VOLUME 76, NUMBER 1 PHYSICAL REVIEW LETTERS 1 ANuARY 1996

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 NRQ, 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 | 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

There has been a long-standing and wide interest in thisvo molecules per unit cell and a hexagonal-close-packed
high-pressure behavior of simple hydrogenous moleculaghcp) structure. In contrast, Raman studies by Gauthier
“ices” such as HO, NH;, and CH, which has aimed at et al.[10] found that four molecules per unit cell are
obtaining fundamental information such as the changerequired to account for the number of observed modes,
in the interatomic potentials with interatomic separation.based on an assumption that the space gro&pigmmec.
Extensive studies of ice itself have explored the changeSuch an arrangement can be ruled out on density grounds,
in the hydrogen bonding with pressure and have searchdslit—though not explicitly stated—this study apparently
for the transition to symmetric ice where the hydrogenshows that the hcp structure proposed by Mills and
bond becomes centered [1]. Ammonia is an importanOlinger [9] is inconsistent with optical data. However,
member of this group of ices. It has weaker hydrogersubsequent further x-ray work confirmed the view that the
bonding than HO and has a “shared” hydrogen-bond structure of phase INs hep [11]. This structure implies
geometry with three hydrogen atoms bonding to a single high level of orientational disorder.
lone pair [2]. This has led to a fundamental interest There is a clear need for a definitive determination of
in understanding how these differences affect the highthe structure of phase 1V, including the location of the
pressure behavior. Also, ammonia is a major constituertiydrogen atoms and the nature of their ordering. This
of the Jovian planets and a knowledge of its high-pressurgequires neutron diffraction techniques. Until recently,
properties is important for planetary modeling [3]. detailed neutron diffraction studies have been limited

Accurate structural information is an essential basis foko pressures below 3 GPa, but the recent development
a full understanding of high-pressure behavior, but in theyf the Paris-Edinburgh pressure cell has now extended
case of ammonia accurate structural studies have been cafie pressure range for neutron diffraction to more than
fined to modest pressures. The phase diagram (see Fig. 1) GPa [12]. This facility has made it possible to obtain
shows that three solid phases are known at low pres-
sures, with structures that are either close packed (phase Il,

Ref. [4], and phase lll, Ref. [5]) or pseudo close packed 100.0
(phase I, Refs. [6,7]). In the low-temperature phase | the .
molecules are ordered [6,7], while at higher temperatures Ammonia v

in phases Il and Ill the molecules are rotationally disor- | e
dered [4,5]. At higher pressures, phase IV is found over 10.0 v
the entire temperature range studied to date [8,9] and is
the first phase of ammonia to be found stable over an ex-
tended range of pressure [10]. Knowledge of the structure 104
and structural pressure dependence of phase 1V is thus im-
portant for understanding the high-pressure properties of Liquid

ammonia up to and beyond molecular dissociation. How- 0.1 : : :
ever, existing information on the structure of phase IV is 200 250 300
limited and uncertain.

Unpublished x-ray work by Mills and Olinger [9] T(K)
found phase IV to have space groufps/mmc, with FIG. 1. The phase diagram of ammonia after Ref. [10].
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high quality neutron diffraction patterns from ammoniaand ¢ = 5.3556(5) A [17]. These values are close to,
phase IV, and we have now solved its crystal structure. but clearly differ from, the relationships required by a

The Paris-Edinburgh cell and its use for accurate highhexagonal lattic§ » = +/3a) and an ideal hcp structure
pressure structural studies using time-of-flight neutror(c = +/8a/+/3).
diffraction techniques at the UK pulsed neutron source As a basis for solution of the structure, the nitrogen
ISIS are described in detail elsewhere [12,13]. The speatoms were assumed to have the pseudo-hcp arrangement
cial modifications and procedures required to load gasesdicated by the x-ray data [9]. As already shown [14], five
like ammonia into the cell have been recently describedpace groups are consistent with the observed reflections
in Ref. [14]. Patterns from such samples contain somand a pseudo-hcp nitrogen arrangement, and, of these five,
diffraction peaks from the anvils (tungsten carbide in thisP2,2,2, is the most likely on the basis of the apparent
case), because the full shielding required to remove aBystematic absence conditions. So this symmetry was
nonsample scattering is not compatible with the preserddopted for the initial search, with the internal molecular
gas-loading procedures. However, for a strongly scattergeometry taken to be as found at ambient pressure in the
ing sample like ammonia, the residual contaminant scattordered) phase | (Ref. [7]). The unit cell contains four
tering can be kept at a relatively low level—as shown inmolecules [14], all related in position and orientation by
Fig. 2 below. Patterns collected from early loadings ofthe space-group symmetry, and the structure was assumed
ammonia also showed strong texture effects, which aréo be ordered (see below). The orientation of the molecules
a common problem in samples produced by solidificawas varied through Z0n each of the three Euler angles in
tion of liquids and gases, but pressure and temperaturern, over all possible configurations, using the rigid body
cycling [14] produced a sample of NIRef. [15]) that option in theGsas structure refinement package [18]. At
was largely free from such texture effects [16]. Patterngach step, the scale factor and an overall thermal parameter
were collected from this sample at pressures of 4.5, 5.0yere least-squares (Rietveld) refined to obtain a measure
7.0, and 9.5 GPa, as determined from the x-ray equatioaf the fit, expressed ag?. The search produced several
of state [11] using the procedure described by Kletz minima in y? with an angular half-width of~30°. The
al. [14]. (The initial sample volume of-80 mn?, loaded deepest minima all hagt? values of~5, and were found
at ~6 bars and 250 K, was reduced by a factor of about 20 be related by either the space group symmetry or the
at the top pressure of 9.5 GPa.) As we have describe8-fold symmetry of the molecule. All the other minima
in detail in Ref. [14], numerous, strong, non-hcp peakshad y? values of 11 or more. At each of thg?> ~5
were easily visible that are better fitted by an orthorhom-minima the Euler angles were refined apd dropped to
bic unit cell: Clearly NDy-IV doesnot have a hexago- ~4. The same procedure was then applied to the other
nal close-packed structure [13,14]. The full structure offour possible spacegroups, and yd values below 7-
phase IV has now been solved using the 5.0 GPa da were found—even after allowing the Euler angles to
(shown in Fig. 2), which were collected for a longer timevary around the minima in the 2&tep search. It thus
than at the other three pressures. The refined unit cell dappears that the configuration giving thé ~5 minima in
mensions at 5.0 GPa are= 3.2495(4), b = 5.6576(6),  P2;2,2; is a unique solution, and this solution also gives
a plausible molecular arrangement with reasonable bond
lengths and angles.

This configuration was used for full refinement of the
data. All atoms are in general positions #2,2,2,,
and so there are twelve atomic fractional coordinates
to vary, along with two isotropic thermal parameters
(one each for nitrogen and deuterium), the scale factor,
lattice parameters, and peak width parameters. The
contaminant scattering from the tungsten carbide anvils
was also included in the calculated profile; the lattice
parameters, the phase fraction, an overall thermal pa-
rameter, and peak width parameters for tungsten carbide
were refined together with the variables for ammonia,
using a two-phase Rietveld procedure [18]. A preferred
1.0 15 20 25 3.0 orientation model with ak0 axis was found to give a
significantly improved fit to the ammonia profile and was
adopted. The refined value of the preferred orientation
FIG. 2. Rietveld profile refinement fit to a diffraction pattern parameter showed the sample to be significantly non-

collected from NOQ phase IV at 5.0 GPa. The difference ; . ; ;
between the observed and calculated profiles is shown belo\yvandomly oriented, but no strongly so; the incorporation

the diffraction pattern as a dotted line. The arrows mark theO]c th? effe<.:t. in the refinement did not aIter any reIaFiye
first four significant reflections from the tungsten carbide anvils atomic position by more than 0.04 A. The final best fit is
The inset shows the shaftspacing range enlarged. shown in Fig. 2. It is clearly very good, and givesya
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> refinements with the D atoms disordered over the 12 sites
C_—-—————/ ~1 A from each N atom towards its 12 neighboring N

( atoms. The refined site occupancies agreed with Fourier
difference maps in showing the structure to be at least 90%
( ordered at both these pressures, and there is no significant

evidence against full ordering. This appears contrary to

D2 the suggestion of Gauthiet al. [10] that the observation
of new lattice modes only above 5—6 GPa indicates pro-
z D1 gressive orientational ordering in the range 3.5—-6 GPa.
C The structure is shown in Fig. 3. Consistent with x-ray
results [9,11], the nitrogen atoms lie within 0.11 A of the
y relative positions of an hcp arrangement. In this respect,
X

phase IV is most similar to phase Il—the rotationally
disordered hcp phase [4]. However, phase IV is more akin
FIG. 3. The structure and unit cell of NDphase IV. The g phase | in having fully (or nearly fully) ordered D sites
dashed lines denote the short DN hydrogen bonds. The ¢ o) pressures measured and a similar H-bonded network.
molecule labeledi lies in the adjacent unit cell along . . . .

As is found on cooling, compression of ammonia results

in transformations directly from rotationally disordered
value of 2.09. The refined atomic coordinates at 5.0 GPatructures (phases Il and Ill) to a fully ordered structure.
are  (x = 0.2604(11), y = 0.3509(4), z = 0.2563(5)) A comparison of the structures of phase IV and phase |
for the N atom,(0.3796(16), 0.1918(9), 0.2352(Q1fpr  (Refs. [6] and [7]) is shown in Fig. 4. Both structures have
D1, (—0.0294(23), 0.3340(9), 0.3240(12)) for D2, and a pseudo-close-packed molecular arrangement, pseudo-fcc
(0.2312(24), 0.4238(7), 0.0902(3Zpr D3. in the case of phase | and pseudo-hcp in the case of

The ammonia molecule is not constrained to have 3-folgphase IV. However, the displacements from the ideal

symmetry by the space group, but the final refinement otlose-packed arrangement of nitrogen atoms are about
the 5.0 GPa data produced values for the three intramoletwice as large in phase | as in phase IV. Pseudo-close-
ular N-D bond lengths that are of a similar magnitudepacked layers can be seen labeled3, andC in phase |
[0.987(5) A, 1.014(6) A, and 0.985(7) A] with similar D- andA, B, andA’ in phase IV. (The symmetry of phase |
N-D angles [108.7(5) 108.5(5), and 105.9(7). A re- is more evident if the layers are taken perpendicular to
finement with the three N-D bond lengths constrained ta [111] direction, as outlined by the dotted lines. But
be equal and the three D-N-D angles all fixed at 107.8the description in terms of the, B, and C layers gives
(the value found in phase |, Ref. [7]) did not give a signif- the closest correspondence with the phase IV structure.)
icantly poorer fit. Thus—with the present data—there isAmmonia has an unusual shared H-bond geometry, with
no significant evidence of distortion of the 3-fold molecularthree H atoms and a lone pair that is a receptor for H bonds
symmetry in phase IV. Tests were also made to look fofrom three neighboring atoms [2]. This can be seen in both
evidence of partial orientational disorder of the moleculesstructures. As shown, the labeled N atoms in phase | has
just above the transition, at 4.5 and 5.0 GPa, by startingl-D...N and N...D-N bonds to three neighboring atoms

B
Ph [11]
a) Phase I / b) Phase IV

C

[oo1]

FIG. 4. The nearest-neighbor coordination shells of;NiD(a) phase | (after Ref. [7]) and (b) phase IV. The pseudo-close-packed
layers are outlined by continuous lines and are labdleft, and C in phase | and4, B, andA’ 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 lines denote
the short D..N hydrogen bonds in both structures, and the thin dashed lines in (b) show.th& Rontact of the bifurcated
hydrogen bond discussed in the text.
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in the B layer, two in theA layer, and one in th€ layer.  nitrogen arrangement. However, x-ray results [11] have
The bonding in phase IV is similar except that the bondsince indicated that the hcp-like nitrogen arrangement of
through D2 is toN” in the B layer, though an additional, phase IV persists up to at least 56 GPa. It would require a
longer bonded contact to’Nn the A layer remains (as large structural rearrangement to transform from a phase-
shown by the light dashed lines and discussed below). Anti/-like configuration to that of the cubic structures, and
layerA in phase IV is related to layerin phase | by a 60 the path to molecular dissociation and bond centering in
rotation around the pseudo-3-fold axis along [001]. ammonia is likely to prove much more complex than
Phase I has@& + 6 coordination, with the six hydrogen- previously thought [10].
bonded N-N distances at 3.38 A, significantly shorter than This work was supported by the UK Engineering and
the non-hydrogen-bonded N-N contacts at 3.94 A. ThePhysical Sciences Research Council, the Institut National
corresponding neighbors in phase |V are in six pairs eacdes Sciences de I'Univers within the French national
with a different N-N distance ranging from 3.17 to 3.39 A, program in planetary science, and the Commission of
and four of these distances lie in the small range betweetihe European Union under Twinning Contract No. SC1-
3.20 and 3.30 A. Thus the difference between the bonde6T91-0692. Physique des Milieux Condensés is unité
and nonbonded N-N contacts in phase IV is much lesassociée au CNRS URA 782.
pronounced than it is in phase I. Also, the intermolecular
hydrogen-bond geometry of phase IV is quite distorted
from that found in phase |. Two of the N-D. N angles are
similar to those ]‘ound in phase I, but the bond involving [1] For example, Ph. Pruzan, J.C. Chervin, and B. Canny,
D2(N-D2...N") is more bent at 149nstead of 160 The J. Chem. Phys99, 9842 (1993), and references therein.
D...N distance of 2.34 A for this hydrogen bond is also [2] I. Olovsson and P.G. Jénsson, ifhe Hydrogen Bond.
the longest among the three clearly identifiable hydrogen  Recent Developments in Theory and Experimesdited

bonds. As already noted, D2 also has a second. D by P. Schuster, G. Zundel, and C. Sandorfy (North-
contact of 2.57 A to a nitrogen atom’ lh the A layer Holland, Amsterdam, 1976), Vol. Il, p. 395.

with an anglgN ... D2-N’) of 127°. This D...N distance  [3] W.B. Hubbard, inSimple Molecular Systems at Very High
is shorter by 0.26 A than all the other unbonded. N Density,edited by A. Polian and P. Loubeyre (NATO ASI,

contacts and, unlike them, is shorter than the sum of the[4] Jselchér\t/:tLallE;? gﬁg?nmlfhr;;sl ’\é((a)\g4Y(Tg';é 1)989)' p. 203.

van der Waals radii for deuterium and nitrogen (2.75 A). ' N ' ’ '

It thus appears that D2 differs in being hydrogen bonded [5] E'E’(‘) vlt)ensgr(i%lg 4a)md R.C. Hanson, Acta Crystallogr. Sect.

to two ammonia molecules. Such bifurcated hydrog.en [6] J.W. Reed and P.M. Harris, J. Chem. Ph@s, 1730

bonds are known as an occasional feature of ammonium "~ (19¢7).

and-amlde groups [2]_- Nonetheless itis pe-rhaps Surprisingz] A.w. Hewat and C. Riekel, Acta Crystallogr. Sect.35,

to find such bonds in a system as relatively simple as 569 (1979).

ammonia. [8] R.C. Hanson and M. Jordan, J. Phys. Che8d, 1173
The changes in the phase IV structure with increasing  (1980). . .

pressure appear generally to increase the differences bd9] R.L. Mills and B. Olinger (unpublished).

tween the phase | and phase IV structures. The distofl0] M. Gauthieret al., Phys. Rev. B37, 2102 (1988).

tion of the molecular packing from an ideal pseudo-hcp[ﬁ] j\'\/ﬂv é)ttoet aI.,]]. EEVS: Chzm. 802050’810781/%91)893967
arrangement is due partially to the axial ratios differing[ ] J.M. Bessoret al., Physica (Amsterdam B

- _ _ . (1992).
f“’m the ideal value¢h = V3a andc = 1'63.3‘1) but is J113] R.J. Nelmest al., Trans. Am. Crystallogr. Asso@9, 19
mainly due to the molecular centers not being located o (1993).
pseudo-hcp sites within the unit cell. The axial ratios show 4] 5. Kiotz et al., Appl. Phys. Lett67, 1188 (1995).
no significant change with pressure—contrary to Mills an\gﬁ] Deuterated ammonia was used to avoid the high back-
Olinger’s data [9], which show/a decreasing to reach the ground level resulting from the large incoherent neutron
ideal value at~6 GPa. However, the nitrogen positions scattering cross section from hydrogen.

show a clear trend to move towards ideal hcp position$l6] Examination of the signal from individual elements of
with increasing pressure and the distance from the ideal the detector showed a uniform intensity distribution,
hcp position reduces by nearly 30% between 5 and 9 GPa.  indicating a good powder free from large crystallites.
The structure of phase IV, as now revealed, gives a Also, the relapvg intensities of |nd|v0|dual reflections
quite new perspective on the nature of the eventual bond showed a variation of less than 20% over the four
centering expected at higher pressure. The transitions at independent detector banks around the incident beam.

: ?17] A nonstandard orthorhombic assignment of the unit-cell
~12 GPa to phase V'and at60 GPa to phase VI were axes is chosen so that the and ¢ axes have similar
proposed on the basis of the observed Raman modes to lengths to the hexagonal-close-packed and ¢ axes
produce cubic structures [10], and possible structures with  getermined in earlier x-ray work [9,11].
centered hydrogen bonds were suggested for phase Yi8] R.B. von Dreele and A.C. Larson, Los Alamos National
[10]—one with a primitive cubic and another with an fcc Laboratory Report No. LAUR 86-748, 1986.
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