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Protonic Diffusion in 

High-Pressure Ice VII 

Eriko Katoh, H. Yamawaki, H. Fujihisa, M. Sakashita, K. Aoki* 

Near ambient pressures, molecular diffusion dominates protonic diffusion in ice. 
Theoretical studies have predicted that protonic diffusion will dominate at high 
pressures in ice. We measured the protonic diffusion coefficient for the highest 
temperature molecular phase of ice VII at 400 kelvin over its entire stable 
pressure region. The values ranged from 10-17 to 10-15 square meters per 
second at pressures of 10 to 63 gigapascals. The diffusion coefficients extrap- 
olated to high temperatures close to the ice VII melting curve were less by a 
factor of 102 to 103 than a superionic criterion of -10-8 square meters per 
second, at which protons would diffuse freely. 

Protons can move in the hydrogen-bonded 
network of water molecules by transferring 
within a hydrogen bond and then jumping 
into another hydrogen bond by molecular 
rotation. Although this diffusion model spe- 
cific to ice was proposed in the middle of the 
20th century (1), its process has eluded ex- 
perimental investigation. The protonic diffu- 
sion coefficient estimated for ambient-pres- 
sure ice at 263 K is on the order of 10-20 
m2/s, which is four to five orders of magni- 
tude less than the molecular diffusion coeffi- 
cient (2-4). The fast molecular diffusion in- 
terferes with observation of the slow protonic 
diffusion. Dielectric properties and electrical 
conductivity, which can be related to protonic 
diffusion coefficients, have been measured 
for pure and doped ices instead (5-9). 

Theoretical studies have consistently pre- 
dicted the presence of a superionic (or super- 
protonic) phase characterized by a fast pro- 
tonic diffusion with a coefficient of l10-8 
m2/s at extremely high temperatures and 
pressures (10, 11). The superionic state is 
predicted to appear in the phase diagram at 
about 1000 K and 20 GPa and to develop to 
higher temperatures ranging from 2000 to 
4000 K above 100 GPa. In the superionic 
phase, the protons are thought to move quick- 
ly by jumping successively between their 
neighboring occupation sites in a crystal lat- 
tice consisting solely of oxygen atoms. Such 
a superionic phase can be characterized as a 
partially melted state and can be compared 
with ionic fluid or a fully melted state in 
which neutral or ionized water molecules dif- 
fuse freely. The superionic phase of ice may 
play a crucial role in the generation of the 
magnetic fields in giant planets as well as the 
metallic fluid of water (11-14). 

Here, we report on protonic diffusion 
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measurements carried out for ice VII over its 
entire stable pressure region from 2 to about 
60 GPa (15-19). The mutual diffusion pro- 
cess of protons and deuterons was observed 
in an H20O/D20O ice bilayer pressurized in a 
high-pressure optical cell [a diamond anvil 
cell (DAC)] by measuring its time-dependent 
infrared reflection spectra. The diffusion co- 
efficient was determined at pressures of 10.2, 
14.1, 32.2, and 63 GPa at a fixed temperature 
of 400 K. The predicted temperature range of 
the superionic ice was located far above that 
accessible with the DAC technique. Howev- 
er, the obtained diffusion results allowed us 
to examine the phase diagram theoretically 
proposed for high-temperature and high-pres- 
sure ices, including those at the superionic 
phase. 

We used an H20O/D20 ice bilayer assem- 
bly for measuring the protonic diffusion pro- 

cess at high temperature and pressure (Fig. 
1A). Protonic diffusion from an H20O layer of 
thickness IH to a D20O layer of thickness ID is 
described in a one-dimensional model by 

CH(X,t) I E+ S 
n'1i' 

n=l 

/ nTrlH\ n trrx\ 
sin - ) Jcos(n-) 

e xp{-( ) D 

where CH(x, t) is the concentration of protons 
at location x and diffusion time t, I is the 
whole sample thickness equal to IH + l,, and 
D is the mutual diffusion coefficient (20). For 
the proton concentration at x = 1, or the outer 
surface of the D20O ice layer, the equation 
becomes simply a function of diffusion time 
t. The surface concentration CH(l, t) thus 
deduced will rise abruptly on the first arrival 
of diffused protons and will increase toward 
its steady value of li/H with the progression of 
diffusion. We can hence derive a diffusion 
coefficient, D, from time-dependent spectra 
measured for the outer surface of the D20 ice 
layer. For the surface concentration of deu- 
terons at the opposite side of the ice bilayer, 
an equivalent description CD(O, t) can be 
readily derived with the thickness of D20 ice 
layer l. 

We first examined a spectral measurement 
at the ambient temperature of 298 K and found 
no spectral change with time even 1 month after 
the sample preparation. We further examined 
spectral measurements at several higher tem- 
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sured for the H2O outer 
surface of the ice bilayer $ 104 
(B). An H2O/D2O ice bi- H20 D20 X 194 
layer sample was pre- o OD stretch 1276 
pared in the sample \ 
chamber of a DAC, typ- C , 
ically 100 pm in diam- 1 t=t - 
eter and 40 pm in w 
depth, by the following 
steps. The chamber was 0 ...x 
first filled with liquid 
D2O (99.96% deuter- - _ m , , 
ated) and sealed with a 1500 2000 2500 3000 3500 
small end plug 100 xm 1 
in diameter and 20 Ixm 
long, just half of the chamber depth. The DAC was cooled with liquid nitrogen to about 200 K to 
freeze the contained liquid. The end plug was removed, and deionized H20 vapor was deposited 
into the empty top half of the chamber. The sample was quickly pressurized to approximately 10 
GPa in the DAC to confine the H20/D20 ice bilayer so that the sample was solid when warmed to 
ambient temperature. The thickness of the D2O ice layer and of the H20/D20 ice bilayer was 
determined by interferometric measurement (28) using the refractive index of high-pressure ice 
(28, 29). The reflection spectra were measured for the sample annealed at 400 K and 10.2 GPa. The 
numbers attached to the spectra represent annealing (diffusion) time in hours. The spectra were 
corrected for the absorption and reflection from the DAC using a reference spectrum measured in 
advance with a KBr-filled DAC. 

15 FEBRUARY 2002 VOL 295 SCIENCE www.sciencemag.org 1264 



REPORTS 

peratures and found that an annealing temper- 
ature of 400 K produced a protonic diffusion 
rate appropriate for the present spectroscopic 
measurement. The sample was annealed iso- 
thermally for several hours to several tens of 
hours in an electric oven and quenched to room 
temperature for spectral measurement. We re- 
peated thermal annealing and spectral measure- 
ment several tens of times until the spectral 
change due to mutual diffusion was completed. 
Each run of the diffusion experiment at a given 
pressure required a measuring time of 1000 
hours or more. 

Infrared reflection spectra measured for 
the H2O outer surface of an H2O (LH = 14 
p.m) and D2O (ID = 16 Jim) ice bilayer 
annealed at 400 K and 10.2 GPa are shown in 
Fig. lB. The OD stretching peak located 
approximately at 2400 cm-1 gradually in- 
creased in height with time, whereas the OH 
stretching peak located approximately at 
3200 cm-l gradually decreased. These spec- 
tral changes are attributed to the mutual dif- 
fusion of protons and deuterons through the 
H2O and D2O layered interface, and those 
changes last until the isotopes diffuse homo- 
geneously over the whole ice crystal. 

Because molecular migration is dominant in 
the diffusion process of ambient-pressure ice 
(2-4), we examined the possibility of molecu- 
lar diffusion by measuring reflection spectra 
with an H2160/H2180 ice bilayer annealed at 
the same temperature and pressure (400 K and 
10.2 GPa). The spectra measured for both outer 
surfaces of the ice bilayer differed by 16 cm- 
in the OH stretching peak position. The peak 
positions did not change, even after 600 hours, 
indicating no signal for the molecular diffusion. 
We melted the sample by releasing pressure 
slightly and then solidified it again by increas- 
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Fig. 2. Variation of the surface concentration of 
deuteron CD(0, t) with diffusion time measured 
for the H2O outer surface of the ice bilayer (A). 
The sample was annealed at 400 K and 10.2 
GPa. The inset shows the beginning of the 
variation of proton concentration CH(I, t) 
measured for the D20 outer surface at 32.2 
GPa (B). 

ing pressure back to 10.2 GPa. The peak posi- 
tions then moved to the middle point between 
the original ones, indicating mixing of the 
H2160 and H2180 molecules in the liquid 
phase. The possibility of molecular diffusion 
was hence ruled out for ice VII highly densified 
under pressure. 

The variation of the surface concentration 
of isotopes with diffusion time is shown in 
Fig. 2. The deuteron concentration CD(0, t) 
measured for the outer surface of the H2O ice 
layer at 10.2 GPa (Fig. 2A) rises immediately 
and approaches a steady value of lD/l = 0.53 
with time. The profile of surface concentra- 
tion versus diffusion time thus obtained was 
fitted by the diffusion equation derived for 
the surface concentration to yield a diffusion 
coefficient of D = 2.3 X 10-16 m2/s. The 
variation of proton concentration [CH(l, t)] 
measured for the outer surface of D2O ice at 
a higher pressure of 32.2 GPa (Fig. 2B) 
shows an onset of rapid increase in concen- 
tration located at t - 20; the protons require 
at least 20 hours to pass through the 7.5-,xm- 
thick D20 ice layer. Such a delay of rising 
time was not clearly observed for the deu- 
teronic diffusion at 10.2 GPa through a 14- 
jim-thick H20 ice layer. The diffusion rate, 
which lessens noticeably with an increase in 
pressure to 32.2 GPa, was determined to be 
between 5.2 x 10-'7 and 7.6 x 10-'7 m2/s 
by the accurate fitting procedure. 

The diffusion coefficients measured at 
400 K show a monotonic decrease by two 
orders of magnitude with increasing pressure 
up to 63 GPa (Fig. 3). The diffusion coeffi- 
cient can be described by D = Doexp(-yP/ 
kT), where y represents the magnitude of 
pressure influence on the activation energy 
for the protonic diffusion motion. Fitting the 
obtained diffusion coefficients by this expo- 
nential expression provided 0.003 eV/GPa 
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Fig. 3. Variation of the protonic diffusion coef- 
ficient with pressure measured for ice VII. Open 
and solid circles represent those obtained from 
reflection spectra measured for the H20 and 
DzO outer surfaces of the HO0/D20 bilayer, 
respectively. 

for y. Although no experimental data are 
available for the activation energy at ambient 
pressure, AEo, we may assume it to be equal 
to that determined from the electric conduc- 
tivity measurement on pure ice at ambient 
pressure (9). The activation energy, NE = 
AEo + yP, is thus rewritten as AE = 0.70 + 
0.003P, where AE and AEo are presented in 
eV and P in GPa. 

The variation of diffusion coefficient with 
pressure appears to be contrary to that expect- 
ed from the distinct change in the hydrogen 
bonding state associated with the molecular 
to nonmolecular transition in ice VII. In the 
molecular state at low pressures, the protonic 
diffusion proceeds by two steps: transfer in a 
hydrogen bond and then a jump into another 
hydrogen bond. For ambient-pressure ice, the 
activation energies were experimentally de- 
termined by infrared absorption measurement 
to be 0.41 eV for the transfer and 0.52 eV for 
the jump (21). In the nonmolecular region 
around 60 GPa, the energy barrier for the 
transfer motion vanishes and allows the pro- 
tons to transfer freely along the hydrogen 
bonds to form ionized molecular species (22- 
26). The diffusion process can be described 
as a single step involving a proton jump 
alone, and we expected the process to be 
accelerated by increases in the population of 
ionized molecular species. Nevertheless, the 
diffusion coefficient decreased in this pres- 
sure region. The diffusion process would al- 
ter gradually from the two-step process to a 
single-step process, while ice VII also trans- 
formed gradually from the molecular to the 
nonmolecular state. 

On the basis of our experimental data at 
400 K and our value for AE, we calculated 
that the diffusion coefficient would increase 
to -- 10-11 m2/s at 20 GPa in the molecular 
state and to -10-'? m2/s at 60 GPa in the 
nonmolecular state. These values are less by 
a factor of 102 to 103 than the superionic 
criterion of -~ 10-8 m2/s. A fast protonic dif- 
fusion state would not be realized in the ice 
VII region, but in the superionic phase would 
be predicted to appear as an intermediate 
phase between ice VII and fluid. 
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Chiral Amplification of 

Oligopeptides in 

Two-Dimensional Crystalline 
Self-Assemblies on Water 
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Differences in the two-dimensional packing arrangements of racemic and en- 
antiomeric crystalline self-assemblies on the water surface of amphiphilic 
activated analogs of lysine and glutamic acid have been used to prepare oli- 
gopeptides of homochiral sequence and oligopeptides of single handedness 
from chiral nonracemic mixtures. The crystalline structures on the water surface 
were determined by grazing incidence x-ray diffraction and the diastereomeric 
composition of the oligopeptides by matrix-assisted laser desorption time-of- 
flight mass spectrometry with enantio-labeling. These results suggest that 
reactivity of ordered clusters at interfaces might have played a role in the 
generation of early homochiral biopolymers. 
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Theories on the emergence of the homo- 
chiral biopolymers of life at prebiotic times 
suggest the involvement of enantioselective 
reactions starting from heterochiral mix- 
tures of a-amino acid and nucleic acid 
precursors (1-7). Polymerization reactions 
of racemates in isotropic media would lead, 
however, to formation of polymers com- 
prising a random sequence of left (S)- and 
right (R)-handed repeat units in a binomial 
distribution (8). Thus, the probability of 
obtaining oligomers with homochiral se- 
quence will become negligible with in- 
creasing length (9-11). A possible way to 
obtain oligopeptides of homochiral se- 
quence from racemic mixtures would be 
through the self-assembly of the precursor 
molecules into ordered architectures fol- 
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Two-dimensional (2D) self-assemblies 

formed at the water surface provide an ideal 
medium for the performance of stereospecific 
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29. The experimental data available were limited to 8 
GPa. We estimated the high-pressure values using 
an experimentally obtained refractive index vs. 
pressure relation and the Lorentz-Lorenz equation 
(n2 - 1)/(n2 + 2) = (4/3)rrcaNA/V, where n, ax, NA, 
and V are refractive index, polarizability (assumed 
to be constant), Avogadro's number, and molar 
volume, respectively. 

30. We thank K. Terakura and T. Ikeda for discussion on 
the protonic diffusion mechanism in high-pressure 
ice. 
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and enantioselective chemical reactions be- 
cause (i) they promote effective molecular 
ordering, (ii) they permit substantial molecu- 
lar flexibility, and (iii) they allow access to 
the ordered, flexible molecules by other re- 
agents from the aqueous subphase (12-14). 
Moreover, with the recent advent of grazing 
incidence x-ray diffraction (GIXD) using 
synchrotron radiation, it became possible to 
determine the structure of the crystalline 
components of these assemblies at the molec- 
ular level, providing an important tool for the 
design of new architectures and control of 
their reactivity (15). 

Racemic mixtures of amphiphilic molecules 
at interfaces can self-assemble into 2D crystal- 
lites of three types: (i) racemic compounds in 
which both enantiomers are packed together, 
(ii) enantiomorphous conglomerates involving 
segregation of the enantiomers (16), and (iii) 
enantiomerically disordered solid solutions. 
Here, we focus on activated ca-amino acid de- 
rivatives that self-assemble into 2D crystallites 
as racemic compounds that, upon polymeriza- 
tion, yield oligopeptides with an enhanced ho- 
mochiral (isotactic) sequence, as shown, in 
principle, in Scheme 1A. This concept is illus- 
trated with the polycondensation of racemic 
NE-stearoyl-lysine-thioethylester (C,8-TE-Lys). 
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