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Structural evolution of a prospective hydrogen storage material, ammonia borane NH;BHj3, has been studied
at high pressures up to 12 GPa and at low temperatures by synchrotron powder diffraction. At 293 K and above
1.1 GPa a disordered /4mm structure reversibly transforms into a new ordered phase. Its Cmc2, structure was
solved from the diffraction data; the positions of N and B atoms and the orientation of NH; and BH; groups
were finally assigned with the help of density-functional theory calculations. Group-theoretical analysis iden-
tifies a single two-component order parameter, combining ordering and atomic displacement mechanisms,
which link an orientationally disordered parent phase /4mm with ordered distorted Cmc2,, Pmn2,, and P2,
structures. We propose a generic phase diagram for NH3;BH;, mapping three experimentally found and one
predicted (P2,) phases as a function of temperature and pressure, along with the evolution of the corresponding
structural distortions. Ammonia borane belongs to the class of improper ferroelastics and we show that both
temperature- and pressure-induced phase transitions can be driven to be of the second order. The role of
N-H...H-B dihydrogen bonds and other intermolecular interactions in the stability of NH;BH; polymorphs is

examined.
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I. INTRODUCTION

Current interest in light hydrides is growing due to their
potential use as hydrogen storage materials. Despite the high
hydrogen content most of these compounds are very stable.
This intensifies experimental efforts to destabilize light hy-
drides by chemical doping or catalysis, usually on the basis
of “empirical rules” or by “trial and error” method. A neces-
sary step toward understanding the stability and therefore
toward a rational design of light hydrides is a study of a
structural response due to changing temperature and pres-
sure, which for the most of light hydrides has not yet been
accomplished. Here we report such a study for ammonia bo-
rane NH;BHj;, based on the x-ray powder-diffraction data.

Experimental mapping of polymorphism for light hy-
drides by x rays is not a trivial task due to the presence of
weakly scattering hydrogen atoms; neutron elastic scattering
on the other hand suffers from absorption on boron nuclei
and incoherent scattering from hydrogen. As a matter of fact,
theoretical modeling of light hydrides is not a trivial task
either, as one can see from the apparent disagreement be-
tween the observed and theoretically predicted structures for
LiBH, (Refs. 1 and 2) and Mg(BH,),.>"

In order to overcome these difficulties we present a study
combining x-ray powder diffraction aiming to uncover phase
transition phenomena and basic structural properties, the
density-functional theory (DFT) calculations to assist in de-
termining a crystal structure, and a symmetry-based analysis
to identify possible polymorphs and reconstruct a pressure-
temperature phase diagram. A powder-diffraction experi-
ment, augmented by theoretical analysis, provides a detailed
picture of the structural response to changing temperature
and pressure. Practical application of this scheme to a hydro-
gen storage material, ammonia borane NH;BH3, is one of the
goals of the present paper. It is a lightweight molecular crys-
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talline compound with high hydrogen content and relatively
low hydrogen desorption temperature, and it is considered to
be a promising material for hydrogen storage.~® A transition
between a disordered tetragonal phase [/4mm (Refs. 9 and
10)], stable at ambient conditions, and an ordered low tem-
perature orthorhombic structure [Pmn2; (Refs. 10 and 11)]
has been reported earlier,”!>!3 however, the evolution of the
structure with temperature and pressure has not yet been
studied. To the best of our knowledge, the experimental in-
formation on phase transitions in ammonia borane under
pressure is limited to Raman spectroscopic studies and is
contradictory: one phase transition was revealed at 0.8 GPa
in Ref. 14, while a similar experiment reported in Ref. 15
indicates two transformations at ~0.5 and 1.4 GPa. The re-
cent study'® suggests three transitions, at 2, 5, and 12 GPa.
The structure of high-pressure polymorphs of NH;BH; has
not yet been determined experimentally, and the authors are
not aware of any theoretical predictions of these phases. Fill-
ing in this gap is the other goal of the present work.

Ammonia borane also represents an interesting case of a
dihydrogen bonding, N-H% ...H-B, largely defining the
structure and dynamics of the compound at ambient
pressure.!” The dihydrogen bonds, i.e., protonic-hydridic
H% ... %H interactions, are known to have strength and di-
rectionality comparable with those found in conventional
hydrogen-bonded systems.'®!? In this work we address their
role in structure and stability of ammonia borane under high
pressure.

The paper is organized as follows. First, we give all nec-
essary information on experimental and theoretical tech-
niques we use. Second, we present our findings of the new
high-pressure phase of ammonia borane and characterize it
by combining structure solution from powder-diffraction
data with DFT calculations. Then we show the thermal ex-
pansion and compressibility data obtained from the diffrac-
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tion experiment as a function of temperature and pressure.
Finally, all the structural information has been parametrized
in the framework of unified phenomenological theory that
provides a generic phase diagram together with evolution of
corresponding order parameters.

II. EXPERIMENTAL AND THEORETICAL METHODS

Commercially available NH;BH; (>97% purity, Sigma-
Aldrich) was checked for purity by synchrotron powder dif-
fraction and proved to be a single-phase sample. All diffrac-
tion experiments were done at the Swiss-Norwegian Beam
Lines of the ESRF. Diffraction patterns were collected using
MAR345 image plate detector and a monochromatic beam
with the wavelength of 0.71171 or 0.69408 A. The sample-
to-detector distance (250 mm) and parameters of the detector
were calibrated using NIST standard LaB¢. Two-dimensional
diffraction images were integrated using FIT2D software.?’

A. High-pressure diffraction experiments

Finely ground samples were loaded into a diamond anvil
cell with flat culets of diameter 600 wm. The samples were
loaded into a hole of 250 wm in diameter drilled in stainless
steel gaskets preindented to 60—80 um thickness; the beam
was slit collimated to 140 X 140 um?. Ruby provided a pres-
sure calibration with precision of 0.1 GPa. No pressure-
transmitting medium was used since pure ammonia borane
provided good quasihydrostatic conditions, evidenced by a
small broadening of the ruby fluorescence peaks. Diffraction
measurements were performed up to a maximum pressure of
12.1 GPa, followed by a stepwise decompression down to
the ambient pressure. At each pressure point a diffraction
pattern has been measured over 180 s of the exposure time.

B. Variable-temperature powder diffraction

Fine powder of NH;BH; was filled into a glass capillary
of 0.5 mm diameter. Capillary was cooled from 300 to 110 K
at a 30 K per hour rate, while synchrotron powder-diffraction
data were collected in situ. Temperature was controlled with
an Oxford Cryostream 700+. Data collection time was 30 s
per image followed by a readout during 83 s. During each
exposure the capillary was rotated by 30° in the same angu-
lar interval. 184 images were collected in total. Uncertainties
of the integrated intensities o(I) were calculated at each
26-point applying Poisson statistics to the intensity data,
considering the geometry of the detector.

C. DFT calculations

We used an ab initio plane-wave pseudopotential DFT
method?">? as implemented in the CASTEP package.”® The
generalized gradient approximation was used to account for
exchange and correlation in the Perdew-Burke-Ernzerhof
form,* which is known to yield more accurate structural
results,”! such as bond lengths, compared to the traditional
local-density approximation. The ionic positions have been
optimized using the Broyden-Fletcher-Goldfarb-Shanno
algorithm.?>2% The use of ultrasoft pseudopotentials?’ for all
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atoms has permitted us to exercise a lower plane-wave cutoff
energy of 300 eV and hence achieve a shorter calculation
time than would otherwise be possible in the case of norm-
conserving pseudopotentials. A regular mesh of k points,
with typical dimensions of 5 X5 X 3, was used to sample the
irreducible Brillouin zone of the crystal. All the calculations
correspond to 7=0 K. The convergence of the structural re-
sults with respect to the energy cutoff and the number of k
points was verified.

D. Landau theory and symmetry analysis

Different structures observed in diffraction experiments
are related via the corresponding irreducible representations
(IRs) of the high-symmetry parent structure.”-3° IRs define
symmetry of the order parameter and the dimensionality of
the order parameter space, together with a generic form of
the Landau expansion of the free energy. Positions of the
minima of the free energy determine the optimal values of
the order parameters resulting in a phase diagram that can be
further mapped into the pressure-temperature coordinates.

III. RESULTS AND DISCUSSIONS

A. Structure of high-pressure polymorph: Study by diffraction
and ab initio modeling

X-ray diffraction experiment as a function of pressure in-
dicates that already at 1.1 GPa a new structural phase starts
forming and the transition completes at 1.4 GPa. The transi-
tion is reversible—on decompression the new phase trans-
forms back to the ambient conditions /4mm phase in the
pressure interval 0.7-1.2 GPa. A data set collected at 1.7 GPa
has been used for symmetry assignment and structure solu-
tion. First 12 diffraction peaks were indexed by Dicvol’! in a
C-centered orthorhombic cell of nearly twice larger volume
than of the ambient pressure [4mm structure.

Three space groups consistent with the observed system-
atic absences were considered: Cmcm, C2cm, and Cmc2,.
The structure was first solved by global optimization in di-
rect space using the program FOX.3> A pronounced preferred
orientation of crystallites with respect to the compression
direction was detected in other light hydrides measured using
identical diffraction geometry.’® Therefore, one variable pa-
rameter modeling a possible preferred orientation (March-
Dollase model) was also included into the optimization. The
structure could be solved only in the space group Cmc2;.
The choice of the space group has been further supported by
the Landau theory. The best fit was obtained for the direction
of the preferred crystallite orientation (001). All other direc-
tions yielded considerably worse fits.

Examination of the resulting structure and analysis by
Platon* did not find any higher crystallographic symmetry.
Nonhydrogen atoms were reliably located on the mirror
plane, perpendicular to the a axis. Although the fit is some-
what sensitive to hydrogen atoms, their direct determination
by global optimization does not appear to be reliable. How-
ever, a number of possible configurations of NH; and BHj;
groups are limited for Cmc2,, so that each of the possible
combinations can be examined in detail. Only four possible

214111-2



HIGH-PRESSURE PHASE AND TRANSITION PHENOMENA...

PHYSICAL REVIEW B 79, 214111 (2009)

TABLE I. The summary for the DFT-optimized and Rietveld-refined NH3;BH; model structures. The structures were refined in the space
group Cmc2; against the synchrotron diffraction data collected at 1.7 GPa.

Permutation Optimized energy Bragg R factor (%)
per molecule®
No. NHzrot BHzrot B-Nswap Conformation (eV) DFT-optimized structure  Rietveld-refined structure
+ + Eclipsed 0.289 49.3 14.5
4 + Eclipsed 0.286 51.0 14.7
+ Staggered 0.222 55.1 15.2
3 + + Staggered 0.206 41.0 16.7
2 + + + Eclipsed 0.104 13.2 8.5
Eclipsed 0.102 12.8 8.6
+ Staggered 0.002 10.9 7.0
1 + + Staggered 0 10.7 6.9

Set to zero for the lowest energy structure.

combinations of the orientations for NH; and BH; groups
have been identified, considering their location on the mirror
plane, and assuming that the H-atom substructure is ordered.
Rotation of NH; or BH; by 180° around the B-N bond
changes the eclipsed conformation of the NH;BH; molecule
into the staggered one. There is no uncertainty with assign-
ment of N and B atoms: when they are swapped, the fit is
affected significantly. However, eight possible model struc-
tures were generated in order to verify all possible permuta-
tions. Each given model can be converted into any other one
by applying the following transformations (or their combina-
tion):

(i) rotate NH; group around the B-N bond by 180°;

(ii) rotate BH53 group around the B-N bond by 180°;

(iii) swap N and B atoms.

Four of these models have the eclipsed NH;BH; confor-
mation and the other four have the staggered one. These
models have been further optimized using DFT calculations,
while keeping the experimental cell parameters fixed and
then refined by Rietveld method against powder data using
FULLPROF.>> The DFT geometry optimization yields four
pairs of equivalent structures (numbers are assigned to the
unique ones), which are ranked by energy in Table L. It is
highly satisfactorily that the lowest energy structure gives
also the best fit to the diffraction data.

The final refinement of the best structural model has been
done as follows. The z coordinate for the BH; group was
fixed, thus defining the origin of the polar structure. The peak
broadening was modeled by an orthorhombic strain, refining
three parameters. The background was described by linear
interpolation between selected points. The preferred orienta-
tion was modeled by one parameter (March’s function),
which converged to the value 0.772(9). In total, 40 reflec-
tions were fitted with only four intensity-dependent refined
parameters. The refinement converged at Rp=6.9%, Rg
=7.5%, R,= 12.5%, and pr=6.4%. The Rietveld refinement
profile and the crystal structure are shown in Fig. 1. Atomic
and cell parameters are listed in Table II.

B. Temperature and pressure evolution
of the unit cell dimensions

Equipped with the knowledge of the structure of the dis-
covered high-pressure Cmc2, phase, as well as two previ-
ously known ambient-pressure polymorphs of NH;BHj;
(Refs. 9—11), we investigated their structural evolution as a
function of the external stimuli. Here we show the tempera-
ture evolution of the ambient-pressure phases studied by
in situ synchrotron powder diffraction. The broad tempera-
ture range (110-300 K) and a fine temperature sampling
(~1 K) were used to characterize in detail the highly aniso-
tropic thermal expansion and to gain a further understanding
of the mechanism of the phase transition. Cell dimensions
obtained from the Rietveld refinement (the structural data
from Ref. 10 were used as a starting model) of the 184 col-
lected diffraction patterns, based on our image plate detector
data, are shown in Fig. 2.

On cooling ammonia borane undergoes a structural phase
transition at ~217 K, slightly lower than the previously re-
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FIG. 1. (Color online) Rietveld refinement profile for the Cmc2,
phase of NH3;BH; at 1.7 GPa, A=0.71171 A. The structure is
shown in the inset.
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TABLE II. Experimental and DFT-optimized [in brackets] structural parameters for the high-pressure
polymorph of NH3;BH; at 1.7 GPa. DFT-optimized geometries of the NH; and BH3 groups were retained
during Rietveld refinement. The z coordinate for the BH; group was fixed, thus defining the origin of the

polar structure.

B
Structure Atom X y z (A?
Cme2,, Z=4 N1 0 0.2911(6) 0.9176(13) 49(2)
a=5.9958(5) [0.28158] [0.93084]
b=6.4301(5) Bl 0 0.1529(10) 0.70987 49(2)
¢=6.0293(7) A [0.15381] [0.70987]
Hin 0 0.1908 1.0516 5.9(2)
[0.18122] [1.06477]
H2n 0.13913 0.3839 0.9350 5.9(2)
[0.13913] [0.37430] [0.94820]
Hib 0 0.2689 0.55186 5.9(2)
[0.26982] [0.55186]
H2b 0.16545 0.0439 0.70968 5.9(2)
[0.16545] [0.04486] [0.70968]

ported transition temperature of 225 K. Our data confirm the
I4mm-to-Pmn2; symmetry change and temperature depen-
dences previously reported in Refs. 9 and 13. However,
owing to the fine temperature sampling, a more detailed
characterization of both phases becomes possible. The unit
cell volume (A%) of the tetragonal phase depends linearly on
temperature (K), V=130.79(3)+0.02589(8) T, suggesting a
quasiharmonic behavior of the phonon system. The cell ex-
pansion is essentially isotropic for the tetragonal phase. The
unit cell volume decreases at the [4mm-to-Pmn?2, transition

range 216-218 K. Below the transition temperature, varia-
tion in the cell parameters of the orthorhombic phase is
highly anisotropic and the temperature dependence of the
unit cell volume is nonlinear. There is no kink in the curve of
the unit cell volume slightly above the transition temperature
suggested in Ref. 13. Both the hysteresis and volume drop
indicate the first-order transition, which is however quite
close to a second order, as follows from almost gradual evo-
lution of the cell dimensions (Fig. 2). We did not observe an
intermediate phase suggested by Raman modes merging

by 0.27% (Fig. 2). The two phases coexist in the narrow 10-12 K below the transition temperature;’® the nearly
S S L e L i S B B A
Q ) o
< o9f 1 =
o g 65F i
3 S
§ 68 |- ; { 3 a"%
g Pmn2, l4mm g eof “ Cmc2, 1
g’_ 67 1 1 ‘g). ; ®
= o ss5H4mm o :
£ E T~
3 6 S e
S 1 = sot o |
1 4 } 1 1 i } } } } } } } I } il } } } il }
e S i . . . o
o 7.5 0, ° ¢ T
@54t << Ry, o a
s 7.0+ 4
o %] ® b
2 E. 2 .
O 521 = 65 9
£ é I ° °
250 5 60 &Oo.: e o o ° o
© 501 = °
o 8 ssf * o
i 5 5.0 |00
00000003, i
100 120 140 160 180 200 220 240 260 280 300 0 1 2 3 4 5

Temperature, K

Pressure, GPa

FIG. 2. (Color online) Variation in the molecular volume and unit cell dimensions as a function of temperature and pressure. The circles
represent experimental data and the lines are the best fits to the Murnaghan equation of state (right panel). Vertical line on the left panel
indicates the transition temperature; there is a narrow (~2 K) temperature range where both phases coexist. The hatched region on the right
panel corresponds to the apparent coexistence of the two phases as observed in the high-pressure experiment.
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second-order type of the transition is likely the origin of
these observations. We did not observe either the hypotheti-
cal superstructure lines that may indicate partial ordering of
the NH; and BH; groups in the tetragonal phase suggested in
Ref. 10. The excellent statistics, exceeding in our experiment
10° counts per 26 step, would have allowed us to detect even
very weak diffraction peaks.

Under applied pressure at room temperature, the tetrago-
nal phase transforms into another polymorph with Cmc2,
symmetry. The pressure dependence of the Rietveld-refined
unit cell parameters and the volume of NH;BH; formula unit
are shown in Fig. 2.>” The data were fitted with the Mur-
naghan equation of state, yielding the bulk moduli and their
pressure derivatives:

I4mm:By=9.9(8) GPa, B;=4.3(14),

Cmc2,:By=10.3(11) GPa, Bj=4.6(4).

The new phase shows 4.4% volume contraction upon the
transition. V,, changes from 69.2(1) to 65.87(5) A3. While
the cell contraction under pressure is nearly isotropic for the
tetragonal phase, it is highly anisotropic for the high-pressure
phase, with the c-axis parameter shrinking the most.

Our observation of a single pressure-induced transition, in
the low-pressure range, is consistent with the Raman spec-
troscopic data in Ref. 14, but is inconsistent with Ref. 15,
where two transitions were reported. The transition pressure
of 1.1 GPa in our experiments with no pressure transmitting
medium is slightly higher than 0.8 GPa in Ref. 14, where
mineral oil was used. However it is expected that under non-
hydrostatic conditions, the observed transition pressure is
slightly higher than the true one; see Ref. 38 as an example.
We did not detect any phase transition above 1.1 GPa and up
to the maximum pressure of 12.1 GPa, as for instance the
one at 5 GPa suggested from Raman spectroscopic data.'®

C. Structural evolution under pressure and crystal
chemistry of intermolecular interactions

In the disordered tetragonal phase the NH;BH; molecules
are collinear with the ¢ axis. In the low-temperature Pmn2,;
phase on the other hand this arrangement becomes
buckled—the molecules become slightly inclined to the ¢
axis. The angle between two molecules increases as the tem-
perature is lowered: from 18° at 200 K slightly below the
transition!! to 26° at 90 K.'° From our data we observe a
smooth increase in the distortion in the Pmn2; phase as the
temperature is lowered. In the high-pressure Cmc2; phase
the inclination of NH;BH; molecules with respect to the ¢
axis is much larger: the angle between two molecules jumps
from O to 69° upon the transition at 1.2 GPa and then in-
creases linearly with pressure up to 79° at 4.65 GPa. In this
way at higher pressures the NH;BH; molecules are situated
almost perpendicularly to the ¢ axis (Fig. 1, inset). A very
pronounced pressure-induced contraction along the ¢ axis is
observed (Fig. 2) related to the increase in this angle.

PHYSICAL REVIEW B 79, 214111 (2009)

The geometry of the strongly covalent NH;BH; molecule
is nearly invariant in the investigated pressure range. At 1.7
GPa it is practically the same as in the ambient-pressure
phases: the DFT-optimized N-H and B-H distances are regu-
lar and equal to 1.03 A and 1.21-1.215 A, respectively.
B-N-H angles are slightly larger (109.7—113.0°) than the
N-B-H ones (107.7—-110.3°), but both are close to tetrahedral
coordination angle. The B-N bond is also robust under pres-
sure: a small blueshift of the B-N stretching mode in the
high-pressure Raman spectra suggests only a small shorten-
ing of the B-N bond on compression.'# This is confirmed by
our diffraction experiments: B-N bond in the Cmc2; phase
shortens by only ~0.8% as the pressure is increased from 1.7
to 4.65 GPa. Thus, the drastic pressure-driven changes in-
volve mainly a reorganization of the intermolecular interac-
tions.

Looking first at the heavier N and B atoms in the Cmc2,
phase, one can notice that nitrogen atoms form a closed-
packed structure, with all N...N distances exceeding 4 A,
while B...B distances show a wider spread and the corre-
sponding network is more corrugated. The DFT-optimized
structures with higher than optimal energy (Table I) show
shorter nearest-neighbor N...N distances. This suggests that
the repulsive intermolecular NH;...H3;N interactions are
stronger than BH;...H;B ones. The bonding intermolecular
NH;...H;B interactions are represented by an extended pat-
tern of dihydrogen N-H% ... H-B bonds, with their main
geometric characteristics listed in Table II. The H...H dis-
tances are considerably shorter than twice the value of the
van der Waals radius of a hydrogen atom (2.4 A). The
N-H...H groups of NH;BH; tend to be linear while
B-H...H tend to be bent, in a good agreement with an em-
pirical rule established for a set of N-H...H-B containing
structures.!! We note, however, that the N-H vectors are not
directly pointing to B or H atoms but rather to the B-H
bonds. The dihydrogen bonds in NH;BH; are longer and less
directional than in the oxygen-containing systems, such as
NaBH,-2H,0O, where H...H distances at ambient pressure
are as short as 1.77-1.79 A.18:3

The number of dihydrogen bonds in the low-temperature
and the high-pressure phases is the same (12 H...H contacts

FIG. 3. (Color online) Patterns of dihydrogen bonds in Pmn2,
(a) and Cmc2; (b) phases of NH;BH;. Green (dark) dashed lines
show the most compressible bonds, which combine molecules into
layers situated in the ab plane.
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TABLE III. Geometric characteristics of dihydrogen bonds in the Cmc2; high-pressure structure of

NH;BH;.

Doistance Angle

(A) 1.7 GPa 4.65 GPa (deg) 1.7 GPa 4.65 GPa

Hln...H2b 1.97 2.01 NI-Hln...H2b/B1 144/151 135/137
B1-H2b...Hln 91 92

H2n...H2b 2.15 1.81 NI1-H2n...H2b/B1 132/147 145/159
B1-H2b...H2n 137 144

H2n...H2b 2.03 2.05 NI1-H2n...H2b/B1 134/132 123/125
B1-H2b...H2n 109 109

per NH;BH; molecule), and their length and directionality
are similar. However the networks of the dihydrogen bond
are quite different. While in the Pmn2, structure each H
atom takes part in two dihydrogen bonds [see Fig. 3(a)], in
the HP phase one B-H bond is instead not involved in any
H...H interactions and each of the other two B-H bonds is
forming three H...H contacts [Fig. 3(b)].

The difference between the two ordered phases appears to
be much more pronounced when considering the structural
architecture defined by the dihydrogen bonds. In the Pmn2,
phase, each NH;BH; molecule is associated with eight other
molecules enclosing the former in a cube [Fig. 3(a)]. The
resulting network of dihydrogen bonds is highly isotropic
and represents a “frozen” pattern of H...H interactions ex-
isting in the disordered /4mm phase. On the transition to the
high-pressure phase we observe a dramatic change: only six
of these eight molecules remain associated by dihydrogen
bonds with the central unit. At the same time the large tilt of
the collinear NH;BH; molecules brings their ends closer and
leads to a formation of new H...H contacts [shown as green
dashed lines in Fig. 3(b)] involving four neighboring mol-
ecules situated in the ab plane. Thus, the more pronounced
distortion in the high-pressure phase creates a different and
more complex pattern of H...H interactions. As the pressure
and the tilts of the NH3;BH; molecules are increased, the
pattern of H...H bonds in the Cmc2; structure becomes
more and more anisotropic: two types of dihydrogen bonds
elongate and partly lose their directionality, while the dihy-
drogen bonds situated in the ab plane become stronger and
more linear (see Table III)—at 4.65 GPa they strengthen to
1.81 A. Markedly different compressibility of H...H bonds
explains different pressure coefficients Av/AP of the internal
N-H and B-H vibrational modes deduced from the high-
pressure Raman studies of NH;BH;.!*"'® Dihydrogen-

bonded layers in the ab plane manifest themselves by the
anisotropic shift of peaks at pressures above 5 GPa (Ref. 37)
and they are possibly causing the observed preferred orien-
tation in the [001] direction. The anisotropic compression of
the unit cell (Fig. 2) and of the dihydrogen bonds is observed
up to the maximum pressure of 12 GPa and it is expected to
either saturate at higher pressures or result in another phase
transition.

The energy differences between eclipsed and staggered
conformations of NH;BH; obtained by DFT calculations in
the Cmc2, phase and shown in Table I are very close (0.1 eV
per molecule=9.6 kJ/mol) to those found for the free mol-
ecule, ~10.5 kJ/mol in Ref. 40 and ~8.4 kJ/mol in Ref.
41. Thus the conformational differences are of the same en-
ergy scale as the dihydrogen bonding.'®!° The energy differ-
ences presented in Table I are also relevant for the analysis of
rotation dynamics. Table IV summarizes geometrical details
for the externally correlated 60° rotations of the NH; and
BH; groups in the high-pressure phase. The energy differ-
ences between the models may be considered as activation
energies of the corresponding rotations. Comparison of
Tables I and IV shows that three components contribute to
the energy differences: short repulsive NH;...H3;N interac-
tions (the most pronounced for the model 4), very short re-
pulsive dihydrogen bonds (critical for the model 3), and
more stable staggered versus eclipsed conformation. The
highest energy barrier is observed for NH; rotation, the sec-
ond highest is for the correlated rotation of the whole mol-
ecule, and the lowest one—for the rotation of the BH; group.
This contrasts with the findings made for the low-
temperature phase, where the barrier of the externally uncor-
related BH; rotation was found to be the highest, namely,
38.3 kJ/mol from theory'” and 23.6 kJ/mol from quasielastic
neuron scattering.*?

TABLE IV. Geometry of intermolecular interaction in the rotational isomers of the Cmc2; structure at 1.7 GPa determined by the DFT

calculations. For the structural models refer to Table 1.

Shortest N...N distance Shortest N-H...H-B distance N-H...H angle B-H...H angle Calculated pressure
No. (A) (A) (deg) (deg) (GPa)
4 3.325 2.07 102 149 3.14
3 3.476 1.47 160 136 5.53
2 3.960 1.97 136 99 2.29
1 4.120 1.97 144 91 2.29
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FIG. 4. Relation between primitive unit cells of I4mm (a;),
low-temperature Pmn2; (ay,bg,cq), and high-pressure Cmc2,
(ap,bp,cc) structures. The C-centered orthorhombic Bravais cell
(a,,b,,c,) is also shown.

D. Symmetry: diffraction and Landau theory; phase diagram
1. Order parameter: symmetry and atomistic mechanism

Having all the phases appearing as a function of tempera-
ture and pressure enumerated and crystal structures identified
and solved, we apply a symmetry-based phenomenological
analysis in order to understand atomistic mechanisms and
thermodynamic aspects of the observed phase transitions,
similar to the earlier study of another light hydride, LiBH,.*3
The embedding scheme for the unit cells of the three known
structures of ammonia borane (Fig. 4) shows that both ortho-
rhombic structures, low-temperature Pmn2, (basis vectors
ay, by, and ¢) and high-pressure Cmc2, (a,.b,,c.) phases,
are superstructures to the tetragonal /4mm (a,,a,,as). Their
primitive (P) unit cell vectors are linked as following (in-
duced strains are not included):

apg=a,+ a3,b0 =a;+ajcp=a;+a,,
a,=a,+asb,=a; +as,c,=a; +a,

(a,=a,+b,b.=-a,+b,). (1)

The symmetry breaking of the lattice translations [Eq. (1)] is
described, therefore, by the same vector star k=(aj+a;
+a3)/2 of the corresponding reciprocal space. All vectors a;,
b;, and ¢; from Eq. (1) satisfy the condition exp(ka,) =1
which is necessary and sufficient for vectors a; to belong to
the same translational subgroup of the parent tetragonal lat-
tice.

Straightforward group-theoretical procedure (see, for ex-
ample, Ref. 30) identifies a single two-component order pa-
rameter (OP), which combines ordering and atomic displace-
ment mechanisms, for both the transformations I4mm(Z
=1)—-Pmn2,(Z=2) and I4mm(Z=1)—-Cmc2,(Z=2), where Z
is the number of formula units in the primitive cell. The OP
transforms as the two-dimensional irreducible representation
M (in notations of Ref. 30), which is isomorphic to the
vector representation of the point group 4mm. The corre-
sponding nonequilibrium thermodynamic potential has four
minima: one corresponds to the orientationally disordered
parent phase I4mm and three to the ordered distorted struc-
tures: Cmc2,, Pmn2,, and P2,.3° Three out of the four men-
tioned phases, orientationally disordered tetragonal and two
ordered orthorhombic phases, were indeed observed in
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FIG. 5. (Color online) Atomic displacements in the orthorhom-
bic structures of NH3BH;. Coordinate system (7, 77,) for the com-
ponents of the order parameter is shown for reference.

NH;BH;, whereas possible existence of the monoclinic P2,
phase follows from our analysis.

Figure 5 shows displacement components of the struc-
ture distortions transforming the parent tetragonal phase
of NH;BH; to (i) HP orthorhombic Cmc2,—a single OP
component is unequal to zero (7, #0,7,=0), (ii)) LT
Pmn2,—two nonzero OP components are equal (7=,
#0). A monoclinic P2, structure would correspond to two
unequal OP components (7, #0,7,#0). Both observed
transformations induce onset, as secondary order parameters,
of spontaneous strains: e;;=0.037, e,,=—-0.054, and es3
=0.005 at the [4mm to Pmn2, transition, and e;;=ey
=-0.159, €33=0.20, and e,,=0.04 at the [4mm to Cmc2,
one; the values are calculated from the experimental unit cell
dimensions. Therefore, this compound belongs to the class of
improper ferroelastics.

2. Landau free energy and phase diagram

The thermodynamic potential corresponding to the two-
component order parameter (7,,7,) of the aforementioned
irreducible representation Ms can be written generally as a
Landau free-energy expansion in powers of 7, 7,:

Folmy,m) = ey (i + ) + an(pt + )% + By + 773)
+ B+ ;)2 + k(i + W) (i + 73). (2)

An eight-order term has to be included in order to ensure that
all solutions of the equations of state dF,/d7;=0 correspond
to energy minima (including the observed HP and LT phases
and the predicted monoclinic P2, phase). From two possible
sixth-order terms we keep only one, a product of the basis
invariants, which tunes the plane section of the theoretical
phase diagram to experimental observations. One finds a ge-
neric phenomenological phase diagram for the Landau po-
tential (2) in Refs. 28 and 29. It is worth noting that potential
(2) is a particular case for a more general model (see Refs.
28 and 29) corresponding to the OP which belongs to the
image group B8a in notations of Ref. 30.

Figure 6 maps experimental data of the pressure-
temperature induced transformations in NH3;BH; onto theo-
retical phase diagram calculated in the phase space of the
coefficients of the Landau free energy (2). The key role is
played by the coefficients a; and «, of the above expansion,
which are plotted on the axes in Fig. 6, and which corre-
spond, in the rotated coordinate system, to the pressure and
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FIG. 6. Equilibrium phase diagrams for the Landau potential
(2): (@) ay>(k*/4B,); (b) 0<a,<(k*/483,). Dashed and solid
lines correspond to second- and first-order phase transitions. Tr are
tricritical points. Temperature-pressure axes are schematically
shown by dotted lines.

temperature axes. It turns out that two different generic phase
diagrams can be obtained from the Landau potential (2), de-
pending on the ratio of the coefficients (4a,3,/ x*), and are
depicted in Figs. 6(a) and 6(b), respectively.

Despite the entirely phenomenological nature of expan-
sion (2), certain conclusions can be drawn by relating theo-
retical phase diagram in Fig. 6 to the experimental data.
First, we can expect the existence of tricritical points on the
phase diagram and, therefore, a line of continuous phase
transitions between the parent tetragonal phase and the low-
symmetry orthorhombic ones. Both experimentally observed
transformations, temperature and pressure driven, are discon-
tinuous, which makes us put the corresponding points T and
P¢ beyond the tricritical points Tr predicted by theory (Fig.
6). However, by varying external parameters, the thermody-
namic pathway can be tuned to a continuous regime for these
transformations. The latter prediction is supported by the re-
sults of isotopic H/D substitution in the NH3;BHj5 structure,
where it was found that in the fully deuterated ND;BDj;
sample, the temperature-induced [4mm-to-Pmn2; transition
occurs very close to the second-order regime.!?

The second prediction of the Landau theory concerns the
possible existence of an intermediate monoclinic P2; phase
located on the P-T diagram between the Pmn2, and Cmc2,
phases. Indeed, theoretical diagrams indicate at least two
possible topologies for the phase transition paths: (a) trans-
formation of the Pmn2; structure, under nonambient condi-
tions, to the Cmc2; phase can be realized by two continuous
transitions through the hypothetical P2, phase [y-7y' path on
Fig. 6(a)], or (b) a direct discontinuous transformation dis-

PHYSICAL REVIEW B 79, 214111 (2009)

torts one orthorhombic structure into the other [Fig. 6(b),
&-8' path]. Note that the orthorhombic phases of NH;BH;
both have ordered structures, in full agreement with the re-
sults of the group-theoretical analysis. It means, in turn, that
possible phase transitions between these phases must be of
the displacement type.

3. Symmetry induced coupling

As a phenomenological construction, the Landau potential
(2) does not reveal the microscopic origin of the coefficients
a;, B, k(i=1,2). The purpose of this section is to elucidate
their origin by appealing to the structural and symmetry ar-
guments, and in particular write down explicitly the coupling
between the order parameters and the elastic properties of the
crystal (strain tensor). Indeed, the theoretical phase diagrams
in Fig. 6 are entirely determined by the symmetry of the
primary transition mechanisms, namely, the orientational or-
dering of NH; and BH; pyramids and their simultaneous
displacements (see Fig. 5). To describe anomalies in the be-
havior of macroscopic deformations observed in our XRD
experiments, the model of Eq. (2) should be complemented
with a coupling between the primary order parameter and the
elastic subsystem.

On the theoretical side, one more important modification
should be made since the mapping of the experimental data
onto the theoretical phase diagrams (Fig. 6) experiences a
certain difficulty, typical of a classical phenomenological
theory. Namely, one may be tempted to conclude, from ana-
lyzing Fig. 6, that at least two phenomenological coeffi-
cients, «; and a,, must be temperature and pressure depen-
dent. This is in contrast to the conventional hypothesis,
which establishes all the coefficients «, of the anharmonic
terms (a,7' n>2) in the Landau potential to be constant,
and only the quadratic coefficient «; to be a linear function
of external thermodynamic parameters. Nevertheless, this
latter complexity does not affect the coupling between pri-
mary and secondary order parameters, and this is of great
importance from the experimental point of view. Indeed, it is
an experimental challenge to find directly, using x-ray dif-
fraction on NH;BHj3, the displacements of light atoms, which
constitute a primary order parameter, especially at nonambi-
ent conditions with a sample placed in a diamond anvil cell.
By contrast, it is a much easier task to follow the variation in
the lattice parameters with pressure, since elastic strains, cal-
culated from the lattice parameters, provide the temperature/
pressure dependences of the corresponding OPs via the sym-
metry allowed coupling.

In light of the above discussion, let us consider a modified
Landau potential with explicit dependence on the compo-
nents of the stress tensor e;, which play the role of the sec-
ondary order parameters:

F(m.e;) =Fy(m) + F(e;) + Fy(m.e;), (3)

which contains a noncritical contribution F(e;) and the cou-
pling energy F,(7,e;). We use hereafter the Voigt notations
for the strain components: ¢;=¢,; and es=e¢,,. For F(e;) we
consider orthorhombic strains e;=—¢, and eg, and restrict the
expansion to the second-order terms:
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FIG. 7. (Color online) (a) Coupling between the structural order parameter (taken as a y coordinate of B atom) and the spontaneous
elastic strain e;(y) in the LT phase Pmn2,, in very good agreement with the prediction of the Landau theory (dashed line); (b) squared
spontaneous strain ej(py Vs eg(p) in HP phase Cmc2,. Straight lines are the best least-squares fits based on Eq. (6).

1 1
F1(€1,96)=5011€%+5C666§’ (4)

where c; and cgq are tetragonal stiffness constants. The low-
est order coupling that satisfies the symmetry conditions is

Fy(n,e1.e6) = yimme + vae (7 + 1) + (771 — m3)e.
)

The biquadratic coupling term 7y, is also included in F, due
to the onset of non-negligible orthorhombic distortions in the
high-pressure phase Cmc2; (see Sec. III D 1). The minimi-
zation of the potential F with respect to #; and e; yields, for
equilibrium orthorhombic deformation in the low tempera-
ture (LT) and high-pressure (HP) phases,

Y1 Y
LT(y = 1=+ 0): 61<T>=_C_7/1772=‘C_772,
11 11

Y3
€6 =— 6—66(77%— m =0,

1
HP(7; # 0,7,=0): e%(l’) == 7[“1 - Qay+ B 7,
>

Y
eé(P)Z—_3772. (6)
Ce6

Several conclusions from Eq. (6) can be made to compare
with the available experimental data. First, the prediction of
the absence of a share distortion egz) in the LT phase with
Pmn2, symmetry perfectly corresponds to our data. Second,
one finds for the LT phase an induced strain e,z to be pro-
portional to 77, which is characteristic for an improper fer-
roelastic transformation. Finally, equations for the strains
e;(p) and eg(p) induced in the high-pressure structure yield the
relation e7p) ~ eg(p). Thus, irrespective of the complexity of
the temperature and pressure dependences of the phenom-
enological coefficients «; (B;) in the corresponding Landau
potential, the above functional relations between the primary
and secondary OPs must be satisfied.

The microscopic character of the displacement component
of the order parameters 7, is rather simple as seen from Fig.
5. Here we use the evolution of the y coordinate of B atom as
a measure of the corresponding OP. Figure 7 illustrates some

of the observed couplings exemplified in plots of e;(7) vs 7,
and e%(P) vs egp). Their linear character perfectly corre-
sponds to the above predictions of the phenomenological
theory with the model potential given in Egs. (3)—(5). Having
this model potential and assuming hydrogen atoms to be rig-
idly bound to nitrogen and boron, the shifts of all atoms in
NH;BH; as a function of temperature and pressure can be
well described merely on the basis of the unit cell deforma-
tions.

IV. CONCLUSIONS

In summary, we have characterized the phase transition
phenomena in ammonia borane by a combination of experi-
mental and theoretical techniques. We have found a stable
under pressure polymorph and characterized its crystal struc-
ture. The symmetry and positions of the B and N atoms were
found from diffraction data. A set of possible structures with
respect to the location of H atoms was generated. This model
structures were optimized with the help of first-principles
DFT calculations and then refined by the Rietveld method,
unambiguously identifying the correct solution. Such a com-
bination of methods reveals not only the symmetry of the
new phase, but also provides positions of the hydrogen at-
oms which are notoriously difficult to extract from the high-
pressure x-ray powder-diffraction data. On the other hand,
theoretical structure prediction when used alone often does
not provide correct crystal structure and properties of light
hydrides (for the recent review see Ref. 44 and for the more
general discussion Ref. 45).

A set of basic properties of ammonia borane, such as
compressibility and thermal expansion, has also been mea-
sured. Group-theoretical analysis identifies a single two-
component order parameter, combining ordering and atomic
displacement mechanisms, which link an orientationally dis-
ordered parent phase I4mm with ordered distorted Cmc2,
Pmn2,, and P2, structures. We propose a generic phase dia-
gram for NH;BH;, mapping three experimentally found and
one predicted (P2,) phases as a function of temperature and
pressure, along with the evolution of the corresponding
structural distortions. We have shown that ammonia borane
belongs to the class of improper ferroelastics; both
temperature- and pressure-induced phase transitions are al-
lowed to be of the second order.

Our data illustrate an important role of N-H...H-B dihy-
drogen bonds and other intermolecular interactions in the
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stability of NH3BH; polymorphs. In the ambient-pressure
phases, the patterns of dihydrogen bonds are very similar. In
the high-pressure phase on the other hand, large tilts of
NH;BH; molecules with respect to the ¢ axis result in a
different and more complex pattern of H...H interactions. As
the pressure is increased, two types of dihydrogen bonds
elongate and partly lose their directionality, while the dihy-
drogen bonds situated in the ab plane become stronger and
more linear, thus creating dihydrogen-bonded layers. Our
DFT calculations quantify the influence of intermolecular in-
teractions on the NH3 and BHj; rotational energy barriers in
the high-pressure phase and show that the highest energy
barrier is observed for the NH; rotation, the second
highest—for the correlated rotation of the molecule as a
whole, and the lowest one—for the rotation of the BHj
group.

Finally, we would like to comment on the power of the
combined experimental and theoretical methodology used in
the present work. Careful use of the first-principles compu-
tational methods together with global optimization in direct
space and the Rietveld refinement has proven to be a very
accurate and powerful method of characterizing novel struc-
tures, in particular those stabilized under high pressure. In
addition, symmetry-based thermodynamic analysis combined
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with the powder-diffraction experiment allows to construct a
pressure-temperature phase diagram and even go beyond to
make predictions of new possible phases. In particular,
symmetry-restricted couplings between the structural distor-
tions and spontaneous strains give access to the atomic shifts
related to the order parameter. These strains are explicitly
related to the temperature and pressure evolution of the unit
cell dimensions. Such a combination of theory and experi-
ment is very helpful to the high-pressure diffraction experi-
ments, where the quality of the data may prove insufficient to
allow precise calculation of atomic coordinates, whereas the
unit cell dimensions as a function of pressure can be readily
extracted. The basic characteristics, such as the critical tem-
perature and pressure of the phase transitions, as well as
compressibility and thermal expansion in different phases
still have to be obtained from the experiment. Sensible cal-
culation of these properties could be considered as a future
goal for various ab initio models, and should hopefully assist
in realistic predictions of new polymorphs and their stability.
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