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Compressing arsenic:---halogen secondary bonds:
a high-pressure structural study of arsenic(i)
oxide intercalates with ammonium halides
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Crystal structures of arsenic(i) oxide intercalation compounds with ammonium chloride (NH4Cl-As,03-/,H,0),
ammonium bromide (NH4Br-2As,05), and ammonium iodide (NH4I-2As,05) have been determined under high
pressure up to 12, 15 and 11 GPa, respectively. No phase transitions have been observed for the investigated
compounds. The compression of arsenic:--halogen secondary bonds, expressed as penetration indices of the
bonds, has been shown to be a linear function of unit-cell volume ratio V/Vq, where Vj is the unit-cell volume
at ambient pressure, with similar slopes as the compression of arsenic---oxygen secondary bonds. The
behavior of the arsenic coordination number, expressed as a first-order valence entropy coordination number,
at high pressures and the stereoactivity of arsenic lone electron pairs in the studied intercalates are the same
as in arsenic(i) oxide polymorphs - the former decreases linearly with V/V,, while the latter remains
unchanged. The high-pressure study lends further support to the fact that the nature of arsenic---halogen and
arsenic---oxygen secondary bonds is the same.
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Most of the known As,O; intercalates, with the exception
of the intercalate with NaBr, are hexagonal and comprise
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Intercalation compounds result from reversible inclusion,
without covalent bonding, of one kind of molecule or ion in a
solid matrix of another compound with a layered structure.!
They are widely used, for instance, as electrode materials in
batteries or catalysts. Some chalcogenide intercalates exhibit
superconducting properties.”” Arsenic(u) oxide intercalates
are layered compounds, in which electroneutral layers of
As,0; separate sheets of cations and anions. The introduction
of ions into the structure changes the conformation of
individual As,O; layers compared to arsenic(u) oxide
polymorphs, but the connectivity of atoms within layers
remains the same, and there are no covalent bonds between
the ions and As,O; layers. It has recently been reported that
intercalates CsBr-2As,0; and CsBr-As,0; exhibit very high
birefringence. The latter intercalate crystallizes in the polar
space group P6;mc and has a very strong second harmonic
generation response that is 20.5 times stronger than that of
KH,PO,.*
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non-corrugated polar As,O; layers that exhibit symmetry of
layer group Pémm and separate alternating flat layers of
cations and anions (structure type P, see Fig. 1).® Anions

Fig. 1 Crystal structures of intercalates NH4Cl-As,03-}/,H,0 (a and c)
and NH4Br-2As,0O5 (b and d). Views along the crystallographic [001] (a
and b) and [120] (c and d) directions. As, O, N, Cl, and Br atoms are
depicted as teal, red, blue, light green and brown spheres, respectively.
Violet spheres denote N and O atoms of disordered ammonium
cations and water molecules. H atoms are omitted for clarity.
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interact with arsenic(ur) lone electron pairs (LEPs) forming
the so-called secondary bonds, which are located ¢rans with
respect to the primary As-O bonds.” Cations template the
As,0; layers and are coordinated by oxygen atoms from the
layers.” In the case of KCl and RbCl, hexagonal hydrated
intercalates, Yxcr and Yy, have been obtained in addition
to anhydrous ones.®° Meanwhile, for NH,CI, only a hydrated
intercalate could be obtained so far.'®'" In this compound,
there is an additional layer containing disordered water
molecules and ammonium cations. It is sandwiched between
two layers of chloride anions (see Fig. 1).""

The aim of this work is to compare the compressibility
and structural changes in the hydrated intercalate NH,Cl-As,-
0;-'/,H,0 (Ynu,c) and in anhydrous ones NH4Br-2As,O;
(Pnm,pr) and NHyI-2As,0; (Pp,)- Another goal is to compare
the pressure evolution of the As---halogen secondary bonds
with the pressure dependence of As---O secondary bonds
present in the As,0; polymorphs.

Experimental and methodological
details
High-pressure single-crystal X-ray diffraction

Single crystals of intercalates Ynu,c1, Pnp,sr and Pnp, were
obtained as described previously."! ETH-type diamond anvil
cells (DACs) were used with pre-indented stainless steel
gaskets with a thickness of ca. 120 pum. Diamond culets of
450 um were used, and 200 um holes were electrodrilled in
the gaskets. Good-quality single crystals of the intercalates
with typical dimensions of 80 um x 60 pm x 15 pm were
placed in the gasket holes together with ruby chips used for
pressure determination.'> Subsequently, DACs were gas
loaded with argon used as a pressure transmitting medium
(PTM). Diffraction data were collected at the Xpress beamline
of the Elettra Synchrotron Radiation Facility using 0.4957 A
incident wavelength, 80 um beam diameter and a PILATUS3
S 6M detector (from DECTRIS)."® Raw frames were imported
into CrysAlis™°, which was used for data reduction. Crystal
structures were refined using SHELXL 2019/3 invoked from
Olex2 ver. 1.5 program."'® Crystal structure models were
analyzed using PLATON."” 3rd order Birch-Murnaghan (BM)
equation of state (EoS) was fitted to the experimental p(V)
points using the EosFit software."®'® All unit-cell parameters
are given in Tables S1-S3.

Valence entropy coordination number, bond-valence vector,
and penetration index calculations

Bond valences (BVs) s; were calculated according to the
following equation: s; = exp((R, — d;)/B), where d;, R, and
B stand for the bond length of bond i, bond length of a
bond with a valence of 1 and bond softness parameter,
respectively.”® Parameters determined by Gagné and
Hawthorne were used for As-O bonds, by Brese and O'Keeffe
for As---Cl interactions and by Brown for As:--Br and As--'I
secondary bonds.>"~* The dependence of R, on pressure was
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described using the relationship proposed by Brown.>* The
magnitude of bond-valence vectors v; (BVVs) was calculated
using the relationship derived by Zachara: |jvj| = s;(1 - si/Q)
where Q is the electric charge of the coordination center
atomic core.”” Zachara's BVV definition assumes that it is an
integral of the electric field across a surface corresponding to
a particular bond irrespective of the direction of that surface.
Consequently, BVVs are aligned along the bonds they
correspond to; the sum of BVVs around an unstrained
coordination center is a zero vector. When a coordination
center is electronically strained due to the presence of a
stereoactive LEP, the resultant BVV can be brought back to
zero by treating the LEP as a pseudoligand with sy gp < 2. The
equality holds for a fully stereoactive LEP and values smaller
than two indicate partially stereoactive LEPs. When
calculating BVVs, arsenic was treated as having a +5 oxidation
state, so that the LEP could be treated as a pseudoligand. As
no BV parameters for As(v)---Br and As(v)--'I interactions are
available, parameters for As(m) were used for these. This is
justified by the fact that the difference between BV
parameters for As(m)---Cl and As(v)---Cl interactions is small
i.e. Ry values differ by 0.02 A and B is the same.

The strength of secondary interactions was also gauged
using the penetration index defined as: pag = 100:(vy + vg —
dag)/(va + vg — s — 1), where v; and r; stand for van der Waals
and covalent radii of element i, while psp represents the
penetration index of an interaction with distance dag between
atoms A and B.?® Covalent and van der Waals radii provided
by Echeverria and Alvarez were utilized.>®

The first-order valence entropy coordination number ('VECN)
was applied to quantitatively measure the coordination number
of arsenic atoms forming both primary and secondary bonds. It
was calculated according to the following formula:

N
exp (—Z(si/S)ln(si/S)> where N is the number of bonds

i=1

N

considered and S = Z s;. More details on the calculation of the
i1

'VECN are given elsewhere.*’

Density functional theory (DFT) computations

Equation of state (EoS) modelling by DFT computations was
only carried out for the intercalates Pyygp, and Pny,;. The
intercalate Yng,c1 Was not modelled computationally because
there is additional positional disorder in that structure
within the layer at z = '/,. Computations were carried out in a
plane-wave basis set using Vienna ab initio simulation
package VASP 6.4.2.°® An energy cut-off of 1200 eV was
applied with automatic generation of the Monkhorst-Pack
net for sampling the first Brillouin zone, and the parameter
value defining spacing between the points was set to 40.%°
PAW PBE potentials were applied.>® Grimme's D3 correction
for dispersion was used together with the Becke-Johnson
damping function.**> Geometry optimizations were stopped
when the energy and maximum force per atom between steps

This journal is © The Royal Society of Chemistry 2025
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were smaller than 1077 eV and 0.005 eV A, respectively. Two
structural optimizations with only the unit-cell volume frozen
followed by the final optimization with only atomic positions
allowed to vary were carried out. Ammonium cations located
at 0, 0, 0 are disordered and, for the purpose of modelling,
we only considered cations with one of N-H bonds aligned
along the crystallographic [001] direction.

Results and discussion
Crystal structure evolution with pressure

The pressure dependence of unit-cell volumes of the studied
intercalates is plotted in Fig. 2 and the parameters of the
fitted 3rd order BM EoS are listed in Table 1. Ynm,c1, Pnm,se
and Pyy,; undergo smooth compression under high pressure
at least up to 12, 15 and 11 GPa, respectively. Apparently, all
the investigated crystal structures of intercalates are so
robust that argon non-hydrostaticity is only manifested in the
increased mosaicity of the studied single crystals (see Fig.
S1). Also, the V(p) dependence for intercalates Py pr and
Pyy,; is in very good agreement with DFT predictions
computed using the PBE-D3(BJ) model.

All the studied intercalates exhibit virtually the same
linear compressibility along the <100> crystallographic
direction (see Table S4 for ambient-pressure values, linear
moduli, and their pressure derivatives of lattice parameters
of the studied intercalates and Fig. S2). Intercalates P, gr
and Pyy, also exhibit very similar linear compressibility
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—O— Ynn,c
300 4
—O— PnH,Br
—O— Pnuy
«  PBE-D3(BJ)
« 250
<
>
200 |
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0 5 1OI‘I‘15
p /IGPa

Fig. 2 Unit-cell volume of the studied intercalates plotted as a
function of pressure. Open and closed circles correspond to
pressure increase and decrease, respectively. Solid lines correspond
to 3rd-order Birch-Murnaghan equations of states fitted to
experimental data points, whereas black points correspond to the
PBE-D3(BJ) DFT computations described thoroughly in the
methodological details section.
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Table 1 Parameters of the 3rd-order BM EoS fitted to the experimental
and DFT data for the studied intercalates

Ynu,cl Pnper Pnpx

Exp Exp DFT Exp DFT
Vo/A? 304.5(5)  221.3(7)  218.3(6)  226.5(7)  222.5(7)
By/GPa  21.3(11)  25(5) 35.2(14)  25(3) 34.1(15)
B, 6.8(5) 9(3) 5.8(2) 8(1) 5.82(19)

along the [001] direction which results in very similar bulk
moduli for the two compounds.

Pressure dependence of secondary As---halogen bonds

BVs as well as penetration indices of As---X secondary bonds
are plotted as a function of pressure in Fig. 3. We have shown
previously that the strength of As---X secondary bonds
increases with the size and polarizability of the halide anion.’
Here, the trend is clear for the intercalates Pnpypr and Papy,
while the intercalate Ynu,c seems to depart from it at first
sight. However, we propose that high values of the As---Cl
penetration index and BVs result from the different
structures of this intercalate. The s,s...c; BV values are 0.025,
0.026 and 0.024 v.u. for Pgcj, Prpcr and Pega, respectively and
0.041, 0.041 and 0.042 for Ynmc, Yka and Yyye,
respectively.®® Similarly, the penetration indices for Py
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Fig. 3 As---X bond valences (a) and penetration indices (b) plotted as a
function of pressure for the studied intercalation compounds. Insets
present Br™ (a) and Cl” (b) anions interacting with twelve As atoms in
Pnh,er and six As atoms Yyu,cu respectively.
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range from 11.0% to 12.7% whereas for Yuc and Yg, o from
23.9% to 24.6%. Thus, As---Cl interactions in Yy are
stronger than those in Pyc and comparable to As--I
secondary bonds in Pyp,g This is likely the result of
differences between crystal structures of intercalates Py,
where M stands for alkali metal and ammonium cations, and
X for halide anions, and compounds Yy as well as very
similar Yg,. Halide anions are involved in twelve As---X
interactions in the former ones, while chloride anions only
form six As---Cl secondary bonds in the latter compounds.

Penetration indices were chosen to compare the pressure
evolution of As---X and As---O secondary bonds. They are
plotted as a function of volume ratio V/V,, where V, and V
are the ambient pressure unit-cell volume and unit-cell
volume at a given pressure, for the studied intercalates, as
well as arsenic(m) oxide polymorphs, in Fig. 4. The ratio
VIV, was chosen as a free variable instead of pressure to
account for different compressibility, or bulk moduli, of
the crystal structures where secondary bonding is present.
Such a choice of the coordinate system led to the
observation of linear correlations between penetration
indices and volume ratios. Again, the slopes of the linear
correlations for the intercalates Pnypr and Pnp, are equal
within two standard uncertainties (-81(5) and -89.8(14),
respectively) while the slope of -69.3(14) for intercalate
Ynu,c1 is slightly smaller in terms of absolute values,
reflecting the fact that As---Cl secondary bond
strengthening with pressure increase is less pronounced in
Ynu,c1 intercalates than the strengthening of secondary
bonding in Pyyx intercalates. The analogous slope for the
As---O secondary bonds in arsenolite is -114.1(5).
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Fig. 4 Penetration indices of As---X and As:--O secondary bonds in
the studied intercalates and As,O3z polymorphs plotted as a function
of V/Vy unit-cell volume ratio. Data for arsenic(i) oxide polymorphs
are taken from ref. 34-36.
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Evolution of the arsenic coordination number and LEP
stereoactivity with pressure

The first-order valence entropy coordination number of
arsenic ("VECN,) and arsenic LEP stereoactivity expressed as
the magnitude of the resultant BVV vector on arsenic atoms
are plotted in Fig. 5 as a function of the V/V, ratio. The values
of 'VECN,, for the studied intercalates change with the unit-
cell volume ratio in a very similar manner to those of As,0;
polymorphs, and the observed changes are linear. "VECN,,
for the intercalates Pnppr and Ynm,c1 are almost the same
even though the As---Cl secondary bonds are weaker than the
As---Br secondary bonds.> The reason for this is the same as
in the case of penetration indices, namely the differences in
crystal structures of the two types of intercalates. It is very
likely, in our opinion, that chlorides tend to form the
hydrated intercalates because the anions are relatively hard
and are more keen on forming hydrogen bonds with water
molecules than interactions with relatively soft LEPs of
arsenic atoms. In the case of the softer bromide and iodide
anions, no hydrated intercalates have been obtained so far as
these anions are softer and form readily secondary
interactions with arsenic LEPs.

The stereoactivity of arsenic LEPs in the studied
intercalates does not change with pressure, like for arsenic(i)
oxide, which indicates that pressure is an independent factor
from LEPs causing strain in the coordination sphere of
arsenic.”’” For a given pressure, the LEP stereoactivity
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Fig. 5 First-order valence entropy coordination numbers of arsenic (a)
and the magnitude of net BVV for arsenic (b) plotted as a function of
the volume ratio V/V, for the studied intercalates and for arsenic(i)
oxide polymorphs. Data for arsenic(i) oxide polymorphs are taken
from ref. 34-36.
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decreases slightly in the series Ynu,c1 > Pnm,pr > Pnm, Which
also testifies to the fact that secondary bond strength
increases in the same order i.e. As---Cl < As:-'Br < As--'IL.

The correlation of the first-order valence entropy coordination
number of arsenic with the magnitude of the resultant BVV
vector on arsenic atoms for the studied intercalates, arsenic(im)
oxide polymorphs under HP, and arsenic(m) oxycompounds
deposited in the Inorganic Crystal Structure Database is plotted
in Fig. 6. The grey markers corresponding to ambient-pressure
structures follow a general correlation that LEP stereoactivity,
quantified by the magnitude of arsenic BVV, decreases with
increasing pressure. The points corresponding to the HP
structures of the studied intercalates depart from the correlation,
similarly to the HP structures of As,O; polymorphs. While an
increasing coordination number with increasing pressure is
expected, the fact that LEP stereoactivity does not decrease at HP
is surprising.’” Importantly, the points corresponding to the
ambient-pressure structure of Ynmuc and other hydrated
intercalates Yxa and Yy, represented by pentagons in Fig. 6,
are located in the vicinity of the points corresponding to Pyg,
intercalates. This reinforces our suggestion that decreasing the
number of Cl--*As contacts in Y (and Y') intercalates
compensates for the fact that CI" anions are harder bases than
Br anions and that As---Cl secondary bonds are of comparable
strength to As---Br secondary bonds when chloride anions form
six such bonds and bromide anions form twelve (see Fig. 3a with
the insets and Fig. 6).
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Fig. 6 The magnitude of net BVV for arsenic plotted as a function of
the first-order valence entropy coordination number of arsenic for the
studied intercalates, As,O3z polymorphs, and arsenic(i) oxycompounds
deposited in the Inorganic Crystal Structure Database. HP in the legend
denotes high-pressure structures. The larger markers indicated at the
bottom right correspond to ambient-pressure structures of
intercalates. The black arrow indicates the compression of the systems.
Data for arsenic(i) oxide polymorphs, for arsenic(i) oxycompounds,
and for intercalates are taken from ref. 5, 9, 27 and 34-36.
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Conclusions

Crystal structures of three arsenic(m) oxide intercalates with
ammonium halides have been determined under high
pressure for the first time. They do not undergo any phase
transitions up to the highest pressures reached in this study
(12 GPa for Ynm,c1, 15 GPa for Pyy pr and 11 GPa for Puyy,)-
Analysis of the pressure dependence of penetration indices of
As---X secondary bonds, where X stands for a halogen,
revealed that their dependence becomes linear when pressure
is replaced by the unit-cell volume ratio V/V,, where V, is the
ambient pressure volume. This is caused by the fact that the
VIV, ratio takes into account different compressibility, or
bulk moduli, of the compared crystal structures. Not only the
penetration indices but also the first-order valence entropy
coordination number of arsenic decrease linearly with
volume ratio V/V,. Both these relationships are also linear for
As---O secondary bonds present in arsenic(m) oxide
polymorphs. The stereoactivity of arsenic LEPs is virtually
unchanged upon pressure increase indicating that pressure
increases the arsenic coordination number by making the
crystal structures “more crowded” without decreasing the
LEP stereoactivity similar to arsenic(m) oxide polymorphs. It
will be very interesting to carry out an analogous study for a
series of As,O; intercalates with potassium halides, which
includes anhydrous Pkcy, Pksr, and Pg; and hydrated Yge. It
should allow us to verify our suggestion that the increased
strength of As---Cl secondary bonds in intercalate Ynmy,ci
compared to the expectations from the trend of decreasing
strength of secondary interactions As--I > As:--Br > As---Cl
is the result of a smaller number of secondary bonds formed
by chloride anions in intercalate Yngu,c1 than in compounds
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