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The phase diagrams of water and ammonia were determined by constant 
pressure ab initio molecular dynamic simulations at pressures (30 to  300 
gigapascal) and temperatures (300 to 7000 kelvin) of relevance for the middle 
ice layers of the giant planets Neptune and Uranus. Along the planetary isen- 
trope.Water and ammonia behave as fully dissociated ionic, electronically 
insulating fluid phases, which turn metallic at temperatures exceeding 7000 
kelvin for water and 5500 kelvin for ammonia. At lower temperatures, the phase 
diagrams of water and ammonia exhibit a superionic solid phase between the 
solid and the ionic liquid. These simulations improve our understanding of the 
properties of the middle ice layers of Neptune and Uranus. 

Density profiles of Uranus and Neptune sug- 
gest that, buried between a rocky core and a 
gaseous atmosphere, their interiors are coin- 
posed mostly of a thlck lntellnediate layer of 
"hot ices," predominantly water, hydrocar- 
bons, and ammonia in solar proportions (mo- 
lar fractions: 56% H20, 36% CH,, and 8% 
XH,) (1). Pressure and temperature condi- 
tions within the ice layer range from 20 GPa 
and 2000 K to 600 GPa and 7000 K (2) along 
the planetary isentrope. Many obsen-able 
properties of these planets, such as gravita- 
tional inoinent and atmospheric composition, 
are thought to be detennlned by the physical 
and chemical properties of matter within this 
layer. In particular, the ice layer is considered 
to be the source of the magnetic fields mea- 
sured by the Voyager 2 spacecraft at Uranus 
and Neptune (3). Electrical conductivities in 
the ice layer on the order of 10 o h m '  c m '  
are necessaiy to sustain the planetary dynamo 
mechanism for the generation of such a mag- 
netic field (4). Because water is the most 
abundant component of the mixture, it has 
been suggested (4, 5) that the large conduc- 
tivity may arise from nearly complete ioniza- 
tion of H,O. However, water metallization 
cannot be 1~11ed out at the extreme conditions 
of the deeper regions of the ice layer. If this 
is the case, electronic conduction may also 
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contribute to the dynaino (6). 
The only nonastronomical data available 

on the behavior of ices at these extreme 
conditions come from shock-wave experi- 
ments. The equation of state (EOS) of water 
and am~nonia and of a ~nixture of water, 
ammonia, and isopropanol telmed "synthetic 
Uranus" have been measured in shock-wave 
experiments up to 200 GPa (5, 7). The shock- 
wave measurenlents provide constraints on 
the density profiles of Uranus and Neptune 
(8) and show that the electrical conductivity 
in water and anunonia increase exponentially 
along the Hugoniot up to -20 GPa and then 
levels off (5, 7). These data are consistent 
with activated molecular dissociation at low 
pressure, ~vhereas the high-pressure plateau 
suggests a nearly constant concentration of 
dissociated species. The measured value of 
the conductivity of water above 20 GPa (10 
ohm-' c m ' )  supports the planetary dynamo 
n~odels. However, the absence of conductiv- 
ity data for water and ammonia above 77 GPa 
and the uncertainty about the conduction 
mechanisms limit the development of models 
for the origin of the magnetic fields of Nep- 
tune and Uranus. 

Colnputer simulations can explore regions 
of the phase diagram not directly accessible 
by experiments. Ab initio methods are essen- 
tial for describing hydrogen boilding and mo- 
lecular dissociation in water and ammonia. In 
the past ah iilitio simulations allowed us to 
deteimine the high-pressure, high-tempera- 
ture behavior of methane, one of the compo- 
nents of the ice layer (9), and the structural 
phase nansitions of ice at high pressure (10, 
11). In particular, from simulations at 300 to 
400 GPa a new crystalline phase of ice was 
found and was predicted to display fast proton 
conductivity above 2000 K (11). The finding of 
a fast ionic conductor phase of ice agrees with 
earlier proposals (12) and provides support for 

the ionic model of the conductivity m the ice 
layer. However, compelling theoretical support 
for this model requires a full and precise deter- 
mination of the phase diagsam of ices along the 
planet's isentrope. 

Here we report on ab initio molecular 
dynamic simulations (13) aimed at estimating 
the phase diagram of water and alnn~onia at 
pressures and temperatures in the range 30 to 
300 GPa and 300 to 7000 K. The simulations 
also yield the EOS (pressure versus density) 
of water and ammonia which; compleinented 
by that already available for inethane (9); are 
needed for calculation of the radial density 
distributions for comparison with those de- 
rived from the gravitational field measured 
by spacecraft. Moreover, the silnulations call 
provide values of the electrical conductivity 
needed for the calculation of the magnetic 
field generated by the planetary dyilamo (14). 
Constant pressure defolmable cell simula- 
tions (15) were conducted on supercells con- 
taining 32 water molecules or 64 ammonia 
molecules, with periodic boundary conditions 
at 30, 60, 150, and 300 GPa (16). The tem- 
perature was, for each pressure, increased 
from 300 to 7000 K in steps of 500 K. 
Silnulatioll 1x111s were 1 to 3 ps long, at fixed 
pressure and temperature. 

For water, the low-temperature starting 
configurations were chosen to be the ice VII 
structure at 30 and 60 GPa (1 7) and the ice X 
structure at 150 and 300 GPa (IS). In ice VII 
and ice X the oxygen atoms foim a body- 
centered cubic (bcc) sublattice. The two phas- 
es differ only in the position of the protons, 
which are off-center in ice VII and at the 
center of the 0 - 0  separation in ice X. The 
phase diagram of water that we derived from 
the simulations is sho~vn in Fig. IA. 

By increasing the temperature we found 
that at all the pressures we considered, an 
abrupt transition occuued at -2000 K, after 
which the protons become highly diffusive 
(diffi~sion coefficient D;;"'""(150 GPa, 2500 
K) = 6 ( 1  I) X lo-" cm2;s). Diffusion oc- 
curs by jumps ainong equivalent sites along 
the 0-0 separations. At this temperature the 
simulation shows that the oxygen atoms still 
a ibrate around the bcc lattice positions, lead- 
ing to a superionic solid phase of space group 
~ 1 7 % 1 .  A further increase in temperature 
(T > 3500 K) leads to the melting of the 
oxygen sublattice [ D y e "  (150 GPa, 4000 K) 
= 3 (? 1.5) X 10-5 cm2/s] and to an increase 
in the proton mobility [Dpt" (150 GPa, 4000 
K) = 1.8 (10.3) X lop3  cm2/s], indicating a 
further transition to a fluid phase. 

To d e t e n n e  whether the proposed ci-ys- 
tallinity of the oxygen sublattice obsened 
below 3000 K was due to a well-defined 
superionic solid or was an artifact of the short 
simulation times, we examined the caloric 
culve E(T) (where E is the intellla1 energy), 
which was found to exhibit two well-defined 
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jumps of LIE = 0.4 eV per molecule at the 
solid-to-superionic solid transition and AE = 

0.8 eV per molecule at the superionic solid-to- 
liquid transition. Moreover, crystallinity of the 
superionic phase remains stable even in the 
presence of a H,O vacancy. Finally, the ionic 
liquid phase is found to fi-eeze spontaneously 
when cooled in the superionic solid temperature 
region. The oxygens solidify in an amorphous 
state, whereas the protons are still highly dif- 
fusing. This amorphous phase, moreover, is 
found to melt at about 500 K (at 150 GPa) 
below the corresponding ordered superionic 
solid melting temperature. We thus conclude 
that a well-defined superionic crystalline phase 
is present in the phase diagram of water. 

The fluid observed above 3500 K is dis- 
sociated and resembles a two-component 
ionic liquid (molten salt). The same behav- 
ior is observed by decreasing the pressure 
to 30 GPa in the fluid phase. This confirms 
the experimental findings that locate the 
cross-over from ionic to molecular liquid at 
a somewhat lower pressure (-20 GPa) (5). 
The superionic solid state and the ionic 
liquid state have an electronically insulat- 
ing character. The electronic density of 
states at 300 GPa shows that the electronic 
gap decreases from 10 eV at 300 K to about 
5 eV at 2500 K, within. the superionic 
phase, and finally closes at about 7000 K, 
inside the fluid phase. At lower pressures 
(150 GPa) metallization is observed at a 
higher temperature of 7500 K. 

The computed phase diagram for ammonia 
(Fig. 1B) is similar to the computed phase 
diagram for water. The superionic solid, the 
nonmetallic ionic liquid, and the metallic 
ionic liquid states are all present in ammo- 
nia, but they set in at lower temperatures 
compared to water. In the simulation, we 
found that the pseudo-hexagonal close- 
packed (hcp) (P2,2,2,) crystalline struc- 
ture of ammonia is stable at low tempera- 
ture in the range 5 to 15 GPa, in agreement 
with experiments (19). No phase transitions 
or hydrogen-bond symmetrization takes 
place by increasing the pressure up to 300 
GPa in the 300 K simulations. We observed 
only that the small distortion of the nitro- 
gen sublattice from ideal hcp decreases 
continuously with increasing pressure. On 
the other hand, by fixing the pressure at 30 
GPa and increasing the temperature we 
found a transition from solid to molecular 
liquid by an intermediate plastic phase set- 
ting in at 600 K. By increasing the pressure 
in the fluid a cross-over from a molecular 
liquid to an ionic state was found (Fig. 1B). 
Starting from the same P2,2,2, configura- 
tion but increasing temperature at a higher 
pressure (260 GPa) we observed, in place 
of the solid-molecular fluid transition, a 
transition from the P2,2,2, structure to an 
hcp superionic solid above 1200 K. A triple 
point is thus present in the phase diagram 
between 30 and 60 GPa. In the superionic 
phase the protons jump between neighbor- 
ing molecules. Each molecule still has three 
protons at any given time (which implies 
that proton jumps are highly correlated), 
but the angular distribution of protons 
around each nitrogen does not show any 
preferential direction. This is in contrast 

Fig. 1. Phase diagram of (A) water and (B) 
ammonia as determined from the ab initio 
simulations. The gray regions indicate the error 
bar on the predicted phase boundaries (27). The 
Neptune isentrope (dashed line) is taken from 
(2). For (A), because of the presence of the 
superionic phase, the melting curve of water a t  
high pressure is reached at higher temperatures 
than predicted by extrapolating low-pressure 
experimental data (solid line) (32). 

Fig. 2. Pressure versus density curves along the 
planetary isentrope of Fig. 1. Our results for 
ammonia (dotted Line) and water (dashed line) 
are compared with shock-wave data for ammo- 
nia (0) (7) and water (A) (33). The discrepancy 
in water a t  60 GPa is attributable to the fact 
that the shock-wave temperature was 4300 K, 
while the simulation was carried out at 3000 K 
(34). Shock-wave data of "synthetic Uranus" 
(W) [(5), see text] are compared with the EOS 
obtained from simulations of methane (9), am- 
monia, and water and by using the additive 
volumes law (20). 

with superionic water, where the protons 
are located near the 0 - 0  bond centers, 
between one hopping event and the next. 
The proton diffusion coefficient in the su- 
perionic phase of ammonia is similar to that 
of water, D","mOnia = 3 (k0.4) X lop4 
cm2/s at 2000 K and 150 GPa. Also, at 300 
GPa, ammonia metallizes at -5500 K. 

The computed EOSs of water and ammonia 
close to the planetary isentrope can be com- 
pared with shock wave data (Fig. 2). By using 
the additive volume law (20) we estimated the 
pressure versus volume curve of the mixture of 
water, ammonia, and methane at solar propor- 
tions. The results agree with shock wave data 
available for "synthetic Uranus" and provide an 
estimate of the EOS of the ices mixture at 
higher pressure and temperature. 

The above results enhance our under- 
standing of the properties of the middle ice 
layers of Uranus and Neptune. The precise 
location of the planetary isentrope (Fig. 1) is 
subject to large uncertainties depending on 
the model of the planet's interior that is cho- 
sen. Within the uncertainties of our simula- 
tions (21), we find that the melting curves of 
water and ammonia run below all the pres- 
ently accepted planetary isentropes (2, 22) 
(Fig. l), confirming that in the middle layer 
planetary ices are in the fluid state. Within the 
fluid phase three distinct behaviors have been 
observed: (i) a molecular regime at low pres- 
sure, (ii) a nonmetallic ionic regime at inter- 
mediate pressure and temperature, and (iii) a 
metallic regime at high pressure and temper- 
ature. Along the planetary isentrope ammonia 
and water components of the ice layer are 
predicted to be electronically insulating up to 
300 GPa. Thus, the electrical conductivity in 
the outer part of the ice layers can come only 
from the large proton mobility in the ionic 
liquid phase. Our computed ionic conductiv- 
ity (23) agrees with shock-wave data mea- 
sured up to 60 GPa (Fig. 3). Our results also 
provide an interpretation of the pressure de- 
pendence of the conductivity. At low pres- 
sures molecular water exhibits a low ionic 
conductivity arising from dissociated mole- 

Fig. 3. Ionic conductivity of water (black) and 
ammonia (gray) along the planetary isentrope 
of Fig. 1, as computed in the simulation (lines 
with error bars) and measured in shock-wave 
experiments (circles) (7, 33). 
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cules. By increasing the pressure, the number 
of dissociated molecules (and thus of the 
protonic carriers) increase exponentially 
across the molecular-ionic cross-over. In the 
ionic regime all the protons contribute equal- 
ly to the conductivity, and a further increase 
in pressure increases the proton mobility 
without changing the number of carriers. 

Moving deeper into the planet, the ice 
core boundary is met at 600 GPa and 7000 K 
according to the presently accepted planetary 
isentrope (2). At these conditions we predict 
water and ammonia to be metallic (24). This 
may have at least two consequences. First, 
the dynamo generation of the magnetic field 
should include the contribution of the high 
electronic conductivity due to the metallic 
liquid in the inner part of the ice layer, and 
the lower electrical conductity due to the 
proton mobility in the electronically insulat- 
ing liquid in the outer part of the ice layer. 
Second, a metallic state of water may affect 
its solubility with hydrogen and rocks. This 
may alter current views on the partitioning of 
these materials in the deepest regions of the 
ice layer. However, alternative models of the 
giant planets have been proposed which as- 
sume that above 150 GPa the interior is iso- 
thermal at a temperature of -5000 K (2, 25). 
In this case the ices will remain electronically 
insulating in the whole planet. 
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Liquid Morphologies on 
Structured Surfaces: From 

Microchannels to Microchips 
Hartmut Gau, Stephan Herminghaus, Peter Lenz, 

Reinhard Lipowsky* 

Liquid microchannels on structured surfaces are built up using a wettability 
pattern consisting of hydrophilic stripes on a hydrophobic substrate. These 
channels undergo a shape instability at a certain amount of adsorbed volume, 
from a homogeneous state with a spatially constant cross section t o  a state 
wi th  a single bulge. This instability is quite different from the classical Rayleigh 
Plateau instability and represents a bifurcation between two  different mor- 
phologies of constant mean curvature. The bulge state can be used t o  construct 
channel networks that could be used as fluid microchips or microreactors. 

Structured surfaces that exhibit lateral pat- 
terns of varying wettability can be produced 
by different techniques, such as microcontact 
printing (I, 2), vapor deposition (3),  and pho- 
tolithography (4, 5). It appears very promis- 
ing to use such patterns as templates for 
three-dimensional (3D) structures that extend 
into adjacent soft matter phases. 

sponding contact angles. The masks consist- 
ed of grids that are commercially available 
for electron microscopy and yielded arrays of 
parallel stripes with a width of a few tens of 
micrometers, separated by hydrophobic stripes 
of the same width. The thickness of the MgF, 
layer was typically 20 nm. The pattern was 
exposed to water vapor at a humidity of 40%. 

In the present study, we created a pattern When cooled to the temperature 5°C below 
with a high wettability contrast for water. In the dew point. the water condenses on the 
order to obtain stripes that are as hydrophilic wettable hydrophilic regions. producing liq- 
as possible, we generated the wettable re- uid microchannels. 
gions by thermal vapor deposition of MgF, If one deposits a small amount of water on 
onto a hydrophobic silicone rubber or a thio- the hydrophilic MgF, stripes, the microchan- 
lated gold substrate through appropriate nels are homogeneous and are shaped as cyl- 
masks. Both substrates exhibited the saine inder segments with a constant cross section 
hydrophobicity. as measured by the cone- (Fig. 1A). As more and more water is ad- 

sorbed onto these channels, their volume 
grows until they undergo a sudden transition 
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