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Trivalent metal hypophosphites with the general formula
M(H,PO;); (M = V, Al, Ga) adopt the ReO; structure,
with each compound displaying two structural poly-
morphs. High-pressure synchrotron X-ray studies reveal a
pressure-driven phase transition in Ga(H,PO,); that can be
understood on the basis of ab initio thermodynamics.

The AMX; perovskite structure — well known for accommo-
dating a wide range of chemical substitution — has engendered
many interesting compounds and countless avenues of material
research. The versatility of the perovskite structure arises from
the flexibility to substitute on any of the three chemical sites, A, M,
or X, with the tolerance factor serving as a proxy for stability.
Over the past decade, there has been considerable focus on hybrid
(organic-inorganic) halide perovskites which show great promise
in optoelectronic technologies,@'@ as well as the related class of
alkylammonium metal(II) formates (A)Mn!(HCO,)3Z which can
display ferroelectric and multiferroic behaviour.® Hypophos-
phite perovskites AM(H,PO,)3 compounds are also known. 201

# These authors contributed equally to this work.

“Department of Chemistry and Biochemistry, University of California

Santa Barbara, California 93106 United States.

bMaterials Research Laboratory, University of California

Santa Barbara, California 93106 United States. E-mail: akc30@cam.ac.uk
“Department of Materials Science and Engineering, National University of Singapore
Singapore 117575, Singapore

4Department of Materials Science and Metallurgy, University of Cambridge

27 Charles Babbage Rd, CB3 OFS Cambridge, UK

¢European Synchrotron Radiation Facility

71 avenue des Martyrs, 38000 Grenoble, France

fCavendish Laboratory, Department of Physics, University of Cambridge

JJ Thomson Avenue, Cambridge CB3 OHE, United Kingdom

8Materials Department, University of California

Santa Barbara, California 93106 United States

T Electronic Supplementary Information (ESI) available. This includes experimental
details, crystallographic files (CCDC 1888648 — 1888652), PXRD, NMR, TGA, and
additional DFT calculations. See DOI: 10.1039/b000000x/

This journal is © The Royal Society of Chemistry [year]

Fig. 1 Representative crystal structure with the ReO; topology of o-
M(H,PO,)3, shown for M = Ga in the P2, /n space group (90 % ellipsoids,
H removed for clarity). The inset displays the complete hypophosphite
H,PO; anion.

While not as numerous, there have also been parallel discoveries
of ReO3-type materials. These compounds are A site deficient:
OMX3, where O is a vacancy. MX3; compounds can vary in X
site composition, very much in the manner of AMX3 perovskites.
Besides the oxide (Re03), this class includes fluorides,13 ni-
trides,’ and examples with molecular anions. ™18 Some re-
cently reported molecular-anion containing compounds include
Ln(BH4)3,[T—7] Ln[C(NH)z(NH)]g, In(imidazolate)g, and the
M[Bi(SCN)g] series, demonstrating the impressive richness of
X site composition of MX3 compounds. Since ReOj3 structure ma-
terials are known for interesting conductive,m structural,
barocaloric,2¥ and optical properties, 2925 the ability to control
composition is promising from the materials design viewpoint.

In a recent report on the new family of AMn?*t (H,P0O,)3 per-
ovskites made by some of us, 19 it was noted that only one ReO3-
type M(H,P0,)3 compound, V3* (H,P0O5)3, has been documented
to date.26l We refer to this compound as a-V(H,PO;); and em-
ploy Greek letters throughout this work to denote unique ReOs3-
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Fig. 2 Pressure-induced phase transition of a-Ga(H,PO,);.
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(a,b,c) Views of the ambient pressure crystal structure (P2, /n, B=98.55°) along the a, b,

and c axes. (d,e,f) Views of the high pressure crystal structure (P2, /n, f=107.68°) along the a, b, and ¢ axes. The graph depicts the cell volumes as a
function of pressure of four crystals tested using two different pressure transmitting mediums; Daphne 7373 oil and neon gas. The volume drop upon
the phase transition can be observed between ~1.2 GPa and 1.40 GPa. Each crystal was examined over certain ranges to mitigate radiation damage.
The ranges for the Daphne oil crystals were 0 GPa — 1.3GPa, and 1.0 GPa to 2.2GPa, and for the neon crystals 0 GPa — 1.3GPa, and 0, 1.4 GPa —
4.8 GPa. The Daphne 7373 oil crystal data was fit with a second order Birch-Murnaghan equation of state (dashed lines).

type polymorphs. In the initial report of o-V(H,PO;)3, the con-
nection with ReO3 was not noted, and the structure was simply
described as 3D connected, with each V atom octahedrally coor-
dinated with H,PO, anions. Inspired by the general interest in
ReOj3 type materials, we believed that other related compounds
could be made. We report here the successful preparation of a
new family of M(H,PO,)3 compounds, where M = V, Al, and
Ga, (representative structure displayed in Figure, and describe
the intriguing polymorphism that each member displays. We also
study one of the compounds, a-Ga(H,PO;)3, as a function of hy-
drostatic pressure, finding a hysteretic first-order phase transition
close to a pressure of 1 GPa. We complement the structural work
with detailed density functional theory (DFT)-based thermody-
namic examination of the P-T phase diagrams of the three sys-
tems.

In the original study of a-V(H,PO;)3, crystals of o-V(H,PO3)3
were isolated from a solvothermal reaction between V,0s3,
H3PO,, and Li;(CO3), and the structure was solved using sin-
gle crystal X-ray diffraction (SCXRD).=28 Based on powder X-ray
diffraction (PXRD) of the bulk product, a-V(H,PO,); was then
established as a minor product alongside an undetermined ma-
jor phase. Per our subsequent modification of the reported pro-
cedure, we successfully isolated crystals of a second polymorph,
B-V(H,;P0,)3, and Rietveld analysis of the bulk product suggests
that this is the unidentified major phase.t The B phase (P2;/c)
is distinct from the o phase (P2;/n), presenting a less distorted
ReO3 framework. Unlike single atom anion perovskites (e.g. ox-
ides), which display predictable in-phase or out-of-phase octa-
hedral tilt and rotation patterns, molecular anions induce octa-
hedral tilts, rotations, and shifts that are quite complex owing
to the greater degrees of freedom. As such, expanded Glazer
notation can be used to better describe these systems, and this

analysis is presented in the ESI for the phases described in this
work. 711127128
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For the remaining M(H,PO;); family members, the metals Al
and Ga were chosen as likely M site candidates because of their
preferred 3+ oxidation states and similar ionic radii to V3+:
0.640A, 0.535 A, and 0.620 A, respectively for octahedral V31,
A3t and Ga’*. It was found that the Al system has two pre-
ferred phases: o-Al(H,PO,)3, and a new y-Al(H,PO,)3 phase.
Both polymorphs are obtained together using a solvothermal re-
action between H3PO, and Al(O-i-Pr)3, producing a-Al(H,PO5)3
as approximately 10% of the final product, per Rietveld analysis.{
Although we were unable to make phase-pure a-Al(H,PO,)3, we
successfully prepared phase pure y-Al(H,PO,)3 by substituting y-
Al,O3 for Al(O-i-Pr); in the solvothermal reaction. The 7y phase
polymorph crystallizes in the space group C2/c and like the
phase, presents a less distorted structure when compared to the
o phase. Interestingly, we have found that while the structure of
Al(H;PO,)3 has not been reported, this composition has gener-
ated a substantial amount of interest as a flame retardant. When
aluminum hypophosphite is added to a polymer blend, there is
evidence that the anion reduces the mass transfer pathway, in-
creasing thermal stability, 2% in addition to, in some cases, altering
the degradation mechanism.2%

In all of the synthesis attempts, the Ga system only yielded «-
Ga(H,PO,);3 with high phase purity crystal quality. Consequently,
high pressure SCXRD experiments were carried out at the Eu-
ropean Synchrotron Radiation Facility (ESRF). We hypothesized
that under pressure a-Ga(H,PO,)3; may transform to one of the
aforementioned, less distorted and consequently denser, poly-
morphs (B or y phases). Figure[2]displays views of the structure of
a-Ga(H,PO,)3 below and above its pressure-induced phase tran-
sition, as well as a plot of T vs. P from the SCXRD refinements
at each pressure. As is quite evident, a-Ga(H;PO,)3 undergoes a
first-order phase transition near 1.0 GPa to another phase, which
is neither 8 or y. Instead, a-Ga(H,PO,); undergoes a classical
isomorphic phase transition to a phase with the same connectiv-
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Table 1 Polymorphs seen in all members of the M(H,PO,); family. The
columns of each polymorph indicate if/how that phase presents in each
metal system. The largest possible pore diameter (A) is included in
parenthesis.

o B Y 1)
(P21/n)  (P21/0) (C2/e) (P2y/n)

v minor major B _
(1.05) (0.87)

Al minor B major
(0.96) (0.61)

Ga sole B _ high pressure
(0.95) (0.71)

ity and space group P2, /n, but with an increased crystallographic
B angle of 107.68° (instead of 98.55°). We refer to this high-
pressure phase as the § phase. Upon releasing of this pressure,
the a phase is recovered. The bulk modulus of the o phase
obtained from the X-ray data is 14.3 GPa, which is substantially
lower than the corresponding value for the denser, high pressure
d-phase (27.0 GPa).t This is typical behavior for open-to-dense
phase transitions under pressure.

In total, we have observed four polymorphs between all M vari-
ants studied, with each metal system displaying two polymorphs.
Table[l]summarizes these polymorphs, and specifies whether they
are the minor, major, sole, or high pressure phases. Crystallo-
graphic details of each polymorph can be found in the ESL{ It
should be noted that the « phase is a shared polymorph between
all metal systems at ambient temperature and pressure. How-
ever, each system shows distinct behavior, with the Ga system
found solely as the o phase under ambient conditions, whereas
for Al and V, the a phase occurs only as a minor phase. Con-
sidering what would appear to be subtle differences between the
o, B, v, and 8 phases, it is curious that certain polymorphs are
seen in some metal systems, and not in others. We shed light on
this question through DFT calculations by comparing the stability
within each systems of the two preferred polymorphs as P and
T are varied. The free energy as a function of P and T was cal-
culated by combining DFT and lattice dynamics calculations, as
described previously for perovskite formates.2! Figure displays
the results from the free energy calculations for the three metal
systems, with the results further discussed below. We also provide
additional details of the thermodynamic analysis in the ESL.¥

Figure[3|(a) shows the stability of the two observed polymorphs
for the V system (a and ) as T and P are varied. It can be seen
that at ambient temperature and pressure, that the § phase is the
preferred polymorph, which is consistent with what is observed
experimentally. We had great difficulty synthetically isolating the
o phase in our experiments following the reported procedure,
and based on Rietveld analysis, it appeared that the only phase
observed was the f phase. However, to grow suitable crystals of
either phase, we found that the inclusion of Li,CO3; was essential
(as in the previous report), which could also explain how the «
phase may form as a metastable product. Figure[3|(b) shows the
stability of the two observed polymorphs for the Al system (o and
7). From these calculations our observation of more than one Al
polymorph is not surprising, as the calculations suggest that both

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Calculated P-T phase diagrams for each metal system, and
the two observed polymorphs seen each in each. (a) V system, a—f3
polymorphs. (b) Al system, a—y polymorphs. (c) Ga system, a—§ poly-
morphs.

polymorphs are expected to be stable at around ambient 7 and
P. However, due to our success with isolating the y phase pure
by using y-Al, 03, it is feasible that there may well be a synthetic
strategy to isolating the o phase pure if the right conditions can
be met. Figure[3(c) shows the stability of the two observed poly-
morphs for the Ga system (a and §). These calculations predict
that the « phase is the preferred phase at ambient pressure and
all temperatures, and the & phase will only form under pressure.
This was confirmed experimentally via low temperature PXRD
experiments, where no phase transition was observed between
300K and 12K.t The stability of the o phase down to very low
temperatures arises due to its lower zero-point energy relative to
the & phase (Table S8).}

It is interesting to note that the o phase is not only common
to all three systems, but is also the high temperature phase in
each case. The calculations illustrate this by indicating that the
o phases have higher entropies compared to the low tempera-
ture/high pressure phases.t One can regard the high temperature
and low temperature phases as open and closed pore systems,
respectively, in a manner that is qualitatively similar to certain
metal-organic frameworks, such as ZIF-432 and MIL-53.23 In par-
ticular, larger pores are well known to give rise to enhanced vibra-
tional entropies. The greater pore radii in the a-phases are tab-
ulated in Table[I] The magnitudes of the free volume effects are
much smaller than those that have been seen in the metal-organic
frameworks (MOFs), but the thermodynamic consequences are
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similar.

An issue around the formation of the M(H,PO;); polymorphs
is the potential for additional effects due to hydrogen bonding.
Surprisingly, there appears to be weak P-H-:--O hydrogen bond-
ing in the o phase, across the faces of the open cavities. In the
more dense polymorphs, like the y-Al(H,PO,)3 or the high pres-
sure 6-Ga(H,PO,)3; phase, hydrogen bonding does not appear to
be present on inspection of the P-H---O distances. This is an in-
teresting effect and appears analogous to other perovskite-related
systems which display void space due to the effects of hydro-
gen bonding forces.2# Finally, it is informative to compare this
ReOs;-type hyphophosphite family with a closely related family of
formate MX3 compounds. Although the hyphosphites are made
absent of any observable moiety within the cavities, the formate
family is only isolable when made in the presence of CO,, which
then resides within the cavities and stabilizes the material.2> For
the hypophosphite system this is not the case, as the pore size
(diameter of less than 2A) is too small as a consequence of the
extra H atoms. This was further confirmed in pressure exper-
iments with neon as a pressure-transmitting medium, where no
neon (atomic diameter of 2.4 A)3% was found to enter the cavities
of the Ga(H,PO,)3 structure.

In conclusion, we present a new family of M(H,PO;); com-
pounds displaying unusual polymorphism. Based on the size of
the metal cation, certain polymorphs are favored at ambient pres-
sure and temperature, with one phase being shared throughout.
Entropic stabilization appears to play an important role in stabi-
lizing the structures.
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