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Structure of Deuterated Ammonia IV
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The structure of the high-pressure phase IV of ammonia has been solved from neutron powder
diffraction data from ND3, and preliminary studies have been made of the structural pressure
dependence to 9 GPa. The structure is orthorhombic, not hexagonal close packed (hcp) as previously
thought. The nitrogen atoms have a pseudo-hcp arrangement, but the deuterium atoms do not and are
ordered at all pressures studied. The internal molecular geometry is not significantly distorted from
that found in phase I at ambient pressure, but the hydrogen bond geometry is more distorted and is
unexpectedly complex.

PACS numbers: 62.50.+p, 61.12.Ld, 61.66.Fn
t

g
n

g
h
e
a
e
d
g
s

g
e
u

f
th
c
g
e
e
e
th
r

v
d
e
u

w
i

]

ked
ier

e
es,

nds,
tly
nd
r,
he

of
e

his
ly,
ed
ent

ded
an
in
There has been a long-standing and wide interest in
high-pressure behavior of simple hydrogenous molecu
“ices” such as H2O, NH3, and CH4 which has aimed at
obtaining fundamental information such as the chan
in the interatomic potentials with interatomic separatio
Extensive studies of ice itself have explored the chan
in the hydrogen bonding with pressure and have searc
for the transition to symmetric ice where the hydrog
bond becomes centered [1]. Ammonia is an import
member of this group of ices. It has weaker hydrog
bonding than H2O and has a “shared” hydrogen-bon
geometry with three hydrogen atoms bonding to a sin
lone pair [2]. This has led to a fundamental intere
in understanding how these differences affect the hi
pressure behavior. Also, ammonia is a major constitu
of the Jovian planets and a knowledge of its high-press
properties is important for planetary modeling [3].

Accurate structural information is an essential basis
a full understanding of high-pressure behavior, but in
case of ammonia accurate structural studies have been
fined to modest pressures. The phase diagram (see Fi
shows that three solid phases are known at low pr
sures, with structures that are either close packed (phas
Ref. [4], and phase III, Ref. [5]) or pseudo close pack
(phase I, Refs. [6,7]). In the low-temperature phase I
molecules are ordered [6,7], while at higher temperatu
in phases II and III the molecules are rotationally diso
dered [4,5]. At higher pressures, phase IV is found o
the entire temperature range studied to date [8,9] an
the first phase of ammonia to be found stable over an
tended range of pressure [10]. Knowledge of the struct
and structural pressure dependence of phase IV is thus
portant for understanding the high-pressure properties
ammonia up to and beyond molecular dissociation. Ho
ever, existing information on the structure of phase IV
limited and uncertain.

Unpublished x-ray work by Mills and Olinger [9
found phase IV to have space groupP63ymmc, with
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two molecules per unit cell and a hexagonal-close-pac
(hcp) structure. In contrast, Raman studies by Gauth
et al. [10] found that four molecules per unit cell ar
required to account for the number of observed mod
based on an assumption that the space group isP63ymmc.
Such an arrangement can be ruled out on density grou
but—though not explicitly stated—this study apparen
shows that the hcp structure proposed by Mills a
Olinger [9] is inconsistent with optical data. Howeve
subsequent further x-ray work confirmed the view that t
structure of phase IVis hcp [11]. This structure implies
a high level of orientational disorder.

There is a clear need for a definitive determination
the structure of phase IV, including the location of th
hydrogen atoms and the nature of their ordering. T
requires neutron diffraction techniques. Until recent
detailed neutron diffraction studies have been limit
to pressures below 3 GPa, but the recent developm
of the Paris-Edinburgh pressure cell has now exten
the pressure range for neutron diffraction to more th
10 GPa [12]. This facility has made it possible to obta

FIG. 1. The phase diagram of ammonia after Ref. [10].
© 1995 The American Physical Society
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high quality neutron diffraction patterns from ammon
phase IV, and we have now solved its crystal structure

The Paris-Edinburgh cell and its use for accurate hig
pressure structural studies using time-of-flight neutr
diffraction techniques at the UK pulsed neutron sour
ISIS are described in detail elsewhere [12,13]. The s
cial modifications and procedures required to load ga
like ammonia into the cell have been recently describ
in Ref. [14]. Patterns from such samples contain so
diffraction peaks from the anvils (tungsten carbide in th
case), because the full shielding required to remove
nonsample scattering is not compatible with the pres
gas-loading procedures. However, for a strongly scat
ing sample like ammonia, the residual contaminant sc
tering can be kept at a relatively low level—as shown
Fig. 2 below. Patterns collected from early loadings
ammonia also showed strong texture effects, which
a common problem in samples produced by solidific
tion of liquids and gases, but pressure and tempera
cycling [14] produced a sample of ND3 (Ref. [15]) that
was largely free from such texture effects [16]. Patte
were collected from this sample at pressures of 4.5, 5
7.0, and 9.5 GPa, as determined from the x-ray equa
of state [11] using the procedure described by Klotzet
al. [14]. (The initial sample volume of,80 mm3, loaded
at ,6 bars and 250 K, was reduced by a factor of abou
at the top pressure of 9.5 GPa.) As we have descri
in detail in Ref. [14], numerous, strong, non-hcp pea
were easily visible that are better fitted by an orthorho
bic unit cell: Clearly ND3-IV does not have a hexago-
nal close-packed structure [13,14]. The full structure
phase IV has now been solved using the 5.0 GPa d
(shown in Fig. 2), which were collected for a longer tim
than at the other three pressures. The refined unit cel
mensions at 5.0 GPa area ­ 3.2495s4d, b ­ 5.6576s6d,

FIG. 2. Rietveld profile refinement fit to a diffraction patter
collected from ND3 phase IV at 5.0 GPa. The differenc
between the observed and calculated profiles is shown be
the diffraction pattern as a dotted line. The arrows mark
first four significant reflections from the tungsten carbide anv
The inset shows the shortd-spacing range enlarged.
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and c ­ 5.3556s5d Å [17]. These values are close to
but clearly differ from, the relationships required by
hexagonal lattices b ­

p
3ad and an ideal hcp structure

sc ­
p

8ay
p

3 d.
As a basis for solution of the structure, the nitroge

atoms were assumed to have the pseudo-hcp arrange
indicated by the x-ray data [9]. As already shown [14], fiv
space groups are consistent with the observed reflect
and a pseudo-hcp nitrogen arrangement, and, of these
P212121 is the most likely on the basis of the appare
systematic absence conditions. So this symmetry w
adopted for the initial search, with the internal molecul
geometry taken to be as found at ambient pressure in
(ordered) phase I (Ref. [7]). The unit cell contains fo
molecules [14], all related in position and orientation b
the space-group symmetry, and the structure was assu
to be ordered (see below). The orientation of the molecu
was varied through 20± on each of the three Euler angles
turn, over all possible configurations, using the rigid bo
option in theGSAS structure refinement package [18]. A
each step, the scale factor and an overall thermal param
were least-squares (Rietveld) refined to obtain a meas
of the fit, expressed asx2. The search produced sever
minima in x2 with an angular half-width of,30±. The
deepest minima all hadx2 values of,5, and were found
to be related by either the space group symmetry or
3-fold symmetry of the molecule. All the other minim
had x2 values of 11 or more. At each of thex2 ,5
minima the Euler angles were refined andx2 dropped to
,4. The same procedure was then applied to the ot
four possible spacegroups, and nox2 values below 7–
8 were found—even after allowing the Euler angles
vary around the minima in the 20±-step search. It thus
appears that the configuration giving thex2 ,5 minima in
P212121 is a unique solution, and this solution also give
a plausible molecular arrangement with reasonable b
lengths and angles.

This configuration was used for full refinement of th
data. All atoms are in general positions inP212121,
and so there are twelve atomic fractional coordina
to vary, along with two isotropic thermal paramete
(one each for nitrogen and deuterium), the scale fac
lattice parameters, and peak width parameters. T
contaminant scattering from the tungsten carbide an
was also included in the calculated profile; the latti
parameters, the phase fraction, an overall thermal
rameter, and peak width parameters for tungsten carb
were refined together with the variables for ammon
using a two-phase Rietveld procedure [18]. A preferr
orientation model with an0k0 axis was found to give a
significantly improved fit to the ammonia profile and wa
adopted. The refined value of the preferred orientat
parameter showed the sample to be significantly n
randomly oriented, but no strongly so; the incorporati
of the effect in the refinement did not alter any relativ
atomic position by more than 0.04 Å. The final best fit
shown in Fig. 2. It is clearly very good, and gives ax2
75
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FIG. 3. The structure and unit cell of ND3 phase IV. The
dashed lines denote the short D. . . N hydrogen bonds. The
molecule labeledA lies in the adjacent unit cell alongx.

value of 2.09. The refined atomic coordinates at 5.0 G
are sssx ­ 0.2604s11d, y ­ 0.3509s4d, z ­ 0.2563s5dddd
for the N atom,sss0.3796(16), 0.1918(9), 0.2352(11)ddd for
D1, sss20.0294s23d, 0.3340s9d, 0.3240s12dddd for D2, and
sss0.2312(24), 0.4238(7), 0.0902(12)ddd for D3.

The ammonia molecule is not constrained to have 3-f
symmetry by the space group, but the final refinemen
the 5.0 GPa data produced values for the three intramo
ular N-D bond lengths that are of a similar magnitu
[0.987(5) Å, 1.014(6) Å, and 0.985(7) Å] with similar D
N-D angles [108.7(5)±, 108.5(5)±, and 105.9(7)±]. A re-
finement with the three N-D bond lengths constrained
be equal and the three D-N-D angles all fixed at 107±

(the value found in phase I, Ref. [7]) did not give a sign
icantly poorer fit. Thus—with the present data—there
no significant evidence of distortion of the 3-fold molecul
symmetry in phase IV. Tests were also made to look
evidence of partial orientational disorder of the molecu
just above the transition, at 4.5 and 5.0 GPa, by start
76
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refinements with the D atoms disordered over the 12 si
,1 Å from each N atom towards its 12 neighboring N
atoms. The refined site occupancies agreed with Fou
difference maps in showing the structure to be at least 90
ordered at both these pressures, and there is no signific
evidence against full ordering. This appears contrary
the suggestion of Gauthieret al. [10] that the observation
of new lattice modes only above 5–6 GPa indicates pr
gressive orientational ordering in the range 3.5–6 GPa

The structure is shown in Fig. 3. Consistent with x-ra
results [9,11], the nitrogen atoms lie within 0.11 Å of th
relative positions of an hcp arrangement. In this respe
phase IV is most similar to phase II—the rotationall
disordered hcp phase [4]. However, phase IV is more ak
to phase I in having fully (or nearly fully) ordered D site
at all pressures measured and a similar H-bonded netwo
As is found on cooling, compression of ammonia resu
in transformations directly from rotationally disordere
structures (phases II and III) to a fully ordered structure

A comparison of the structures of phase IV and phas
(Refs. [6] and [7]) is shown in Fig. 4. Both structures hav
a pseudo-close-packed molecular arrangement, pseudo
in the case of phase I and pseudo-hcp in the case
phase IV. However, the displacements from the ide
close-packed arrangement of nitrogen atoms are ab
twice as large in phase I as in phase IV. Pseudo-clo
packed layers can be seen labeledA, B, andC in phase I
andA, B, andA0 in phase IV. (The symmetry of phase
is more evident if the layers are taken perpendicular
a [111] direction, as outlined by the dotted lines. Bu
the description in terms of theA, B, and C layers gives
the closest correspondence with the phase IV structu
Ammonia has an unusual shared H-bond geometry, w
three H atoms and a lone pair that is a receptor for H bon
from three neighboring atoms [2]. This can be seen in bo
structures. As shown, the labeled N atoms in phase I h
N-D . . . N and N. . . D-N bonds to three neighboring atom
ked

s denote
FIG. 4. The nearest-neighbor coordination shells of ND3 in (a) phase I (after Ref. [7]) and (b) phase IV. The pseudo-close-pac
layers are outlined by continuous lines and are labeledA, B, and C in phase I andA, B, andA0 in phase IV. The dotted lines in
(a) outline the pseudo-close-packed layers normal to the [111] direction as explained in the text. The thick dashed line
the short D. . . N hydrogen bonds in both structures, and the thin dashed lines in (b) show the D. . . N contact of the bifurcated
hydrogen bond discussed in the text.
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in the B layer, two in theA layer, and one in theC layer.
The bonding in phase IV is similar except that the bon
through D2 is toN00 in the B layer, though an additional,
longer bonded contact to N0 in the A layer remains (as
shown by the light dashed lines and discussed below). A
layerA in phase IV is related to layerA in phase I by a 60±

rotation around the pseudo-3-fold axis along [001].
Phase I has a6 1 6 coordination, with the six hydrogen-

bonded N-N distances at 3.38 Å, significantly shorter th
the non-hydrogen-bonded N-N contacts at 3.94 Å. T
corresponding neighbors in phase IV are in six pairs ea
with a different N-N distance ranging from 3.17 to 3.39 Å
and four of these distances lie in the small range betwe
3.20 and 3.30 Å. Thus the difference between the bond
and nonbonded N-N contacts in phase IV is much le
pronounced than it is in phase I. Also, the intermolecu
hydrogen-bond geometry of phase IV is quite distort
from that found in phase I. Two of the N-D. . . N angles are
similar to those found in phase I, but the bond involvin
D2 sN-D2 . . . N00d is more bent at 149± instead of 160±. The
D . . . N distance of 2.34 Å for this hydrogen bond is als
the longest among the three clearly identifiable hydrog
bonds. As already noted, D2 also has a second D. . . N
contact of 2.57 Å to a nitrogen atom N0 in the A layer
with an anglesN . . . D2-N0d of 127±. This D. . . N distance
is shorter by 0.26 Å than all the other unbonded D. . . N
contacts and, unlike them, is shorter than the sum of
van der Waals radii for deuterium and nitrogen (2.75 Å
It thus appears that D2 differs in being hydrogen bond
to two ammonia molecules. Such bifurcated hydrog
bonds are known as an occasional feature of ammoni
and amide groups [2]. Nonetheless it is perhaps surpris
to find such bonds in a system as relatively simple
ammonia.

The changes in the phase IV structure with increasi
pressure appear generally to increase the differences
tween the phase I and phase IV structures. The dist
tion of the molecular packing from an ideal pseudo-h
arrangement is due partially to the axial ratios differin
from the ideal valuess b ­

p
3a and c ­ 1.633ad but is

mainly due to the molecular centers not being located
pseudo-hcp sites within the unit cell. The axial ratios sho
no significant change with pressure—contrary to Mills an
Olinger’s data [9], which showcya decreasing to reach the
ideal value at,6 GPa. However, the nitrogen position
show a clear trend to move towards ideal hcp positio
with increasing pressure and the distance from the id
hcp position reduces by nearly 30% between 5 and 9 G

The structure of phase IV, as now revealed, gives
quite new perspective on the nature of the eventual bo
centering expected at higher pressure. The transition
,12 GPa to phase V and at,60 GPa to phase VI were
proposed on the basis of the observed Raman mode
produce cubic structures [10], and possible structures w
centered hydrogen bonds were suggested for phase
[10]—one with a primitive cubic and another with an fc
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nitrogen arrangement. However, x-ray results [11] ha
since indicated that the hcp-like nitrogen arrangement
phase IV persists up to at least 56 GPa. It would requir
large structural rearrangement to transform from a pha
IV-like configuration to that of the cubic structures, an
the path to molecular dissociation and bond centering
ammonia is likely to prove much more complex tha
previously thought [10].
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