Sn[B,0O;F,]—The First Tin Fluorooxoborate as Possible
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Herein, the crystal structure as well as second-harmonic-generation (SHG),
thermal and spectroscopic properties of Sn[B,O;F;] (TFB = tin-fluorooxo-
borate) are presented. TFB adopts a novel non-centrosymmetric crystal struc-
ture, which is determined by single-crystal X-ray diffraction (XRD) (P31m,
Z=1,a=45072(2) A, c = 4.7624(3) A) and comprises [B,O;F,]*" layers
consisting solely of BOsF tetrahedra; the covalent B—F bonds are unequivo-
cally localized via solid-state NMR spectroscopy as well as density functional
theory (DFT) calculations. TFB is insensitive to air and moisture, shows a
stronger SHG intensity than K[H,PO,] (KDP) and a bandgap of =5 eV. The

thermal decomposition yields two new borate fluorides.

1. Introduction

Nonlinear optical (NLO) materials are of high relevance due to
their application using the second-harmonic-generation (SHG)
effect resulting in frequency doubling of laser wavelengths
since the first experimental observation by Franken et al.'l One
of the most prominent examples are green laser pointers, in
which for human eyes highly perceptible green light is gener-
ated by frequency doubling of an infrared laser beam. Recently,
SHG materials with large bandgaps attracted high interest due
to their higher efficiency and materials’ stability.>? As a non-
centrosymmetric crystal structure is a compulsory prerequisite
for NLO effects, borates with their most common, non-cen-
trosymmetric building blocks BOj; (point group Djy) and BO,
(T3) are a very good choice and already yielded prominent exam-
ples like B-Ba[B,0,] (BBO) and LiB3;Os5 (LBO) competing well
with K[H,PO,] (KDP).l+-6

There are different strategies to facilitate the formation of
non-centrosymmetric structures. A really interesting one is the
exfoliation of 2D materials such as WSel”) and MoS,®* useful
for new applications in optoelectronics devices allowing for an

electrical control of the respective mate-
rials’ SHG properties. Highly interesting
as efficient large bandgap SHG materials
are borates like KBBF, ie., KBe,BO;F,,
providing a layered structure.'”! According
to these the coplanar configuration of
the non-centrosymmetric building units
promotes birefringence and SHG. More-
over, the weak ionic interactions medi-
ated via K*-F~ contacts between adjacent
[Be,BOsF,] layers strengthen its layer
habit further. Recently, with Cs;ZngByO,;
(CZB)M' within the same family of com-
pounds another highly promising borate
was presented, both of special interest
because of their large bandgap allowing SHG also in the UV
regime. A close relative to KBBF is Sr,Be,B,0; (SBBO),!Y com-
prising [Be,(BO3),0] layers. Both materials contain beryllium
which is not favored in applications due to the high toxicity of
Be?" ions.

Fluorooxoborates should comprise sufficiently large band-
gaps in the UV as well as preferential formation of non-cen-
trosymmetric structures, thus making them ideal candidates
for SHG materials in the UV. Beyond that, they normally com-
bine the birefringence promoting triangular BO; or tetrahedral
BOsF moieties providing terminal fluorine atoms with a pro-
clivity for weak coordination.'>-2¢ Recent calculations!?’] as well
our own resultsi?®! confirm these considerations and suggest a
boost for NLO materials based on so-called fluorooxoborates.

Apparently, nature normally strives for high symmetry,
and therefore—from a solid state chemists point of view—
non-centrosymmetric structures are facilitated by the presence
of suited basic building blocks like the mentioned triangular or
tetrahedral ones. But frequently, also these are arranged cen-
trosymmetrically in a crystal structure. Our approach therefore
uses as second driving force the choice of such basic building
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Figure 1. Simplified structure scheme showing the interaction of a biden-
tate cation (star with sterically active lone-pair in yellow, coordinating end
in red) with a stronger coordinating oxygen (red) and a weaker coordi-
nating fluorine (yellow) end of a layered anion.

blocks acting as bidentate ligands—e.g., O-BO,—F tetrahedra—
with differing coordination behavior in combination with
bidentate cations like s? ions like Sn?" or Bi** in which the ster-
ically active lone-pair plays the role of the weakly coordinating
end—regardless of the actual orbital character these prefer a
highly nonisotropic coordination behavior with small coordina-
tion numbers. In such fluorooxoborates the weaker end should
interact with the weaker coordinating fluorine atoms whilst
the stronger end interacts with oxygen atoms. Thus non-cen-
trosymmetric structures should be favored, especially in case of
a layered anion as schematically shown in Figure 1.

Therefore the tendency towards non-centrosymmetric crystal
structures should be enhanced by replacing one or two oxygen
ligands by fluorine atoms in fluorooxoborates. Because the
first fluorooxoborates were investigated mainly with focus on
their ionic conductivity, they comprised alkali metal ions as
cations,[1+17:19:25.29] and only in rare cases other cations like tri-
valent bismuth.[33% Nevertheless their nonlinear optical prop-
erties were investigated, too. The lithium and bismuth!'31>-17]
fluorooxoborates LiB;OoF,, Li,BcOoF,, Li,BcO¢F,, BiB,O,F as
well as the recently published series MB,O¢F (M = NH,, Na,
K, RD, Cs) show a SHG effect, the latter already with deep UV
bandgaps.?231-3% For LiBsOyF, a more in-depth density func-
tional theory (DFT)-based ab initio investigation on this topic
was performed and revealed that the coefficients of the second
order nonlinear susceptibility were comparable to those of
KDP.?% Very recently, the first fluorooxoborates of calcium
and strontium, i.e., M;B;;04,F¢ (M = Ca, Sr), were described;
they show a highly interesting structural relationship with the
aforementioned Sr,Be,B,0,!!2 and are obtained by formally
replacing the tetrahedral BeO, moieties with BO;F.3+3

In the course of our systematic investigations of silicate-
analogous materials®®3° we also focus on inorganic fluoro-
derivatives of oxo-anions like phosphates, borates and
tungstates.l?l Recently, we discovered the very first alkaline-
earth fluorooxoborate Ba[B,O¢xF,] which crystallizes centrosym-
metrically—in contrast to a prediction?”—and could be doped
with Eu®* to show efficient ultraviolet luminescence proving the
weak coordinative force expected in such materials;?® here a
simple spherical cation lead to a centrosymmetric structure. In

this context we now examined the system SnF,-B,0; providing
the bidentate cation Sn?* and obtained a novel fluorooxoborate,
Sn[B,0;F,] (tin-fluorooxo-borate, TFB), showing a remarkable
structure and highly promising NLO properties. Further inves-
tigations of this compound lead to two decomposition products
which turned out to be borate fluorides.

2. Results

Based on our new approach (Figure 1) we synthesized the very
first tin fluorooxoborate, Sn[B,0sF,] (TFB), starting from SnF,
and B,0; in an equimolar ratio in evacuated silica ampoules at
350 °C. It was obtained as phase-pure (Figure S1 in the Sup-
porting Information), coarsely crystalline and colorless powder.

2.1. Crystal Structure of Sn[B,0;F;]

TFB crystallizes in a new structure type in the trigonal, non-
centrosymmetric space group P31m (no. 157) with one formula
unit per unit cell. The crystal structure is built up by corner-
sharing BOsF tetrahedra, forming a 2D infinite layer perpen-
dicular to the c axis (Figure 2a). The B—F bonds are aligned
perpendicular to this layer pointing exclusively along the same
direction. The layers comprise a honeycomb structure con-
sisting of Sechser (twelve-membered) rings of BO;F tetrahedra
(Figure 2b). The Sn** cations are located in the center of each
honeycomb, shifted along [001], forming own layers. The aniso-
tropic displacement parameters reveal no anomalies.

The structural motif of layers consisting of condensed
tetrahedra with the terminal atoms pointing towards a uni-
tary direction is found similarly as part of the structures of,
e.g., BiB304*) the mineral lizardith Mg;(Si,O5)(OH),,*!
or h-ScAlIOC.*2#1 However, Sn[B,0;F,] is the very first
fluorooxoborate comprising this arrangement in this variant as
unique structural motif.

The crystal structure can also be understood as a primitive
packing of hexagonal tin layers with the boron atoms situated
in all trigonal prismatic voids. While the fluorine atoms occupy
half of the resulting tetrahedral voids formed by a boron and
three tin atoms, the oxygen atoms are found in tetrahedral
voids formed by two boron and two tin atoms—shifted from
their center toward the trigonal plane of two neighboring boron
atoms and a tin atom.

The observed B-O and B—F distances of 1.4740(11) and
1.413(4) A, respectively, match very well with the sum of the
effective ionic radiil*! of 1.49 and 1.42 A, respectively. The
angles O-B-0O (109.12(11)°) and O—B—F (109.82(11)°) are also
close to the tetrahedral angle. Thus the deviation of the BO;F
moieties in Sn[B,03F,] from a tetrahedron is only 0.08%; it was
calculated applying the method suggested by Bali¢-Zuni¢ and
Makovicky based on all ligands enclosing spheres on experi-
mental data.l*>*%l A concise description of the method has been
given earlier.>"]

The Sn?* cations are coordinated threefold by oxygen atoms,
occupying the top of a trigonal pyramid. The Sn-O distance
amounts to 2.2695(14) A and matches well with the sum of
the ionic radii of 2.31 A.[***] Interestingly, the O—Sn-O angles
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Figure 2. The crystal structure of Sn[B,O3F,]. a) Perspective view along [100], visualizing the layered structure of Sn[B,03F,] and the coordination of the
Sn?* cations. b) Parallel view along [001], illustrating the “honeycomb” structure; the boron atoms are covered by the fluorine atoms. Tin gray, boron
turquoise, oxygen dark red, fluorine green; all atoms are drawn with their displacement ellipsoids at a 75% probability level; the unit cell is drawn as

solid black line; dashed grey lines depict Sn-O coordination bond.

amount to 85.22(5)° and are therefore close to those found in
Sn(OH,);" ions in accordance with an s-character lone pair and
p-type bonding orbitals to the coordinating oxygen atoms sug-
gesting right angles. With a distance of =2.97 A, the fluorine
atoms of the layer below are too distant to contribute signifi-
cantly to the coordination environment, which was confirmed
by electrostatic calculations based on the MAPLE concept
(MAdelung part of Lattice Energy).*8-% The charges obtained
from these calculations are listed in Table S2 in the Supporting
Information. Moreover, we confirmed these charges by BORN
charges obtained from the theoretical calculation of the optical
properties, shown in Table S3 (Supporting Information). Thus
our structural model of Sn[B,0;F,] (MAPLE = 24281 k] mol™})
is electrostatically consistent (A = 0.27%) compared to the sum
(MAPLE = 24345 k] mol™) of the binary compounds SnF,
(ICSD no. 308;P MAPLE = 2759 k] mol!) and B,0; (ICSD no.
36066;1°2) MAPLE = 21586 k] mol™).

2.2. Nonlinear Optical Properties

According to the lack of an inversion center in space group
P31m (no. 157) adopted by the crystal structure of Sn[B,0;F,],
the title compound should show nonlinear optical properties.
Therefore, we investigated the SHG response of Sn[B,0;F,]
to prove the absence of an inversion center and, moreover, to
elucidate its efficiency with regard to well known second-har-
monic generation materials, such as K[H,PO,] (KDP), quartz,
or BaTiOs;.

Table 1 shows the intensity of the SHG signal of Sn[B,0;F,]
in comparison to several reference compounds. The SHG
intensity for Sn[B,0;F,] is much higher than that of quartz.
The strong SHG signal unambiguously implies that Sn[B,05F),]
crystallizes in a non-centrosymmetric space group. The space
group P31m has five independent SHG coefficients, which con-
tribute to the effective SHG coefficient of the powder sample.>?!
The ratio of the sample signal to a quartz signal is =19. This
ratio is close to the corresponding ratios of the nonphase
matchable BaTiO; or phase matchable KDP reference samples.
Therefore, we cannot distinguish between the case where the

effective SHG coefficient of the sample is small, like in KDP,
and the sample is phase matchable, or where the sample is
nonphase matchable and has a high effective SHG coefficient,
like BaTiO;. The correlation between the grain size and the
intensity of the SHG signal would potentially allow to discrimi-
nate between phase matchable and nonphase matchable mate-
rials®¥ but such measurements were beyond the scope of the
present study.

2.3. Sn[B,03F;] Viewed from Theory

Furthermore, DFT calculations were performed on the vibra-
tional spectra and the electronic structure of Sn[B,03F,]. Struc-
tural optimizations with different xc-functionals and optionally
included dispersion correction and the Fock-exchange con-
taining hybrid HSE06 show excellent agreement with the
experimental lattice parameters. Based on the optimized struc-
ture, the IR and Raman spectra were calculated and simulated
in order to interpret the experiment (see below).

The bonding situation is revealed by the electronic band
structure (see Figure 3). Sn[B,0sF,] is a large gap semi-
conductor with an indirect bandgap, with the valence band
maximum located at K and the conduction band minimum at
M. The values for the bandgap obtained with different codes
and functionals are 4.97 eV (FPLO PBE) and 5.19 eV (CRYSTAL
HSEO06)—these values fit very well with our experimentally
determined one of 5.1(1) eV. A larger discrepancy between the
highest and the second highest band is found with HSEO6,

Table 1. Observed SHG intensities on powder samples relatively against
quartz.

Sample SHG intensity/counts Ishc/lquartz
Quartz 769(290) 1
Al,O3 4(10) 0
KDP (K[H,PO,]) 13007(1840) 16.9
BaTiO; 15186(970) 19.7
Sn[B,0sF;] 14370(1664) 18.7
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Figure 3. (Left) Electronic band structure and Brillouin zone of Sn[B,05F;]; GGA versus HSEO06 (red dotted lines) results; weighted orbital contributions
are plotted onto the PBE bands as dots. (Right) a) Absorbance, b) extinction coefficient, c) reflectivity, and d) refractive spectrum calculated based on

the frequency-dependent complex dielectric function using HSEQ6.

otherwise no big difference is observed for the band alignment
with the two functionals. The valence band is mainly composed
of Sn-5s and O-2p orbitals, whereas the conduction band con-
sists of almost exclusively Sn-5p contributions. To illustrate
the activity of the lone-pair of Sn?* we also carried out a direct
space analysis of the charge density was carried out by calcu-
lating the electron localization function (ELF) which is shown
in Figure S2 in the Supporting Information.

The linear optical properties can be obtained from the fre-
quency-dependent complex dielectric response. Based on these
calculations, the frequency dependent optical properties show
that from the valence band minimum (=5 eV) to 10 eV above
the conduction band maximum, the optical response is nearly
isotropic, which is in agreement with the similar lattice param-
eters of the hexagonal crystal structure. However, unexpectedly
there is noticeable anisotropic behavior from 10 to 15 eV and
the high-energy region is again isotropic. Specifically, analyzing
the calculated optical response shows the absorption coefficient
ofw), plotted in Figure 3a, has an onset at =5 eV stemming
from the electronic transition between the Sn-5s and oxygen
2p states that compose the valence band and the Sn-5p orbitals
that set the conduction band. This absorption edge indicates that
Sn[B,0sF,] is indeed transparent to the visible region as experi-
mentally observed. The extinction coefficient (Figure 3b) sug-
gests this calculated absorption is also moderately intense with
a maximum of 1.64 at 7.4 eV above the conduction band max-
imum. The absorption is further supported by the calculated
reflectivity, R(®), that shows less than 10% of the incident energy
is absorbed up to 4.4 eV (Figure 3c). These results ensure that
this compound is not absorbing a significant fraction of visible
or ultraviolet light. Finally, further analysis of the optical proper-
ties shows the refractive index, plotted in Figure 3d, has a static
value of 1.75 at n(0) and reaches a maximum of 2.58 at 6.2 eV
before reaching a constant, minimum of =0.8 above 25 eV.

2.4. Spectroscopic Properties
2.4.1. Solid State NMR Spectroscopy

Solid state NMR spectroscopy was applied to corroborate
the findings from the crystal structure analysis including

a direct verification of the presence of BO;F moieties. The
HB., 9F., and "°Sn-MAS NMR spectra of Sn[B,0,F,] are
shown in Figure 4. In the !'B-MAS NMR spectrum, only a
single narrow line at 0 ppm, accompanied by a set of spin-
ning sidebands may be identified. From a simulation of the
spectrum employing the DMFIT software,P% the quadrupolar
parameters are determined to Cq = 314 kHz (quadrupolar
coupling constant) and ng = 0 (asymmetry parameter). The
19F-MAS NMR spectrum features a single resonance located
at —100.9 ppm, accompanied by in toto four spinning side-
bands of rather low intensity.

The 11°Sn-MAS NMR spectrum exhibits a manifold of sig-
nals from which the isotropic signal was identified via a vari-
ation of the spinning frequency as —1107 ppm. The chemical
shift anisotropy (CSA) is determined as dcgs = 532 ppm with a
vanishing asymmetry parameter 7cga.

The REDOR experiments were performed to establish the
B—F bond for the tetrahedral BO;F units. The constant time
REDOR data plot is shown in Figure 4d. From a simulation
using the SIMPSON simulation software a value for the 1'B-19F
dipolar coupling D = 10000 Hz is obtained yielding a B—F
distance of 1.54 A confirming the X-ray diffraction data nicely.
For a conventional REDOR experiment shown in Fig. S3
due to the extremely strong dipolar coupling the REDOR
evolution curve reaches the plateau at rather short dipolar
evolution times, leaving only a very limited number of data
points for analysis, even at the high spinning frequencies
adopted.

Thus the NMR data are found to be in perfect agreement
with the crystal structure model. First of all, the appearance
of a single signal for Sn, 1B, and !°F confirms the pres-
ence of a single crystallographic site for each of these atoms.
The B—F distance determined from the results of the REDOR
experiment (1.54 A) is within 10% of the distance as obtained
from the X-ray data and clearly confirms the existence of a B—F
bond. Together with the vanishing asymmetry parameter for
the quadrupolar interaction of the ''B nucleus this establishes a
BOsF tetrahedron with the threefold axis along the B—F bond.
In addition, for '"Sn, the vanishing asymmetry parameter
Ncsa confirms the location of the tin atoms on a single site of
(at least) threefold symmetry.
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Figure 4. a—) ""B-, 1'°Sn-, and "°F-MAS NMR spectra of Sn[B,03F,]; the lower spectra are simulations using the DMFIT software, producing the
following values: ''B: &, =0 ppm; Cq = 0.31 MHz; 119 = 0.0; ''%Sn: &, =—1107 ppm; dcsa = 532 ppm; '°F: &5, = ~100.9 ppm; d) "'B{'°F}-REDOR data
for Sn[B,O3F,]: constant time REDOR using a variation of the 'F pulse length; data (filled red circles) acquired at vyas = 20 kHz. The black line is a
SIMPSON simulation®* assuming a "'B-"°F dipolar coupling of 10 000 Hz, translating into a B—F distance of 1.54 A; the dotted line corresponds to

a B—F distance of 1.51 A, the dashed line to 1.56 A.

2.4.2. Infrared Vibrational Spectroscopy

Infrared vibrational spectroscopy of Sn[B,0;F,] (Figure S4
top, Supporting Information) proves the absence of hydroxyl
and trigonal-planar BO; groups, expected around 3700-
3100 cm™! and 1500-1350 cm™?, respectively. The strong band
at 960 cm™! is assigned to the v(B—F) and v,(B-O) vibrations.
The 883 cm™! band can be assigned to the v,(B-O) and the
729 cm™! band to §(0O-B-0). §(0—B—F) is located at 517 cm™.
While the observed IR bands are very broad, the respective
Raman peaks (Figure S4 bottom, Supporting Information)
comprise a far smaller full width at half maximum (FWHM).
All observed and calculated bands and their assignment to the
corresponding vibrations (derived from DFT calculations) are
summarized in Table S6 (Supporting Information).

2.5. Thermal Analysis and Stability

The thermal stability of Sn[B,0sF,] was examined by ther-
mogravimetric analysis and differential scanning calorim-
etry (Figure S5, Supporting Information). Under nitrogen
Sn[B,0;F,] is stable up to 325 °C before decomposition starts.
Heating to 450 °C results in a mass loss of =16.5% which cor-
responds well with the suggested decomposition (Equation (1))
to BF; (the only volatile component at this temperature), B,03
and Sn;[B3;0;]F, a tin borate fluoride we will present else-
where.’”] This conversion was also monitored by DSC. A fur-
ther borate fluoride, namely Sn,[B,O,]F, was discovered on

heating several times just above the onset of melting/decom-
position of Sn[B,0;F,] in the DSC and represents apparently
an intermediate product. This compound will also be presented
elsewherel*’!

9Sn[B,0;F,] - 3Sn;[B;0, |F+2B,0, +5BF, (1)

Sn[B,0;F,;] is stable in normal (not specifically dried) air, as
repeated powder X-ray diffraction (XRD) measurements over
twelve months revealed, while suspension of Sn[B,0;F,] in
water results in decomposition to H3;BO; and several tin(II) and
tin(IV) compounds, as SnF, hydrolyses in water.

3. Conclusion

We presented the very first tin fluorooxoborate Sn[B,0;F,]
(TFB) based on a successful application of our approach toward
non-centrosymmetric compounds using bidentate cations and
layered polymeric anions with two termini with differing coor-
dination strength. The astonishingly simple and highly acentric
crystal structure of Sn[B,0;F,] also represents a new structure
type adopting space group P31m and was solved based on
single-crystal X-ray diffraction data; the assignment of fluorine
and oxygen was confirmed by electrostatic and theoretical cal-
culations as well as spectroscopically by solid-state NMR. The
absence of an inversion center was proven by SHG experiments
yielding a nineteen-fold activity compared with quartz, thus
providing the information that the SHG effect is even stronger
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with respect to KDP. Moreover, the bandgap of Sn[B,0sF)]
is well in the UV regime. The structure consisting of rather
weakly coordinating fluorine atoms on one side might even
enable the exfoliation of these layers further promoting NLO
properties of such materials. Finally, the thermal and chemical
stability of the new material is astonishingly high and the syn-
thesis of phase-pure samples is surprisingly straightforward.
Further experiments to obtain larger single-crystals as well as
the characterization of the decomposition products are in train
and will be published soon.

4. Experimental Section

Synthesis: Sn[B,OsF,] was obtained from SnF, (99%, Aldrich) and
B,0; (99.999%, Alfa Aesar) in a 1:1 molar ratio. Inside an argon glove
box the starting materials were weighed out, ground in an agate mortar,
pressed to a pellet, and filled into a silver crucible which was closed by a
screw cap (inner volume =0.6 mL). Silver is used as crucible material due
to its relatively high resistivity against fluorine containing compounds.
The closed silver crucible was put into a fused silica—glass tube which
was evacuated to =2 X 1072 mbar before closing the ampoule. Typically,
0.4 g educt-mixture was used and the ampoules were 7-10 cm long.
For the synthesis of a microcrystalline powder (diameter of crystallites
<30 um), the ampoule was heated in an electric tube furnace with
25 °C h™' to 350 °C and maintained at this temperature for 72 h before
cooling to room temperature with 25 °C h™'. The obtained product was a
fine, crystalline, slightly beige powder.

Crystal Structure Determination: A colorless, block shaped crystal with
dimensions 0.030 x 0.020 x 0.015 mm? was selected under an optical
microscope. Single-crystal X-ray diffraction data were collected on a
Bruker D8 Venture diffractometer equipped with a SMART APEXII 4k CCD
detector, using Mo K, radiation; the data were corrected for absorption
by applying a multiscan approach. The crystal structure of Sn[B,0O3F,]
was solved by direct methods, using the SHELXTL program packagel*®l
and refined with anisotropic displacement parameters for all atoms. The
nonmerohedral twinning was solved by manually introducing the twin
law-1000-1000 1 —4 (BASF = 0.24082, 0.14988, 0.12135). Details
of the X-ray data collection are summarized in Table S1 (Supporting
Information). The positional and displacement parameters for all atoms
are listed in the supplement (Tables S4 and S5, Supporting Information);
further details of the crystal structure investigation of Sn[B,O;F,] may
be obtained from the Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen, Germany (e-mail: crysdata@fiz-karlsruhe.de)
on quoting the depository number CSD-433766, the names of the
authors, and citation of this publication.

Powder X-Ray Diffraction: The phase purity of the obtained samples
was checked via powder X-ray diffraction (Figure S1, Supporting
Information). Data were collected on a PANalytical Empyrean
diffractometer using Cu K, radiation (PIXcel*®2 X2 detector, steps of
0.026°, acquisition time 1.4 s per step, soller slits 0.02°, fixed divergence
slit 0.0625°, Bragg—Brentano geometry). The generator was driven at
40 kV and 40 mA. The samples were finely ground and prepared on a
zero background sample holder.

Spectroscopy: Solid State NMR Spectroscopy: 1'B-, 1°F-, and "°Sn-MAS
NMR spectra were recorded on a Varian VNMRs 500 NMR spectrometer
operating at Larmor frequencies of 160.37 MHz (''B), 187.55 MHz
(""Sn), and 470.3 MHz ('°F). All measurements were performed
employing a Varian 1.6 mm T3 MAS NMR probe and spinning speeds
of 20 and 30 kHz. The repetition times were set to 30, 125, and 500 s
for 1B, '°F, and 1'%Sn, respectively, with pulse lengths of 0.5, 2.25, and
2.0us. Spectra were referenced using CFCl; ('°F), BF;.Et,O (''B) and
solid SnF, (''°Sn, =604 ppm) as references. The ''B'°F-constant time
REDOR experiments were performed with m-pulse lengths of 4.5 and
8us for "B and '°F, employing spinning frequencies of 20 and 30 kHz.
From the various different versions of constant time REDOR, the VPD

version (variable pulse delay) was employed. Like conventional REDOR,
constant time REDOR allows for the determination of the heteronuclear
T'B-'°F dipole coupling and hence the determination of the internuclear
distance.% The result from a rotor-synchronized spin-echo experiment
for the observed ('B) nuclei defines the full echo intensity Sy which is
then compared to a spectrum resulting from an experiment in which
the heteronuclear dipolar coupling between the nuclei ''B and '°F
has been reintroduced via rotor-synchronized pulses ('’F-channel)
in addition to the "B spin-echo pulses. The difference of the spectra
from the two experiments then only contains contributions from 1'B
nuclei experiencing a dipolar coupling to '°F nuclei. The magnitude
of the REDOR effect depends on the strength of the dipolar coupling,
the length of the applied '°F pulses and the dipolar evolution time. In
conventional REDOR, 7-pulses are used and the dipolar evolution time
is varied via the number of rotor cycles and the MAS frequency. The
resulting REDOR evolution curves can then be analyzed to evaluate the
magnitude of the dipolar coupling. In the case of extremely large dipolar
coupling constants (as to be expected for direct B-F-bonding), however,
the REDOR curve very quickly reaches the plateau, leaving only but a
few data points for analysis. For cases like these constant time REDOR
was developed.®%®1l Here, the dipolar evolution time is kept fixed
at some low value (2 or 4 rotor cycles), then varying the pulse length
of the dephasing pulses. Via this deliberate decrease of the REDOR
efficiency then the number of accessible data points can be dictated by
the experimenter, thus allowing for a much more reliable data analysis.
For details of the approach, the reader is referred to the literature.[f061]

Spectroscopy: IR Spectra: These were recorded on an 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.

Spectroscopy: Raman Spectra: These were recorded on a Thermo
Scientific DXR Raman-Microscope in the range 1800-60 cm™' using a
532 nm laser operated with 10 mW power. The sample was illuminated
for 3600 s (10-fold magnification, 50 um pinhole aperture, high
resolution grating (1800 lines mm™), spectral resolution 1 cm™). The
background was corrected manually by subtracting a straight line.

The optical reflection spectrum for the bandgap measurement was
measured using a Varian Cary 300 Scan UV/Vis spectrophotometer in
the range of 200-800 nm and is shown in the supplement (Figure S6,
Supporting Information).

Determination of NLO Properties: The powder SHG method developed
by Kurtz and Perryl3l is an established approach to estimate the
nonlinear optical properties of new materials. The experimental setup for
powder SHG measurements was described elsewhere.l®2 A Q-switched
Nd:YLF laser system (Falcon 217D, Quantronix), operating at 1054 nm
and a pulse width of 130 ns provides the fundamental wave. The
generated SHG signal 527 nm was collected on three different sample
areas to ensure that the powder was homogeneous. At each position
several measurements were carried out, including measurements where
the laser power was varied. The measured intensities were corrected by
subtracting the background, which was measured between the pulses.

DFT Calculations: Quantum chemical calculations were performed
in the framework of DFT using a linear combination of Gaussian-type
functions (LCGTF) scheme as implemented in CRYSTAL14.6364 The
total energy calculations including full structural optimizations were
performed with the GGA (PBE)I®] and LDA (VWN) xc-functionall®®l
and the Fock-exchange containing hybrid HSE06.:%8 Because of
the layered nature of the compound and a better reproduction of
experimental lattice constants, the van der Waals correction developed
by Grimme was applied to PBE and HSEO06 calculations.®l The
convergence criterion considering the energy was set to 1 X 107% a.u.
with a k-mesh sampling of 12 x 12 x 12. All-electron basis sets as taken
from (Sn-Basis),’%72 and the outermost coefficients of the contractions
were optimized. Vibrational frequencies calculations with IR and Raman
intensities were run on fully optimized structural models. Dispersion
corrected (D2) PBE calculations yielded the best results, due to well-
reproduced atomic distances and lattice parameters. The IR spectrum
was simulated with the J-ICE application.”?l The electronic structure was
additionally assessed by the full potential local orbital (FPLO) method
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as implemented in the FPLO-code (version 14.00-45)74 and atomic
orbital contributions were projected onto the bands. Scalar-relativistic
PBE calculations were carried out on a dense k-mesh of 12 x 12 x 12.
Further, a direct space analysis of the charge density was carried out by
calculating the ELF with TOPONDI”] interfaced to CRYSTAL14. 3D plots
were visualized with XCrysDen.’ The ELF plot is shown in Figure S2 in
the Supporting Information. First principles calculations were conducted
based on the screened hybrid density functional of Heyd, Scuseria, and
Ernzerhof (HSEO06)[%877] using projector augmented wave (PAW)8l plane
wave potentials as implemented in the Vienna ab initio Simulation
Package (VASP).>-%] The calculations employed a 500 eV cut-off energy
for the plane wave basis, a 6 X 6 x 6 I'-centered k-point mesh and
78 bands. The crystal structure was first optimized until the convergence
criteria of 1 x 1078 eV for the electronic structure and 1 x 1072 eV A~
for the ionic forces were achieved. The optical properties were then
calculated based on the frequency dependent dielectric response
including local field effects in the random-phase approximation (RPA).[84
The resulting complex dielectric function E(w)=&(w)+i&(w) where
& and & are the real and imaginary parts, respectively, can be
transformed to obtain the absorbance, extinction coefficient, reflectivity,
and refractive spectrum. (]

Thermal Analysis: The TG curve was recorded on a TA Instruments
Q500 TGA in a 90 mL min~' N, flow using an Al,O5 crucible. The DSC
measurement was undertaken on a TA Instruments DSC 2920 in a
50 mL min~' N, flow using a Netzsch standard Al pan with pierced lid.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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