and temperature with system B. We found
that the higher the pressure the lower the transition temperature
(265 K at 100 MPa, and 260 K at 300 MPa). This behaviour is
consistent with a negative change in entropy (DS , 0) and a positive
change in volume (DV . 0) at the liquid-to-bilayer amorphous
phase transition. Moreover, the same transition was observed
around 500 MPa in a decompressing process from 1 GPa to
300 MPa at a ®xed temperature of 250 K. However, the transition
was not observed beyond a high pressure of 1 GPa and above
190 K. The expansion (DV . 0) at the liquid-to-bilayer amorphous
transition is analogous to that at the bulk water-to-ice freezing
transition.

We note that our ®nding of the ®rst-order liquid-to-bilayer
amorphous transition is based on the TIP4P model of water.
Con®rmation of this ®nding must await experiments. Recently,
Bergman and Swenson11 studied bilayer water con®ned in hydrophilic nanopores using broad-band dielectric spectroscopy. They
found that about half of the water molecules form a hydrogen bond
to one of the wall surfaces and they also found evidence to suggest a
fragile-to-strong liquid transition in deeply supercooled water10. We
have performed a preliminary simulation of bilayer water con®ned
in a model hydrophilic pore. The bilayer HDL to LDA transition was
not seen within the timescale of the simulation. The diffusion
constant calculated at 250 K is similar to that of bulk liquid water,
that is, four orders of magnitude higher than that of the bilayer
amorphous phase. In the hydrophobic pores, on the other hand,
water molecules do not form hydrogen bonds to the wall surfaces
and the bilayer HDL to LDA transition occurs. The question is why
such a transition happens only in the hydrophobic nanopore. One
explanation may be that when the two-layer water is con®ned in the
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Figure 2 Structure of the con®ned two-layer water in liquid, amorphous, and crystalline
ice phases. a, Liquid. b, Amorphous. c, Crystalline ice. These are top views, showing inplane (2D) molecular con®gurations and hydrogen-bond networks. Red and white spheres
are oxygen and hydrogen atoms, respectively. Yellow dotted lines indicate the hydrogen
bonds. In b and c, the in-plane 3-connected hydrogen-bond network of one layer is
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completely superimposed on that of the other layer and the fourth vertical hydrogen bonds
connecting two layers are hidden. d, Radial distribution function of oxygen atoms.
Distance rxy is the distance in a plane parallel to the walls. e, Distribution of the hydrogenbond angles.
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hydrophobic nanopore, the geometrical con®nement forces the
water molecules to form a perfect (coordination number z  4)
2D bilayer hydrogen-bond network even in a topologically disordered structure. However, in the 3D supercooled water the
coordination number has a distribution of z-values (3% for z  3
and 2% for z  5) even after the transition to the lower-energy LDL
phase30 (before transition, 11% for z  3 and 5% for z  5). As a
result, the LDL phase of 3D supercooled water (below 180 K) has a
higher mobility than the bilayer LDA phase, even when the former is
at much lower temperatures. Indeed, the diffusion constant of 3D
LDL at 173 K (the deeply supercooled region) is still two orders of
magnitude higher than that of bilayer LDA at 250 K.
M
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Variations in atmospheric radiocarbon (14C) concentrations can
be attributed either to changes in the carbon cycle1 Ðthrough the
rate of radiocarbon removal from the atmosphereÐor to variations in the production rate of 14C due to changes in solar activity
or the Earth's magnetic ®eld2. The production rates of 10Be and
14
C vary in the same way, but whereas atmospheric radiocarbon
concentrations are additionally affected by the carbon cycle, 10Be
concentrations re¯ect production rates more directly. A record of
the 10Be production-rate variations can therefore be used to
separate the two in¯uencesÐproduction rates and the carbon
cycleÐon radiocarbon concentrations. Here we present such an
analysis of the large ¯uctuations in atmospheric 14C concentrations, of unclear origin3, that occurred during the Younger Dryas
cold period6. We use the 10Be record from the GISP2 ice core5 to
model past production rates of radionuclides, and ®nd that the
largest part of the ¯uctuations in atmospheric radiocarbon concentrations can be attributed to variations in production rate. The
residual difference between measured 14C concentrations and
those modelled using the 10Be record can be explained with an
additional change in the carbon cycle, most probably in the
amount of deep-water formation.
The causes of the variation in D14C during the Younger Dryas
climate event are the subject of current debate3,4,6±9. D14C is used as
a measure of the atmospheric radiocarbon concentration, and is
de®ned as the per mil deviation from the National Institute of
Standards and Technology 14C standard after correction for decay
and fractionation10. During the Younger Dryas, D14C exhibits a
rapid increase followed by a gradual decrease. These changes have
been discussed in the context of changes in oceanic deep-water
formation4, but coupled ocean±climate models were not able to
reproduce all aspects of the observed changes in D14C (ref. 9).
Using the reconstructed atmospheric 10Be concentration as a
proxy for solar activity in the early Holocene epoch, Goslar et
al.3 claimed that it is possible to explain the D14C during the
Younger Dryas even without assuming changes in the deep-water
formation. However, for a quantitative determination of the
relative contributions of ocean circulation (or other effects related
to the carbon cycle) and production-rate changes, a detailed knowledge of the 14C production rate is crucial, because this rate has
a large in¯uence on the variations in atmospheric radiocarbon
content1.
Measurements of cosmogenic 10Be in ice cores can be used to
provide the necessary information on the 14C production rate11. 10Be
and 14C are produced by the interaction of cosmic-ray particles with
nitrogen and oxygen in the atmosphere. Recent production-rate
calculations12 allow us to determine the 14C production rate, if
the 10Be production rate is known. To compare 10Be and 14C records
it is necessary to take into account their different geochemical
behaviour. 10Be becomes attached to aerosols and is removed from
the atmosphere after a mean residence time of 1±2 yr (ref. 13). By
contrast, after its production 14C becomes oxidized to 14CO2 (ref. 2)
and hence is involved in exchange processes between the
atmosphere, biosphere and ocean as a constituent of the carbon
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