
VOLUME 83, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 12 JULY 1999

at
n

e
tural

328
Hydrogen Repulsion “Transition” in Co(OD)2 at High Pressure?
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Neutron powder diffraction studies ofb-Co(OD)2 to 16 GPa show that the structural changes with
pressure are continuous and reveal no evidence for the amorphization of the hydrogen sublattice
11 GPa previously proposed on the basis of light-scattering and x-ray diffraction studies [Nyuge
et al., Phys. Rev. Lett.78, 1936 (1997)]. Instead, the changes in the deuterium packing with pressur
suggest that the observed anomalies in Raman and infrared data at 11 GPa are the result of struc
frustration due to H· · · H repulsion.

PACS numbers: 62.50.+p, 61.12.–q, 82.30.Nr
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Pressure is an excellent variable for probing the nat
of bonding in condensed matter since the effects of var
tion of interatomic distances can be followed continuous
in a single system, avoiding the ambiguities inherent
comparisons of different structures at ambient pressu
Furthermore, increasing density is an ideal means
exploring the balance between attractive and repuls
interactions. The hydrogen bond is one of the mo
studied interactions in the physical and biological sc
ences [1–3]. Some recent work has highlighted t
significant role that H· · ·H repulsion [3] may play in
H-bonded systems at high pressure [4]. The layer
hydroxides with structures related to that of CdI2 provide
model systems for the study of this and the O· · ·H attrac-
tion. Their unique structure (Fig. 1) has hydrogen atom
isolated between layers of the MO6 octahedra, in which
the M sites are occupied by divalent metal ions (M
Fe, Co, Ni, Cd, Mg, Ca). Thus, the dominant interlay
interactions are H· · · O and H· · · H which will vary as the
interlayer separation is changed by pressure. The rec
nition of this has prompted a number of spectroscop
[5–10] and crystallographic studies [9–12].

Spectroscopic studies ofM(OH)2 hydroxides reveal
wide differences in behavior. In Mg(OH)2 the O-H
stretching mode remains distinct and its width chang
smoothly with pressure [10]. Both Ca(OH)2 [8] and
b-Co(OH)2 [6] show strong broadening of this mod
at 11 GPa. In Ca(OH)2, the spectroscopic anomaly i
accompanied by the loss of the x-ray diffraction patter
indicating full amorphization of the sample [13]. How
ever, inb-Co(OH)2 no sudden change is observed in th
x-ray diffraction pattern at 11 GPa [6], which sugges
that the process responsible for the broadening of the O
stretch involves only the hydrogen atoms. As a resu
Nguyenet al. [6] proposed thatb-Co(OH)2 amorphizes
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in the H sublattice alone (Fig. 1). We have now studi
b-Co(OD)2 under pressure using neutron diffraction,
probe which is much more sensitive than x-ray diffractio
to the position of hydrogen or deuterium [14] in th
crystalline lattice. [The differences in behavior betwe
H and D forms is known to be very small in systems, su
as these, with long H bonds [15], and data were collec
up to 16 GPa—well beyond the pressure of the anoma
in b-Co(OH)2 [6].]

Powder diffraction data were obtained from a fresh
prepared sample [12] using the Paris-Edinburgh pr
sure cell [16] at the UK pulsed-neutron source ISIS
the Rutherford Appleton Laboratory. Two loadings wi
sintered-diamond anvils were used to collect data at 300
between 0 and 16 GPa on the PEARL beam line. In o
loading (loading 1) 5 mol % of NaCl was incorporated in
the sample to act as an intensity calibrant. In a seco
loading (loading 2) a pure sample was used. In additi

FIG. 1. (a) Hydrogen bond geometry in (b) the layere
structure of the CdI2-relatedb-Co(OD)2. The D atoms in (a)
are disordered over the three sites shown. This detail is omi
in (b).
© 1999 The American Physical Society
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data collected previously on the POLARIS beam line [12]
with tungsten-carbide anvils (loading 3) were analyzed by
the same procedure. For loadings 1 and 2 some data were
taken with the thrust axis of the cell turned 90± to the inci-
dent beam. The lack of change in relative intensities be-
tween this and the standard cell orientation demonstrates
that both samples were well randomized powders [17].
Care was taken to correct the data for the absorption of
the cell and the anvils [18], and the data were used for
Rietveld refinement [19] using the program GSAS [20].

The crystal structure refinement started from the ac-
cepted model for the CdI2-related hydroxides [21] at am-
bient pressure (Fig. 1) with Co at �0, 0, 0�, and O and D
at � 1

3 , 2
3 , z� in space group P3m1, with z � 0.2 for O and

�0.4 for D. The parameters varied were the z coordinates
of O and D, the D site occupancy, and two anisotropic dis-
placement (thermal) parameters for D, one perpendicular
and one parallel to the c axis, to model both the anisotropy
of the D thermal motion and the expected movement of
D off the 2d (threefold) sites [Fig. 1(a)] with increasing
pressure [12]. This gives the simplest unconstrained de-
scription of the D-atom distribution. The thermal param-
eters of Co and O were fixed to their ambient pressure
values; this is physically reasonable and was shown in
tests not to bias the results. Figure 2 shows the D-site
occupancies obtained to 16 GPa [22]. There is a slight
overestimate of �10% on average, attributable to small
uncertainties in the deuteration level and attenuation cor-
rections, but the occupancy is clearly constant across the
whole range. This conclusion can also be deduced from
simple inspection of the raw data. Figure 3 shows the
excellent fits obtained with the standard model at 8 GPa
and, in the lower inset, at 16 GPa; the upper inset shows
the clear misfits in relative peak intensities if the D-atom
scattering is removed from the (coherent) diffraction pat-
tern, as amorphization would require. Also, in those cases
where NaCl was used as an intensity calibrant, the in-
tensity ratios of peaks arising from the sample and the
NaCl do not change to 16 GPa, indicating no loss of over-
all scattering from the b-Co(OD)2. Thus, the standard
model with fully occupied deuterium sites fits equally well
above and below the spectroscopic discontinuity, and the
principal structural change with pressure is a smoothly
increasing displacement of the D atoms from the three-

FIG. 2. Variation in the occupancy for the D sites in
b-Co(OD) 2 determined by Rietveld structural refinement.
fold axes (Fig. 4)—as reported in previous investigations
up to 10 GPa [11,12] and found in recent ab initio stud-
ies of Ca(OH)2 and Mg(OH)2 [23]. Our primary conclu-
sion is thus that the D-site occupancy remains constant
through the spectroscopic discontinuity, which rules out
the H(D) sublattice amorphization previously proposed.
True amorphization would require the occupancy to fall
to zero.

What else could be the cause of the strong broadening
of the OH stretching bands of b-Co(OH)2 at �11 GPa in
both the infrared and Raman experiments? As Nguyen
et al. [6] observe, the changes in the Raman and IR spec-
tra are too large to be due to increases in hydrogen bond
strength or lengthening of the O-H bond; at �11 GPa
the H · · · O distance is about 2.2 Å, a distance not asso-
ciated with strong hydrogen bonds [1,2]. But our results
show no structural discontinuity (Figs. 2 and 4). Nguyen
et al. [6] observe that the rapid increase in IR-band width
is associated with the flattening of the c�a ratio above
11 GPa. [This flattening is also observed in deuterated
b-Co(OD)2 at about the same pressure (Fig. 4) and at
the same value of c�a; this is further strong evidence
that the H and D materials display very similar behavior.]
The abrupt changes in the spectroscopic data thus contrast
with a continuous variation of the structure with pressure.
Consideration of the placement of the H(D) atoms on sites
around the threefold axis, their packing, and the changes
in packing with pressure suggest a plausible mechanism
to reconcile this difference.

Two different configurations for H(D) sites displaced
from the threefold axis have been proposed at ambient
pressure, both of which use threefold disordered x, 2x, z
sites. Megaw et al. [24] argued for a location with x ,

1
3

(x less than a third, XLT, sites, shown as filled squares

FIG. 3. Results of Rietveld structural refinements. The dots
represent the observed data and the solid lines the best fit. The
main figure shows the fit obtained at 8 GPa using the standard
model described in the text. The lower plot in the inset shows
a fit with the same model to data collected at 16 GPa. The
upper inset plot shows the best “fi t” to the same data with the
D occupancy fixed at zero to model the proposed sublattice
amorphization [6]. The arrows mark the largest misfits.
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FIG. 4. The pressure dependence of the c�a ratio of
b-Co(OD) 2 (open symbols, right hand scale) and the displace-
ment of the D atoms from the threefold axis as a function of
pressure (filled symbols, left hand scale). The line is a guide
to the eye for the variation of c�a.

in the inset of Fig. 5) which gives the most favorable
Co-O-H(D) tetrahedral angles. Alternatively, sites with
x .

1
3 (x greater than a third, XGT, sites, shown as

open squares) minimize the H(D)· · ·O distances and give
the strongest hydrogen bonding. Recent single-crystal
neutron diffraction studies of Ca(OH)2 and Mg(OH)2

suggest that at ambient pressure the H(D) atoms are
located on these XGT sites [21].

There is known to be a minimum contact distance for
nonbonded H(D) atoms. In molecular systems the value
is around 2 Å [3]. In ionic systems it may be as low as
1.8 Å [3,25]. At ambient pressure, we find that the only
D · · · D distances longer than 1.8 Å in the XGT model

FIG. 5. The inset shows the structure of b-Co(OD) 2 projected
along the c axis. The cobalt atoms are shown as small filled
circles. The crosses show the location of the oxygen atoms
on the threefold axes. The XGT sites (see text) are shown as
open squares and the XLT sites as filled squares. The circles
through these sites represent the loci of constant deuterium
atom displacement from the threefold axes. The main plot
shows the pressure dependence of the distance from XGT site 1
to XLT site c0 for b-Co(OD)2 and Mg(OH) 2. The solid line
is a guide to the eye for b-Co(OD) 2, and the dashed line
represents the most plausible minimum H(D)· · ·H(D) distance.
330
are from sites 1 to 2′ and 3′ (1.87 Å), 2 to 3′ or 3 to
2′ (2.17 Å), and 2 to 2′ or 3 to 3′ (2.2 Å). However,
each XGT site is displaced off the threefold axis directly
towards one of the three nearest-neighbor groups of D
sites (Fig. 5, inset). Thus, any arrangement of XGT sites
must involve a substantial number of the 1 to 2′ type
contacts with the short 1.87 Å lengths—even at ambient
pressure the H atoms in b-Co(OD)2 are densely packed.

The deuterium displacement from the threefold axis and
its rate of increase with pressure (Fig. 4) are independent
of the site model used. A displacement of D from the
threefold sites tends to decrease the 1 to 2′ (or 3′) type
of contacts over and above the effect of the general
compression of the lattice and so this distance reduces
rapidly and reaches 1.8 Å by �3 GPa. Since the exclusive
use of XGT sites must involve 1 to 2′ (or 3′) contacts,
an arrangement with only XGT sites is thus not possible
above 3 GPa if we take 1.8 Å as the minimum possible
D· · ·D distance. The XLT model, where the direction of
D displacement is between two adjacent groups of D sites,
allows longer D· · ·D distances. The only possible D· · ·D
distances for this model are from a or b to c0 (2.06 Å)
and from c to c0 (2.35 Å). These distances are almost
pressure independent— the increasing displacement of the
deuterium from the threefold axis (Fig. 4) approximately
compensates for the overall compression of the structure.
However, the greater length of these distances results in
inefficient D packing, and accurate drawings of possible
networks show that exclusive use of XLT sites cannot
give an extended structure with D· · ·D distances greater
than 1.8 Å. Instead, a mixture of XLT and XGT sites is
required, and the drawings show they can be linked only
by contacts of the type 1 to c0.

The pressure dependence of the 1 to c0 distance is shown
in Fig. 5. The values were obtained from the measured
lattice parameters and the D displacements from the three-
fold axis, based on the assumption that the O-D distance
remains constant at the value found at ambient pressure
(0.95 Å). This assumption is in line with expectation
for long H bonds and is supported by experimental stud-
ies of ice VIII and NaOD [26]. As can be seen, the 1
to c0 distance approaches the minimum value of �1.8 Å
by 10 GPa, and so it is no longer possible for the mixed
XLT and XGT model to give any arrangement with accept-
able D· · ·D distances at pressures beyond this limit. In-
stead, to achieve an extended arrangement, the deuterium
atoms must—we suggest—be distributed over a range of
positions lying on circles of constant displacement from
the threefold axis (see Fig. 5). In such an arrangement
the location of the D atoms is determined by the need to
maintain D· · ·D distances above the minimum value and
D· · ·D repulsion overcomes effects such as H bonding and
ion-dipole interactions, which favor the XGT and XLT
sites. Positioning of the D atoms anywhere around the
circles in Fig. 5 leads to a range of D· · ·O distances and
Co-O-D angles, and such a variation of local hydrogen
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environments would be expected to produce a broadening
of the O-H(D) stretch mode.

Hence, it appears probable that the reported spectro-
scopic anomaly [6] is the result of the H atoms being forced
to be distributed over a range of general sites by the need
to achieve sufficiently large H· · ·H distances. Further sup-
port for this interpretation comes from molecular dynamics
studies by Raugei et al. [23] which conclude that structural
frustration of the H atoms is the cause of the broadening
of the O-H stretch mode. The change in the H(D) loca-
tion to general sites provides a plausible explanation of the
spectroscopic anomaly at 11 GPa, and a minimum H· · ·H
distance in Co(OH)2 of �1.81 Å appears to allow a unified
interpretation of the spectroscopic and diffraction data.

Nguyen et al. [6] contrast the behavior of Co(OH)2

with that of icostructural Mg(OH)2 whose O-H stretch
shows no sudden increase in width up to 30 GPa [8,10].
Figure 5 shows the pressure dependence of the 1 to c0

distance in Mg(OH)2, calculated using the same procedure
as for Co(OD)2. It remains above 1.81 Å up to 20 GPa,
and falls to �1.8 Å only somewhere above 30 GPa—
the maximum pressure currently explored [8,10]. A
spectroscopic transition similar to that found in Co(OH)2

may thus occur in Mg(OH)2 above this point.
Our data and the spectroscopic studies [6–9] provide

indications of the importance of repulsive effects at high
pressure. We conclude that these effects induce a highly
disordered (but crystalline) proton arrangement at high
pressure in Co(OD)2 which can account for its observed
spectroscopic anomalies. The family of CdI2-structure
layered hydroxides are particularly good systems in which
to study such effects since H· · ·H and O-H· · ·O dominate
the interactions between layers, and the level of frustration
experienced by the structure will vary strongly with unit
cell size and compressibility. Our conclusions invite
further experimental and modeling work to explore the
effects of hydrogen repulsion and understand the balance
between the H· · ·H and O-H· · ·O interactions.
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