The very first normal-pressure tin borate SnzB40,,
and the intermediate Sn,[B;04,]F+
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Aside from amorphous phases, only a single crystalline tin borate
had been synthesised so far under high pressure. In this work, we
present the very first crystalline ternary tin borate SnzB;O9 syn-
thesised under ambient pressure by decomposition of Snz[BzO,]F
above 500 °C. The crystal structure of SnzB,O9 (P2,/c, Z = 4, a =
768.07(3) pm, b = 1206.78(4) pm, ¢ = 924.96(3) pm, = 101.847(1)°,
10550 data, 147 parameters, R; = 0.028) determined by single-
crystal X-ray diffraction comprises open layered borate polyanions
with Sn(i) ions in-between showing the presence of a stereochemi-
cally active lone pair. SnzB;,O9 was further characterized by DFT
calculations and vibrational spectroscopy. Its optical band gap was
calculated to approx. 3.5(1) eV. Tin borate was gained by thermal
decomposition of Sn[B,OsF;] via a further new tin borate fluoride
Sn,[B;04,]F (C2/c, Z = 8, a = 1037.99(2) pm, b = 859.78(2) pm,
c = 2370.71(8) pm, g = 93.5650(10)°, 2674 data, 199 parameters,
R; = 0.045).

Ternary borates are known of almost all main-group metals. In
case of tin only a single crystalline high-pressure borate, i.e.
p-SnB,O, had been described so far by the Huppertz group.
Under ambient pressure normally glassy products are
obtained. During our systematic investigation on silicate-
analogous compounds like borosulfates>® and fluorooxo-
borates,*” we serendipitously discovered the very first ternary
tin borate under normal pressure conditions, i.e. the title com-
pound, as decomposition product of tin fluorooxoborate, i.e.
Sn[B,0;F,] (in the cited literature named TFB).

Very recently, on our journey towards novel fluorooxo-
borates, we came across TFB comprising layers of condensed
BO;F tetrahedra and yielding an unique non-centrosymmetric
crystal structure, almost simultaneously reported by Luo et al.®
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During the investigation of the thermal decomposition of TFB
we found two new phases, which to our impression, both are
prerequisites for the formation of the first known
crystalline tin borate under ambient pressure conditions,
namely Sn;B,O, (1).

Heating TFB to 490 °C yields the first tin borate fluoride
Sn,[B;0,]F,” which itself decomposes around 520 °C to give 1.
Somewhat earlier, around 380 °C, we identified a further crys-
talline intermediate product as a large single-crystal in a differ-
ential scanning calorimetry crucible, the new tin borate fluor-
ide Sn,[B,04,]F (2),% also published very recently.’

In this contribution we will elucidate the crystal structures
of 1 and 2 as well as spectroscopic properties of 1.

Sn;B,0, crystallises in a monoclinic unit cell (@ = 768.07(3)
pm, b = 1206.78(4) pm, ¢ = 924.96(3) pm, # = 101.847(1)°) in
space group P2,/c (no. 14) with four formula units per unit
cell. It consists of Sn*" cations embedded between borate poly-
anion layers. Their fundamental building block (FBB), a
B,Oo°~ moiety, consists of one trigonal planar BO; triangle
and three BO, tetrahedra, connected according to the descrip-
tor 1A30: O<AO2> (Fig. 1, left)."

Two FBBs condense via the oxygen atoms O3 (Fig. 1, right)
to dimers; these dimers connect further via O5 atoms to two-
dimensional layers situated parallel to the (101) plane (Fig. 2).

Fig. 1 Left: FBB of Sn3zB4Oy, consisting of one trigonal-planar and three
tetrahedral borate units; right: dimer of two FBBs with the respective
atom labels; next neighbour boron atoms are faded, boron atoms green,
oxygen atoms red.
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Fig. 2 Left: One layer of the polyanion, viewed along the <101> direc-
tion; Right: Layered structure of SnzB,Og (tin atoms light grey, boron
atoms green, oxygen atoms red).

All three crystallographically different tin atoms are fivefold
coordinated by terminal oxygen atoms showing the presence
of a stereochemically active lone pair around Sn>" as presented
in Fig. 3.

Within the polyanion, the bond lengths agree well with the
sums of the respective ionic radii.** All tetrahedral units show
a very small deviation from tetrahedral symmetry as deter-
mined according to Balic-Zunic and Makovicky.'>"® For the
tetrahedral unit around B1 it was calculated to be 0.17%,
0.27% around B3 and 0.58% around B4. Thus, these can safely
be classified as regular tetrahedra.

The three tin atoms in Sn;B,0 show a coordination
environment that is strongly influenced by the lone pair of
Sn>" (Fig. 3). The angles inside the tripods are between 77 to
93° and the bond distances are ranging from 210.1 to 223.5
pm, agreeing well with the sum of their ionic radii."* Apart the
tripod coordination, the tin atoms are coordinated by
additional oxygen atoms that have larger interatomic distances
(252 to 283 pm) and contribute very little to the coordination,
according to our electrostatic calculations presented below.

Sn,[B,04,]F is an intermediate product that is formed
within a very narrow temperature regime from Sn[B,O;F,]
(Fig. 4). The DSC plot that led to a single crystal of Sn,[B,0;,]|F
is displayed in Fig. S2 (in the ESIt).

Sn,[B,04,]F exhibits also a layered borate polyanion with
tin atoms in-between and crystallises in space group C2/c
(no. 15) adopting a rather large unit cell with the cell para-
meters of a = 1037.99(2) pm, b = 859.78(2) pm, ¢ = 2370.71(8)

Fig. 3 Coordination environments of the three tin atoms in Sn3B4O0,.
Atoms are shown as ellipsoids with 90% probability, tin atoms in light
grey, oxygen atoms in red.

Fig. 4 DSC measurement representing the thermal decomposition of
Sn[B,OsF,]; at temperature 1, the borate fluoride Sn;[B;O4,]F is formed
subject to decomposition further to the borate fluoride Snz[BzO,IF,
which is present after the endothermic step (2)'° which is an intermedi-
ate for the formation of SnzB4O.

pm, f = 93.5650(10)° and Z = 8. The FBB of the polyanion
(Fig. 5, left) consists of five trigonal planar BO; units and two
BO, tetrahedra connected to form the hitherto unknown B,O;5
moiety obeying the descriptor 5A20: A<O2A><2A0>. This
reminds of the B,O;5*” superstructural units in hydrated
thallium borates,">'® but those are strictly no fundamental
building units and also slightly different. These FBBs are con-
nected via the oxygen atoms O15, 021 and 067 (Fig. 5) to two-
dimensional layers parallel to (001). The Sn2 atoms are situated
in the voids of these layers (Fig. 5, right), while the Sn1 atoms
form [SnF]" dumbbells and are found between the anionic
layers obeying a layer sequence of ABA'B'A. The distance of
206 pm between Snl and F1 corresponds to a covalent single
bond, analogous to the [SnF]|"-units reported in Sn;[B;0,]F."°

In addition to F1, Sn1 is coordinated by two oxygen atoms
with the interatomic distances of 212-227 pm - forming the
typical tripod coordination with angles of 73 to 86° — and a third
significantly further distant oxygen atom with 254 pm. Sn2 is co-
ordinated by a tripod (angles between 73 and 83°) out of F1 and
two oxygen atoms with quite homogeneous distances between
227 and 235 pm as well as three further oxygen atoms with
interatomic distances ranging between 253 pm and 298 pm.

According to electrostatic calculations presented below
these oxygen atoms still contribute to the coordination of Sn2,
although significantly weaker.

Fig. 5 Left: FBB of Sn,[B;O1,lF, the linking atoms O15, 021 and O67 are
faded; Right: Crystal structure of Sny[B;O1,]F, viewed along the <010>
direction; tin atoms in light grey, boron atoms in green, oxygen atoms in
red and fluorine atoms in yellow.
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For both, Sn;B,0o and Sn,[B;0;,]F, we calculated the
Madelung part of the lattice energy based on the MAPLE
concept.’”'® According to this method, the lattice energy of
tertiary or quaternary compounds should equal the sum of
binary compounds. For these calculations, we used 3 SnO"’
and 2 B,0;2° as base for Sn;B,0, and 7/2 B,O;, 1/2 SnF, >
and 3/2 SnO"? for Sn,[B,0;,]F.

Both compounds are electrostatically consistent, as their
MAPLE values listed in Table 1 differ from the sum of MAPLE
values of the binary compounds by less than 1%.

The electronic structure of SnzB,0, was probed on different
levels of theory. The band gap obtained with the generalized
gradient approximation is 2.63 eV and extremely underesti-
mates the experimental value. Stepping up the Jacobs ladder
of density functionals to the range separated hybrids HSE06
and HSEsol results in more satisfying values (HSE06: 3.48 eV;
HSEsol: 3.42 eV). All applied functionals describe the band
gap to be of indirect nature which makes an experimental
proof difficult. The valence band maximum (VBM) is located at
the I point and the conduction band minimum (CBM) is at
the I'-Y line. There is also only a small discrepancy in
energy between the global CBM at 7/-Y and a local
minimum at the I-point making direct transitions conceivable
(Fig. 6).

In the observed IR spectrum of Sn;B,O, (Fig. 7), all bands
can be attributed to vibrations of the B-O bond, either in the
trigonal-planar BO; or the tetrahedral BO, unit. A theoretical

Table 1 Comparison of MAPLE energies for SnzB4Og9 and Sn,[B;01,]F

Sn;B,0, Sn,[B,0,,]F
Calculated MAPLE/k] mol™* 55652 83999
Calculated MAPLE of the binary 55242 83960
compounds/kJ mol ™
Al% 0.74 0.04

Fig. 6 Band structure of SnzB,Og obtained with different functionals,
showing the indirect band gap.
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Fig. 7 Observed infrared spectrum of SnzB,Og. The inset shows the
complete observed wavenumber range and that no water bands could
be detected.

calculation of the vibrational frequencies gives further insight
to the experimental recorded IR spectrum. Based on DFT cal-
culations, the IR spectrum was simulated in order to attribute
the observed peaks to specific modes. The complete simulated
spectrum consists of 96 IR active vibrations. Around 1490 cm™"
the spectrum starts with symmetric stretching modes of the
planar BO; units. With decreasing wavenumber the amount of
symmetric BO, stretching modes and antisymmetric BO; stretch-
ing modes increases down to 720 cm™'. Below 700 cm™’, the
stretching modes of the BO; and the BO, units mix up with
bending vibrations. Modes in the range from 610 cm™ to
400 ecm™ exclusively consist of bending vibrations, whereas
bands below 550 cm™" represent BO, bending only. Collective
lattice vibrations cannot be observed in the experimental spec-

trum, those should arise below 400 cm™.

Synthesis of SnzB4Oq

Sn;B,04 was synthesized in a two-step synthesis, starting from
SnF, (Aldrich, 99%) and B,O; (Alfa Aesar, 99.999%). Both start-
ing materials were dried under vacuum at 150 °C and stored in
a glovebox prior use. 499.8 mg (3.191 mmol) of SnF, and
222.1 mg (3.191 mmol) of B,O3; were carefully ground and
filled into a monel crucible. The mixture was heated twice in
an alumina tube furnace. First, the temperature was increased
by 100 K h™" to 490 °C, held at this temperature for 10 hours
and then cooled to room temperature with 200 K h™".
Afterwards the gained grey powder (phase pure Sn;[B;O,]F)
was ground. Employing the same heating rate the sample was
maintained at 520 °C. The product, a light grey, non-hygro-
scopic and coarsely crystalline powder, consisted of Sn;B,Oq
with minor impurities of SnO,; a powder diffraction pattern is
presented in the ESI (Fig. S37).

Synthesis of Sn,[B,01,]F

Sn,[B,;0,,]F was synthesised in a aluminium DSC crucible,
starting from Sn[B,OsF,].* The sample was heated to 380 °C
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and cooled to 320 °C, then repeatedly heated and cooled down
to the respective temperature for 18 additional cycles (see the
DSC curve in Fig. S2 in the ESIf). One large crystal of
Sn,[B,04,]F was obtained and one piece was broken off and
characterised by single-crystal XRD.

X-ray structure determination

The X-ray data on which the structure solutions were based on
were collected on a Bruker D8 Venture at room temperature,
using Mo-K,radiation. All details on the measurements
can be found in the ESL{ Further details of the
crystal structures investigations may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (Fax: +49-7247-808-666; E-mail:crys-
data@fiz-karlsruhe.de, http:/www.fiz-karlsruhe.de/request for
deposited data.html) on quoting the depository numbers CSD
1863601 (Sn,[B,0;,]F) and 1863602 (Sn;B,0x).

IR Spectra were recorded on a Bruker EQUINOX 55
FT-IR-Spectrometer equipped with a Platinum ATR unit in the
range 4000-400 cm ™" with a resolution of 4 cm™" and 32 scans.

Quantum chemical calculations were performed in the
framework of density functional theory (DFT) using a linear
combination of Gaussian-type functions (LCGTF) scheme as
implemented in CRYSTAL17°*** The total energy calculations
including full structural optimisations were performed with
the GGA (PBE)** xc-functional including Grimmes D3 dis-
persion correction.?® Further the range separated hybrid func-
tionals HSE06>° and HSEsol*” were used for the band structure
calculations in order to obtain better agreement of experi-
mental and calculated bandgaps. For the case of the hybrid
functionals only experimental lattice parameters were used.
The convergence criterion considering the energy was set to
1 x 107® a.u. with a k-mesh sampling of 6 x 6 x 6. All-electron
basis sets were taken from.>®> The vibrational frequencies
were computed on the basis of the relaxed structures (PBE-D3),
no imaginary frequencies were obtained hinting towards the
optimization ended in an energetical minimum. Vibrational
modes were visualized with the J-ICE application.?® Further, a
direct space analysis of the charge density was carried out by
calculating the electron localization function (ELF) with
TOPOND?** interfaced to CRYSTAL17. 3D plots were visualized
with XCrysDen.*®

In this contribution we described the very first ternary tin
borate obtained under ambient pressure conditions. Previous
direct attempts to synthesise such compounds yielded glassy
products. Under high pressure, a crystalline borate with higher
density could be crystallised." At normal pressure the apparent
assistance by decomposition products containing fluoride
seems compulsory as these presumably act as flux. During this
detailed study we identified a further highly condensed tin
borate fluoride as a large single crystal obtained directly in a
DSC chamber as an intermediate product, which could not be
reproduced by simple syntheses as its stability range covers
only a few degrees centigrade.
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