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Neutron powder diffraction data have been collected for the ice VII phase ofD20 at 26 kbar and 
22 ·C by the time-of-flight technique. The data confirm the cubic Pn3m space group with 
completely disordered hydrogen bonding. Rietveld analysis of the data to obtain a bond length 
and bond angle for the DzO molecule is hampered by combined static and thermal disorder of 
both the deuterium and oxygen atom positions. However, simple models give results which are 
consistent with the D 20 molecule parameters for other ice structures. 

INTRODUCTION 
At least 11 crystalline phases of ice are known to exist as 

a function of pressure and temperature. 1
•
2 Except for the 

most recently reported phase,z which exists above 440 kbar, 
the unit cells and space groups of all of the ice structures are 
known. The various structures share several common fea
tures. In all cases, the oxygen atoms are surrounded by four 
hydrogen atoms in perfect or nearly perfect tetrahedral di
rections. Two of the neighboring hydrogen atoms are cova
lently bonded to the oxygen atom, while the other two are 
hydrogen bonded. Near-neighbor oxygen atoms are, thus, 
linked by O-H···O or 0·· ·H-O bonds. The phases divide 
into two general groups: those in which the orientations of 
the H20 molecules are ordered and those in which they are 
disordered among a finite set of possible orientations. 

The high pressure phases of ice are increasingly more 
dense as a result of closer packing of nonbonded neighbors. 
The bond lengths and bond angles for individual H 20 mole
cules in the various ice phases for which precise structural 
measurements are available are almost identical. 3 Thus, 
compression occurs by reorganization of the framework into 
a different structure, rather than by flexibility of a given ice 
structure. In the higher pressure phases, ices VI, VII, VIII, 
high density is achieved by forming "self-clathrate" struc
tures. These structures consist of two interpenetrating, but 
nonbonded, ice frameworks with each framework having the 
tetrahedral coordination common to the ice structures. Be
yond ice VII (or ice VIII) no further densification is possible 
by changing the structural topology. Thus, at pressures 
above 21 kbar (the ice VI to ice VII transition pressure near 
room temperature) further compression must occur by shor
tening of hydrogen bonds. For this reason, it is hypothesized 
that the newly discovered ice X phase at 440 kbar is "sym
metric ice"; a structure in which hydrogen atoms are equi
distant from their two bonded oxygen neighbors.2 

Until recently, accurate structural data for the high 
pressure phases of ice was limited to neutron single crystal 
diffraction refinements for samples of ice 11,4 V, 3 and IX5 

which were quenched from the high pressure phases and 
studied at atmospheric pressure. Two recent papers report in 
situ neutron powder diffraction results for ices VI, VII, and 
VIII.6•7 The ice VIII structure was refined from both con
stant-wavelength (variable-angle) and time-of-flight (fixed 

angle) neutron powder diffraction data, yielding essentially 
identical results. The O-D bond length is 0.97 A, and D-O
D angle is near lOS·. For ice VI, the structure is sufficiently 
complex that the powder refinement was somewhat less pre
cise. However, the results were consistent with other ice 
structures.7 

Ice VII presents a more difficult problem in data analy
sis. Because the hydrogen bonding is disordered, the atom 
positions refined from diffraction data represent the spatial
ly averaged atom positions (i.e., the atom positions averaged 
over many unit cells) which may be significantly different 
from the atom positions for a single unit cell. Thus, a 
straightforward refinement of diffraction data for ice VII 
can easily give misleading results unless both static and ther
mal displacements of the atoms are properly handled in the 
model. Unfortunately, static and thermal contributions to 
the Debye-Waller factor are difficult or impossible to sepa
rate unless the diffraction data can be extended to small d 
spacings (high q) and the thermal vibrations can be assumed 
to be harmonic. The problem is further complicated by the 
fact that the large Debye-Waller factors for this type of sys
tem result in greatly diminished intensity of the small d
spacing Bragg reflections. 

In the in situ study of D 20 ice VII by Kuhs et al., a 
constant-wavelength neutron powder diffractometer (DIA 
at the ILL) was used to collect data with the sample in a 
supported aluminum oxide pressure cell.7 With this method, 
Bragg reflections from the aluminum oxide are unavoidable 
and are, in fact, larger than the desired peaks from the ice 
sample. Thus, the data analysis depends upon a careful 
"background" subtraction. Additionally, the DIA diffrac
tometer is located on a thermal guide tube and has rapidly 
decreasing flux at short wavelengths. These problems limit
ed the range of data that could be obtained. The analysis of 
ice VII data by Kuhs et al. was based on 15 Bragg intensities. 
Good agreement was obtained by using a model with a re
stricted D20 molecule geometry. Useful information was 
gained about the (spatially and time averaged) distribution of 
oxygen and deuterium atoms, but it was impossible to refine 
an unconstrained model to probe the local O-D bond length 
and D-O-D bond angle of an individual molecule. 

The purpose of this study is to collect a larger set of 
diffraction data for D 20 ice VII by employing the time-of-

J. Chern. Phys. 83 (1), 1 July 1985 0021-9606/85/130329-05$02.10 @) 1985 American Institute of Physics 329 

Downloaded 19 Apr 2013 to 129.174.21.5. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



330 J. D. Jorgensen and T. G. Worlton: Structure of D,O ice VII 

flight technique at a pulsed neutron source. Because a fixed 
scattering angle can be used, scattering from the pressure 
cell can be eliminated with appropriate collimation of the 
incident and scattered beams. The pulsed neutron source 
offers high flux at short wavelengths and is well suited for 
obtaining small d-spacing data. Alternate structural models 
are employed in the refinement in order to illustrate what 
information can be obtained about the geometry of the D20 
molecule in ice VII without constraining the bond length or 
bond angle. 

EXPERIMENTAL PROCEDURE 

The D20 sample used in this experiment was contained 
in a sealed Teflon capsule 7 mm o.d. and 50 mm long with a 
0.3 mm wall thickness. The capsule was placed in the bore of 
an aluminum oxide cylinder 31.8 mm o.d. and 76.2 mm long 
which was supported radially by steel binding rings. The 
pressure cell is shown in Fig. 1. The hardened steel sleeve 
immediately surrounding the aluminum oxide cylinder has a 
tapered o.d. so that, when it is pressed into the tapered bore 
of the outer steel binding ring, the aluminum oxide is com
pressed radially to a value near its compressive strength lim
it. Pressure is applied to the ends of the Teflon sample tube 
through tungsten carbide pistons. Thus, as sample pressure 
increases, the compression at the inner diameter of the alu
minum oxide cylinder decreases and passes through zero. 
The cell fails, due to fracture of the aluminum oxide, at its 
limiting tensile strength. The pressure cell used in this exper
iment is based on the early designs by Brugger et al.8

•
9 and 

was previously used for numerous high pressure neutron dif
fraction measurements at Argonne's CP-5 research reac
tor. 10 

The ice VII data were collected on the Special Environ
ment Powder Diffractometer ll at Argonne's Intense Pulsed 
Neutron Source. Neutrons enter and leave the pressure cell 
through 3 X 28 mm windows in the hardened steel sleeve 
which line up with larger windows in the steel binding ring 
(Fig. 1). A boron nitride insert with a 2.3 mm wide slit was 
used in the incident beam window to provide a collimator 
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FIG. 1. Schematic of the piston-in-cylinder pressure cell used for time-of
flight neutron powder diffraction. 

with higher stopping power than steel. These data were col
lected at a scattering angle of20 = + and - 90· where the 
largest possible sample volume can be viewed without un
wanted scattering from the cell. 

The pressure was cycled across the ice VI-VII phase 
boundary (21 kbar at room temperature) several times with 
short data collection between cycles to investigate the possi
bility of a nonpowder sample. No changes in ice VII Bragg 
intensities were observed, indicating that the sample con
tained a large enough number of randomly oriented crystal
lites to provide unbiased powder intensities. Data were also 
compared for the right- and left-hand 90· detector banks as a 
further check for large crystallites or perferred orientation. 
The two data sets were identical. The data used for structural 
refinement were collected for 67 h at a pressure of 26 kbar 
and a temperature of 22 ·C. 

Since no internal calibrant was used in the pressure cell, 
the determination of the sample pressure is based on a com
parison of the refined lattice constant from this experiment, 
3.3501(1) A.., with the equations of state given by Walrafen et 
al. 12 and Munro et al. 13 Since this experiment falls at the 
lower range of their data, error bars could be as large as ± 2 
kbar. The external load on the pressure cell would suggest a 
somewhat lower pressure, perhaps 24 kbar. However, the 
sample pressure vs external load is not necessarily reproduc
ible in this pressure cell, and the cycling of pressure up and 
down across the VI-VII phase line could relax piston friction 
and result in higher than normal pressures. Thus, the pres
sure should be assumed to be 26 ± 2 kbar until better equa
tion of state data becomes available. 

DATA ANALYSIS 

The data were analyzed by the Rietveld technique 
modified for time-of-flight data from pulsed neutron 
sources. 14 The analysis included 35 Bragg reflections (28 in
dependent d spacings) with d spacings from 0.54 to 2.37 A... 
The refinements were done in the previously reported 1,15 cu
bic Pn3m space group. All refinements included a four-term 
polynomial background function and a refineable peak 
width parameter. 

A simple model with oxygen atoms at the special posi
tion 1/4, 1/4, 1/4, and deuterium atoms at special position 
x, x, x along the [111] axis, and with isotropic temperature 
factors for both oxygen and deuterium atoms gave an anom
alously short O-D bond length of 0.93 A. Kuhs et al. ob
tained an even shorter bond length (0.89 A..) for a simple 
model. The reason for this unlikely result can be easily un
derstood by considering the effects of hydrogen-bond disor
der in the structure. 

Figure 2 shows the idealized ice VII structure. The oxy
gen atoms form a body-centered cubic lattice with each oxy
gen atom being bonded through the deuterium atoms (0-
D· . ·0 or O· . ·D-O bonds) to four ofits eight near-neighbor 
oxygen atoms. The four nonbonded oxygen atom neighbors 
are part of a second interpenetrating diamond framework 
identical to the first. The deuterium atom positions shown in 
Fig. 2 each have a 50% probability of being occupied. Struc
tural refinement is done by assigning a half atom to each 
allowed site to simulate the spatial average of the structure. 
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FIG. 2. The average structure of ice VII. Large spheres are oxygen atoms. 
Small spheres are possible deuterium atom sites which have 50% average 
occupancy. The cubic cell is drawn to emphasize the body-centered cubic 
arrangements of oxygen atoms, but does not match the cell used in the struc
tural refinements (where the origin is at the inversion center and oxygen 
atoms are at 1/4, 1/4, 1/4). 

On the local scale, however, each oxygen atom has two cova
lently bonded and two hydrogen-bonded deuterium atom 
neighbors. Thus, the local environment of an oxygen atom is 
not as symmetric as the ideal structure would imply. Rather, 
the near-neighbor forces on oxygen atoms would be expected 
to be uniaxial along the [100] directions bisecting the D-O
D bonds. The data analysis of Kuhs et al. indicated the pres
ence of these oxygen atom displacements along [100] direc
tions and for a particular constrained model gave a magni
tude for the displacement of 0.096(5) A, which is almost 
equal to the distance from the oxygen atom to the center of 
mass of the molecule (0.12 A).7 Unfortunately, releasing the 
constraint on the O-D bond length gave an unexpectedly 
large value of 1.02 A suggesting that the oxygen atom dis
placement may be overestimated. 

The local deuterium atom positions could also differ 
markedly from their idealized (averaged) positions shown in 
Fig. 2. The D-O-D bond angle for free water vapor3,16 and 
the angle that is most often observed in ice structures,3.6.7 is 
near 105°, rather than the 109.5" that would correspond to 
perfect tetrahedral coordination. Thus, a slight folding of the 
D20 molecule involving a displacement of the deuterium 
atoms off the [111] axes would not be unexpected. When 
such diplacements are averaged over molecules in all possi
ble orientations, the Pn3m symmetry is not violated and the 
average deuterium atom position is unchanged. A second 
possible displacment of the deuterium atoms could result 
from Coulomb attraction of the three nonbonded oxygen 
neighbors. Again, the average deuterium atom positions 
would not change. 

Several possible models were tried in refinements of the 
D20 ice VII data in an attempt to obtain reasonable values 
for the O-D bond length and the D-O-D bond angle with
out actually constraining the molecular geometry. In gen-

TABLE I. Structural parameters for D20 ice VII (cubic, Pn3m, origin at 
center) for a refinement model with 0 at 1/4, 1/4, 1/4 and D at x, x, x. 
Numbers in parentheses are statistical standard deviations of the last signifi
cant digit. The temperature factor for D is defined as 
exp {4a~ [ - Bllh 2 - B22k 2 - B33l2 - 2B12hk - 2BI3hl- 2B23kl J}. 

ao 3.3501(1) A 

B(O) 2.13(6) A2 O-D 0.943(2) A 
x(D) 0.4125(4) • D--O-D 109S 
Bll(D) 2.57(7) A2 
BdD) -0.34(4)A2 

Rwp 2.587% 
Rexp 1.696% 

eral, these models corresponded to splitting the deuterium or 
oxygen atoms, or both, into partially occupied, displaced 
sites with either isotropic or anisotropic, harmonic tempera
ture factors. Only the most successful and physically reason
able results are reported in this paper. It was found to be 
impossible to separate the oxygen atom static and thermal 
displacements. For models in which the oxygen atom was 
split into six partially occupied sites along the [100] direc
tions, the weighted profile R value was essentially constant 
for static displacements up to 0.1 A. Thus, it was impossible 
to draw conclusions directly from the data concerning the 
magnitude of displacement of oxygen atoms off their ideal 
positions. Subsequent refinements were done with oxygen at 
the special position 1/4, 1/4, 1/4 with an isotropic tempera
ture factor. 

An improved result was obtained by allowing an aniso
tropic temperature factor for the deuterium atoms. Table I 
gives the refined parameters for this model. The anisotropy 
of the deuterium atom distribution is pronounced. The prin
cipal axes of the thermal ellipsoid are given by 

(xD 1/2 = [8~ (Bll - B l2)] 1/2 = 0.192(3) A 

and 

(xU> 1/2 = [8~ (B11 + 2Bd]1/2 = 0.155(4) A, 

where (x~) and (xIT) are the mean squared displacements 
perpendicular and parallel to the [111] axes (the O-D bond 
directions). The calculated bond length for this model is 
0.943(2) A and the D-O-D angle is (tetrahedral) 109.5". 

The tendency for static displacement of the deuterium 
atoms off the [111] axes can be tested by refining with the 
deuterium atom split into x, x, z positions. There are three 
such positions around each of the original x, x, x positions. 

TABLE II. Structural parameters for D20 ice VII (cubic, Pn3m, origin at 
center) for a refinement model with 0 at 1/4, 1/4, 1/4 and D at x, x, z. 

B(O) 
x(D) 
z(D) 
B(D) 

Bwp 
R.xp 

3.3501(1) A 
2.14(6) A2 
0.433(1) 
0.373(2) 
1.82(7) A2 

2.561% 
1.696% 

O-D = 0.959(3) A 
D--O-Da = 98.2(6)",100.7(4)", 

114.0(2)", 129.0(9)' 

a See the text for a discussion of which values are physically acceptable. 
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FIG. 3. Raw diffraction data ( + ) and Rietveld refinement profile (continuous line) for DP ice VII at 26 kbar and 22 'C for the refinement model described in 
Table II. Tick marks below the profile indicate the positions of allowed Bragg reflections used in the refinement. A difference curve (observed minus 
calculated) appears at the bottom. Background has been subtracted before plotting. 

Two physically distinct cases are possible. For x> z, the deu
terium atom displacement is toward the three nonbonded 
oxygen atom neighbors. For x <z, the three-atom distribu
tion is rotated 60° around the [111] axis and is directed half
way between the nonbonded oxygen atom neighbors. Both 
cases were refined. For these models, high correlations made 
it impossible to simultaneously refine anisotropic tempera
ture factors for the partial deuterium atoms in the displaced 
positions. Thus, isotropic temperature factors were used for 
both oxygen and deuterium atoms. This gives a model with 
the same number of parameters as that described in Table I. 
The results for the x > z case are given in Table II. A plot of 
the raw data and final calculated profile is in Fig. 3. The 
static displacement off the [111] axis is 0.16 A. This split 
atom model for x> z gives a significantly lower weighted 
profile R value (Rwp = 2.561 %) than the anisotropic model 
described in Table I (Rwp = 2.587). The split atom model for 
x < z gave a higher R value by about the same amount 
Rwp = 2.621%). 

These weighted profile R values are correctly defined 
for use in R value significance tests as presented by Hamil
ton, 17 where, in the powder case, the observations are counts 
in a given channel rather than integrated intensities. For the 
ice VII data analyzed in this paper, the number of "free var
iables" (observations minus refineable parameters) is 586. 
Standard R-value ratio tables can be used to test the statisti
cal significance of various structural models. IS For the three 
models used to refine the ice VII data, the split atom model 
with x> z obtains an improvement in Rwp sufficient to jus
tify up to two additional variables at the 99.5% confidence 

level, when compared to the anisotropic model. Since the 
models actually have the same number of variables, the split 
atom model with x> z is strongly favored by statistical tests. 
Thus, these results indicate a clear preference for a (static or 
dynamic) displacement of deuterium atoms toward non
bonded oxygen atom neighbors. The split deuterium atom 
model allows several D20 molecule geometries as shown in 
Fig. 4. In all cases, the O-D bond length is 0.959(3) A. Three 
of the possible bond angles are shown in Fig. 4. Based on the 
ice VIII structure, which is an ordered form of ice VII, 6. 7 and 
the bond angle in the free water molecule,3.16 the expected 
D-O-D angle would be near 105°. Thus, the physically rea
sonable molecules are those with angles less than tetrahedral 
(109.5"). The split atom model allows two such molecules, 
with angles of 98.2(6}" and 100.7(4)". 

FIG. 4. Bond length and possible bond angles for the refinement model 
described in Table II where deuterium atoms are split into sites displaced off 
the (Ill] axis toward nonbonded oxygen atom neighbors. Each possible 
deuterium site has one-sixth average occupancy. 
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The two refinement models described in Tables I and II 
represent the logical extremes of the actual structure: (1) 
Highly anisotropic thermal motion with no static displace
ment or (2) isotropic thermal motion with the entire anisot
ropy of the density distribution being assigned as static dis
placement. The true situation must, of course, be somewhere 
between these two extremes. Thus, the bond lengths and an
gles from the two refinement models could be taken as upper 
and lower limits of the true values. Taking the mean values 
for the two models, the results suggest an O-D bond length 
of 0.95 A and a D-O-D bond angle near 105°. Since no oxy
gen atom displacement has been included in these models, 
even though a small displacement along the [100] directions 
is physically expected, it is not surprising that the refined 
bond length is slightly shorter than the expected value (0.97 
A as in ice VIII6,7). Indeed, the short O-D bond length im
plies that a small [100] oxygen atom displacement away 
from the covalently bonded deuterium atoms must be pres
ent in agreement with the results of Kuhs et al.7 

CONCLUSION 

It is unlikely that unconstrained refinement of neutron 
powder diffraction data will be able to give more definitive 
structural information for ice VII than is presented in this 
paper and that of Kuhs et al.7 However, both measurements 
indicate that the Pn3m space group is correct and that there 
is nothing anomalous about the D 20 molecule geometry in 
this phase of ice. A complete separation of the static and 
thermal components of the Debye-Waller factor requires a 
large number of precise data extending to the smallest possi
ble d spacings and a more sophisticated model for the ther
mal motion of the deuterium and oxygen atoms and the over
all molecule. The data reported in this paper suggest that 
powder techniques may be incapable of supplying the need
ed information. 

The Bragg intensities diminish rapidly at small d spac
ings due to the large Debye-Waller factors, as can be seen in 
Fig. 3. This effect is not instrumental; the pulsed source tech
nique offers high flux at short wavelengths and is well suited 
for obtaining data to small d spacings. In the case ofD20 ice 
VII, the limiting factor is the signal-to-noise ratio, where the 
background comes primarily from the deuterium incoherent 

scattering and from multiple scattering in the pressure cell. 
Improved pressure cell design and a larger sample might 
offer some improvement in the signal-to-noise ratio at small 
d spacings. However, a significantly more definitive refine
ment of the ice VII structure will probably not be possible 
unless in situ single crystal neutron diffraction data can be 
obtained. 
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