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Infrared spectroscopic study of H,O-D,O mixed ice up to 100 GPa

Eriko Katoh and M. Song
Core Research for Evolutional Science and Technology, Japan Science and Technology Corporation,
Kawaguchi, Saitama 332-0012, Japan

H. Yamawaki, H. Fujihisa, M. Sakashita, and K. Abki
National Institute of Materials and Chemical Research, 1-1 Higashi, Tsukuba, Ibaraki 305-8565, Japan
(Received 7 December 1999; revised manuscript received 6 April)2000

Infrared absorption spectra were measured for ice prepared fig@®|,  D,O], 5 solution up to 100 GPa at
298 K and combined with those previously measured for py@ &hd DO ices to complete the infrared data
for the molecular and lattice vibrations. The isotopomeric molecular vibrations,©0f B,0, and HDO in a
molecular phase of ice VIl existing between 2 ar@0 GPa showed pressure behavior very similar to that
found for the corresponding isotopomers ipHice, D,O ice, and HDO-contaminated,D ice, respectively.
The spectrum became featureless for an atomic phase of ice X appearing roughly at 100 GPa; the lattice
vibrations related to proton motions were strongly disturbed by isotope mixing as expected. The spectral
comparison between the mixed and pure ices for a pressure region of 60—100 GPa lead to an interpretation that
hydrogen-bond symmetrization developed progressively in a translationally disordered intermediate phase.

In contrast to complex behavior at low pressures, thénydrogen-bonding potential from a double towards single
phase diagram of ice becomes simple at high pressures. Theinimum shape, and hence as precursor to a phase transition
latest Raman measurement established boundary lines foriato ice X. The transition into translationally disordered ice
pressure region of 2—100 GPa for three denseli@sigh- VI, an intermediate nonmolecular phase between molecular
temperature molecular phase ice VII, a low-temperature moPhase ice VIl and atomic phase ice X, was observed at about
lecular phase ice VIII, and an atomic phase ice X. Ice V1160 for H,0 ice"***3and about 70 GPa for J ice!**?
appearing at 2 GPa at room temperature has a crystal struc- We present IR absorption spectra measured for a mixed
ture consisting of two interpenetrating networks in whichice containing the isotopomers of wate,® HDO, and
rotationally disordered molecules are tetrahedrally connecteB20. The spectra are compared with those measured previ-
by hydrogen bonding. The unit cell is described as a bodyously for HO and RO ices and for HDO molecule contami-
centered-cubi¢bco) lattice?~* The average positions of oxy- hated in BO ice. Influence of isotope mixing on the hydro-
gen atoms are on the bcc sites with each oxygen atom c@en bonding in molecular and atomic phases of ice will be
valently bonded to two hydrogen atoms occupying two ofdiscussed.
four tetrahedral sites. Ice VII has been predicted to transform IR absorption spectra were measured at pressures up to
at higher pressure into translationally disordered ice VIl with100 GPa at 298 K with a diamond-anvil cé€DAC). Ice
protons showing bimodal distribution along the bonding axisfilms were prepared by freezing a solution of®450%) and
as a result of enhanced tunneling transféThis disordered D,0 (50%) in a sample chamber of DAC cooled below 293
structure gradually transforms into symmetric ice X with K in advance. The detailed procedures for sample prepara-
protons equidistant from the two bonded oxygen neighborgion, DAC handling, and IR measurement have been de-
Such sequential transformation can be understood in terms 6fribed elsewher€:
progressive ordering of protons in the oxygen bcc lattice as  The IR spectra observed consist of the peaks related to
schematically drawn in Fig. 1, having experimentally beenstretching, bending and rotational vibrations of the isoto-
investigated by Ramah, infrared’®*® and x-ray
diffraction'*~'® measurements.

Vibrational spectroscopy has often been employed as a
sensitive probe investigating the molecular structure and the
bonding state in ice under pressure,CH(D,O) molecule
has three fundamental molecular vibrations: symmetric
stretching, antisymmetric stretching, and bending modes. a s b — C
Among them, the stretching vibrations are particularly im-

portant. They are associated with proton motions along the g 1. Crystal structures of high-pressure dense ices. Oxygen
hydrogen bonding axis, providing valuable information onaioms are represented by large spheres and hydrogen atoms by
the hydrogen bonding potential. Infrard&) absorption and  small spheres. Oxygen atoms form bec lattiG@swith rotationally
Raman scattering measurements have revealed pressugsorder in molecular orientation for ice Vilb) with bimodal pro-
induced softening behavithir***" and mode mixin#"***®  ton distribution due to tunneling transfer for translationally disor-
for the stretching vibrations in ice VII. These spectral dered ice VII, andc) with ordered protons at the bond midpoints
changes are interpreted as arising from deformation of théor ice X.
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FIG. 2. IR spectra measured for,®-D,0 mixed ice up to 50 . . .
GPa. The absorption bands observed are those related to stretchi@fetcmng frequencies, for example, of the mixed and pure

bending, and librational vibrations of the isotopomers ofOH 20 ice are exactly on the same line for the whole pressure
HDO, and DO. Arrowsa andb in a 17.4-GPa spectrum represent €gion measureff. One can hence make vibrational mode
the OH stretching and the overtone of the HDO bending peaksassignment immediately; they are overtone of HDO bending,
respectively, which show resonance behavior at higher pressuresOH stretching of HO and HDO, OD stretching of f» and
HDO, H,O bending, HDO bending, ® libration, and DO
pomers HO (25%), HDO (50%), and DO (25%) as shown libration as labeled in Fig. 3.
in Fig. 2. A 15.4-GPa spectrum shows intense peaks at The spectra measured at 60, 80, and 100 GPa are drawn
~2300 and~3100 cni ! assigned to the OD and OH stretch- along with those of KO and DO ices?®in Fig. 4. At 60 GPa,
ing modes, respectively. Each peak involves the contribupure ices lose definite peaks originating from the molecular
tions from two isotopomers; the peak a3100 cm!, for  vibrations, showing significantly broadened bands with peak
example, can be deconvoluted into the OH stretching comtops at approximately 1250 and 1750 ‘thior H,0 ice and
ponents of HO and HDO molecules. The stretching peaks850 and 1300 cmt for D,O ice. Further increase in pressure
move to low frequency with increasing pressure, becominghanges the spectral feature gradually but dramatically. An
broadened significantly. We find a peak separation in the OHnhtense, sharp peak appears at 1350 tm H,0 ice and at
stretching region at pressures of 2030 GPa and an altern2000 cm * in D,O ice at 80 GPa. Three dominant peaks are
tion in relative intensity between the separated peaks witlobserved in a 100-GPa spectrum: twglHice peaks and one
further increase in pressure to 40 GPa. The OD stretchin,0O-ice peak. By contrast, the spectrum of the mixed ice
peaks merge into diamond absorption bands extending b&emains featureless even at 100 GPa. The absorption bands
tween~1900 and~2600 cm %, Large noise in the diamond become slightly narrow but still broad compared to those of
region is attributed to insufficient absorption correction, in-pure ices. The peak tops, however, are located at 810, 1140,
terfering with observation of the whole peak shape for theand 1410 cm' well corresponding to those of pure ices as
OD stretching. Approximate peak positions are hence deteiseen in the top spectra.
mined by eyes. Several peaks appear in a low frequency No significant change due to isotope mixing was observed
region below 2000 cm® as shown in the magnified spectra. for the vibrational states of water molecules in ice below 60
The peaks showing slight shift to high frequency in a regionGPa. As described previously, the® HDO, and DO iso-
of 600—1000 cm? are assigned to the librational vibrations topomeres in the mixed ice show frequency shift with pres-
of H,O and DO molecules. Those steadily remaining aroundsure close to that found for pure,®@ and DO ices and
1500 cm ! are assigned to the bending vibrations of HDO contaminated HDO molecule. In ice VII each molecule is
and HO molecules®*® connected by hydrogen bonding to four neighboring mol-
IR frequencies measured for the mixed {selid circles  ecules tetrahedrally arrangddee Fig. 1, the surrounding
are plotted as a function of pressure along with those. @ H molecules are O, HDO, or D,O isotopomers in the mixed
ice (solid lines,*® D,O ice (dotted lineg*® and HDO mol- ice and HO species alone in pure,B ice. If the hydrogen
ecule contaminated in O ice (dashed lineg®in Fig. 3. For  bonding state depended on the partner molecular species, the
the mixed ice, each molecular species is found to show frevibrational frequencies of the mixed ice should be modified
guency shift with pressure close to that of the correspondingp some degree from those of pure ices. Both mixed and pure
molecular species of pure ices or HDO impurity. The ODices show quite similar pressure behavior in vibrational fre-
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' ' ' ' of bending modes of HDO molecule contaminated ixOD
D20 peak ice!® The modulated frequencieslashed lines in Fig. )3

P exhibit clearly anticrossing behavior at pressures of 20—30
H20 peaks GPa. This is typical of mode mixing often called as Fermi
resonance. The peak frequencies of the corresponding vibra-
tional modes in the mixed ice also show anticrossing in the
' approximately same pressure range but its repulsive feature
is less clear. The resonance feature is slightly smeared out in
the mixed ice spectra owing to peak broadening.

The featureless spectrum of the mixed ice at 100 GPa is
attributed to site disordering of the centered H and D atoms.
The atomic phase of pure,B ice above 100 GPa has a
Cw,0 structure with H atoms at the bond midpoitftsThe
H(D) atoms oscillate around the equilibrium positions lo-
cated at the minimum of a single-well potential, forming
normal modes for the lattice vibrations. Two IR-actiVe,
modes have been assigned to the IR peaks observed for the
atomic phase ice X°~13 A 100-GPa spectrum of mixed ice
H20 spectrum D20 spectrum shows significant degradation of the lattice peaks dominated

' : ' : ' : by H(D) motions, indicating destruction of 4D,) tetrahe-
500 1000 1500 2000 2300 3000 3500 4000 drons and consequently related normal vibrations by isotope
Wavenumber (cm™’) mixing. The lattice mode dominated by oxygen moti¢Rs-

FIG. 4. IR absorption spectra of ices measured at 60, 80 angmn activeTz, modg should not essentially be influenced
- | . . o P isotope mixing. The comparison of the pure- and mixed-
100 GPa: spectra of J»-D,O mixed ice(thick solid lineg, sum y b 9 P b

s o O and 5O o ik s el 131 Fortne [ SDEES T giows tecontimation f e moce ssir
60-GPa spectrum, the individual spectra gftHce (thin solid line P

and DO ice (dotted ling are additionally presented to demonstrate Int(_)”t1hef atomlci phase around flOO GI_:’a. 60 GP
their contribution to the sum spectrum. The region of 1900-2400 e featureless spectrum of pure ices at a can now

cm L is significantly noisy owing to insufficient correction for the be attributed to kD) atoms disordered translationally along

diamond absorption. We omit the data and fill in the blank with the hydrogen bonds by tunneling transfer. The sluggish tran-
solid lines. sition with pressure to the atomic or ordered X phase is dem-

onstrated as gradual growth of the IR pe#ékse Fig. 4 and

i Ref. 13. The recent Raman measurement succeeded in de-
quency over a wide pressure range as demonstrated by H&ing a lattice vibrational peak of ordered icé Xhe peak

OD stretching modes of D and HDO species. They keep s identified as th&,, mode of oxygen bcc lattice, appear-
decreasing in frequency along the same line in spite of gyq 4t about 80 GPa and becoming dominant in the spectrum
large change in frequency by500 cm ~ for a pressure in- i hressures above 100 GPa. The Raman data on the lattice
crease from 2 and 50 GRE&ig. 3. We hence conclude that \ipration suggested presence of an intermediate disordered

the molecular vibrations are influenced little by hydrogen-pnase petween the molecular and atomic phases at a pressure
bonded partners and dominated by hydrogen-bond length. reqion from 60 to roughly 80 GPa in qualitative agreement

Mode mixing is found for the stretching vibration of HDO it the theoretical predictiohThe mixed ice involves dis-
species in the mixed ice as well as that contaminated,d D 4rqering arising from both translational motion and isotope
ice. An intense peak is observed at 3070 ¢with a shoul-  yixing in the intermediate phase. The disordering due to
der peak on the low frequency side at 17.4 GPg. 2. The  ixing still remains in the atomic phase as seen in the IR
main peak(arrow g involves those of the OH stretching gpectrum measured at 100 GPa. The changes in IR spectra of
vibrations of both HO and HDO molecules, and the shoul- \he mixed and pure ices can consistently be interpreted in

der peak(arrow b) likely arises from an overtone of the ermg of presence of the intermediate disordered phase.
bending vibration of HDO molecule. An increase in pressure

inverts gradually the peak intensity for the two peaks owing We gratefully acknowledge Drs. K. Terakura and T. Ikeda
to mixing of the vibrational modes. The peak originally as-for helpful discussion on the vibrational state of mixed ice.
signed as the overtone of bending mode is converted int@his work has been supported by Core Research for Evolu-
stretching one at about 40 GPa eventually. Such mode mixional Science and Technolog¢REST) Program conducted
ing has been observed for the OH stretching and the overtortey Japan Science and Technology Corporatisil).
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