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A new organic—inorganic hybrid antimony bromide has been pre-
pared using planar nicotinic acid as a structure-directing agent.
The compound features a one-dimensional perovskite structure
with a strong second-harmonic generation response (SHG) of 3.7
times that of KH,PO,. Theoretical calculations were performed to
reveal the origin of its SHG response.

Second-harmonic generation (SHG) in metal halide perovskites
is of current interest for its promising applications in laser
technologies.” Most research has concentrated on the lead halide
system, primarily because lead ions readily form octahedral
coordination with halide ions.” Prominent examples in this field
include [(R/S)-3-aminopiperidine]Pbl,, (R/S-2-MPD)PbX; (X = Cl,
Br, I), and (-ipp)(i-pro)Pbls.% In contrast, the study of SHG-active
antimony halide perovskites has been relatively limited. This
may stem from the tendency of antimony halides to form centro-
symmetric structures, as well as the difficulty of inducing the for-
mation of SbXs octahedra rather than SbX; pyramids, SbX, dis-
phenoids, and SbXs square pyramids.? Various synthetic para-
meters, including solvent type, organic structure-directing
agents, pH, reaction duration, and temperature, have been inves-
tigated to manipulate the structures of antimony halides. For
instance, centrosymmetric (CoH,¢N3),Sb,4Cl;g and noncentrosym-
metric (CoH,6N3)SbCls were obtained by studying the effect of
different conformations of pentamethyldiethylenetriamine on
antimony chlorides structures.” The noncentrosymmetric phase
shows a moderate SHG intensity of 1.3 times that of KH,PO,
(1.3x KDP), which originates from the SbClg octahedra.

An effective strategy to enhance the SHG responses of
organic-inorganic hybrid solids is to exploit the synergistic effect
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of planar organic cations and various inorganic anions.® The rich
chemistry of planar organic molecules offers many opportunities
to design and synthesize new nonlinear optical (NLO) materials.
In the early studies, the effect of guanidinium cation has been
extensively studied to mimic the structural feature of the notable
BO; unit.” Recently, n-conjugated pyridine derivatives (e.g,
4-hydroxypyridine) have garnered significant attention due to
their large hyperpolarizabilities and polarizability anisotropies.®
For instance, Wang et al. reported the ultraviolet NLO crystal
(3-AMP)ZnBr, by combining 3-(aminomethyl)pyridinium cations
with tetrahedral ZnBr,”~ anions, achieving a strong SHG response
of 4.36x KDP.’ The integration of Me;TPA (TPA = tri(pyridin-4-yl)
amine) cations and trigonal planar AgX;>~ anions has yielded the
silver halides [Me;TPA]J[AgX;]X (X = Cl, Br, I) with remarkable
SHG responses of 6.2-7.6x KDP."* Despite these advancements,
the use of planar pyridinecarboxylic acids in the synthesis of
SHG-active metal halide perovskites remains underexplored, even
though these organic molecules can serve as linkers in construct-
ing metal-organic frameworks with NLO properties."*

In this work, we investigate the structure-directing role of
nicotinic acid as a representative of pyridinecarboxylic acids in
the synthesis of organic-inorganic hybrid antimony bromides.
Two new compounds, formulated as (C¢HgNO,),Sb,Brg-H,O
(1)1 and (CsHeNO,),SbBr5 (2), were obtained in an effort to
explore how the Sb/Br ratio influences crystal structures. Single
crystal X-ray diffraction (XRD) analysis shows that compound 1
has a 0D tetrameric structure, while compound 2 features a
zigzag 1D perovskite structure. Notably, compound 2 exhibits a
strong SHG response of 3.7x KDP, which stands out among
organic-inorganic hybrid antimony halide perovskites. First-
principal calculations were performed to elucidate the origin
of its SHG response.

Single crystals of compounds 1 and 2 were harvested by a
solvent evaporation method (Fig. 1). For compound 1, SbCl;
(0.114 g, 0.5 mmol), nicotinic acid (0.062 g, 0.5 mmol), HBr
(228 pL, 2 mmol), and methanol (1.5 mL) were mixed in a
10 mL glass beaker. After slow evaporation at 45 °C for two
days, block crystals were obtained with a 45% yield based on
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Fig. 1 Schematic diagram of the crystal growth conditions and struc-
tures of compounds 1 and 2.

antimony. Similarly, when the amount of HBr was increased to
285 pL (2.5 mmol) while keeping other conditions the same,
plate crystals of compound 2 were obtained with a 65% yield
based on antimony. The experimental powder XRD patterns of
compounds 1 and 2 are in good agreement with the calculated
patterns simulated from the single-crystal XRD data analysis,
verifying that the samples are phase pure (Fig. S1t). The
thermogravimetric analysis (TGA) shows that the weight loss
below 65 °C for compound 1 may be attributed to the depar-
ture of water molecules (Fig. S2). The weight loss between 125
and 241 °C is attributed to the decomposition of the nicotinic
acid molecules, the departure of HBr, and the sublimation of
SbBr;. For compound 2, it remains thermally stable up to
120 °C. The weight loss between 120 and 252 °C is caused by
the decomposition of the nicotinic acid molecules, the depar-
ture of HBr, and the sublimation of SbBr;. IR spectra were col-
lected to identify the functional groups existing in the struc-
tures of compounds 1 and 2 (Fig. S37). The peaks at 3514 cm ™"
should be attributed to the stretching vibrations of the O-H,
verifying the presence of water molecules in compound 1. The
observed bands at 1632 cm™" (for 1) and 1590 cm™" (for 2)
belong to the C=O0 stretching vibrations. The C-O stretching
vibrations appear at 1296 cm ™" (for 1) and 1280 cm™" (for 2).
The UV-vis absorption spectra reveal that the optical bandgaps
for compounds 1 and 2 are 2.87 eV and 2.80 eV, respectively
(Fig. S47). The difference in the band gap values may be due to
their different structures and different Sb: Br ratios that they
have. These values are comparable with those of organic-in-
organic hybrid antimony bromines, such as (TMA);Sb,Br,
(2.95 eV), (2cepyH)SbBr, (2.82 eV), and (TMP),(SbBr;)(SbBr3)
(2.60 eV)." The birefringence of compounds 1 and 2 is
measured using a Zeiss Axio A1 Scope polarizing microscope.
The experimental values are determined to be 0.068@546 nm
and 0.044@546 nm, respectively (Fig. S51).

Compound 1 crystallizes in the centrosymmetric triclinic
space group P1 (no. 2). The asymmetric unit consists of two
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antimony atoms, eight bromine atoms, two protonated nic-
otinic acid molecules, and one water molecule. Of the two
independent antimony atoms, Sb(1) atom is octahedrally co-
ordinated by six bromine atoms, while Sb(2) atom is coordinated
to five bromine atoms to form a square pyramidal geometry.
Two SbBrs octahedra and two SbBrs square pyramids share
common bromine atoms to give rise to a tetranuclear cluster.
The Sb-Br bond distances are in the region of 2.5186(11)-3.2537
(10) A, which is consistent with other reports.”* It is worth
noting that mono-, di-, and tri-coordinated bromine atoms
coexist in the tetrameric structure. The antimony bromide clus-
ters interact with protonated nicotinic acid cations and water
molecules through extensive N(O)-H---Br hydrogen bonds, gen-
erating a supramolecular 3D structure (Fig. S67).

Compound 2 crystallizes in the noncentrosymmetric mono-
clinic space group Cc (no. 9). The asymmetric unit consists of
one antimony atom, five bromine atoms, and two protonated
nicotinic molecules. The antimony atom is surrounded by six
bromine atoms with the Sb-Br bond distance in the range of
2.6167(18)-3.1187(19) A. The distorted SbBrs octahedra are
interconnected by common vertices to give rise to zigzag
chains running along the [001] direction. The two independent
protonated nicotinic molecules form a dimeric aggregate
though O-H:--O=C hydrogen bonds with a typical eight-mem-
bered-ring motif. They connect the antimony bromide chains
through extensive N-H---Br hydrogen bonds, forming a supra-
molecular 3D structure (Fig. S77).

The noncentrosymmetric structure of compound 2 prompts
us to evaluate its NLO properties by the Kurtz-Perry method.™*
The SHG tests were carried out on its sieved powder samples
under 1064 nm laser irradiation. The notable NLO material
KDP with the same particle size was used as a reference. The
SHG response of compound 2 increases with increasing the
particle size in the range of 25 to 212 pm, indicating that the
compound is type I phase-matchable (Fig. 2a). In particular,
the SHG efficiency of compound 2 is found to be 3.7 times
that of KDP with the particle size distributions ranging from
150 to 212 pm (Fig. 2b). Such a strong SHG effect is remarkable
among organic-inorganic hybrid antimony halide perovskites
(Fig. 2c). For example, the SHG efficiencies are 0.67x KDP
for [N,N-dimethyl-1,3-propanediamine|SbBrs;, 1.7x KDP for
(C9N3H;5)(CoH,3S0)SbBrs, 2.1x KDP for (CoH,4,N)SbCl,, and
2.6x KDP for 1-H,his-SbBr5;-H,O, respectively, under 1064 nm
laser irradiation.>"?

The SHG effect of compound 2 is closely related to its struc-
tural distortion. Generally, the large distortions of MX, octahe-
dra in metal halide perovskites will lead to large polarization,
which is beneficial for a strong SHG response. Herein, the dis-
torted level (Ad) of the SbBrg octahedron of compound 2 is cal-
culated by the following eqn (1):

1< )
Ad =D [(dn—d)/d] (1)

n=1

where d, represents the six individual Sb-Br bond lengths
(Table S17) and d represents the mean Sb-Br bond length. The
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Fig. 2 (a) SHG intensity versus particle size for compound 2 and KDP.
(b) Oscilloscope traces of the SHG signals of compound 2 and KDP. (c)
Comparison of the SHG effects of several organic—inorganic hybrid anti-
mony halide perovskites under 1064 nm laser irradiation.

value of Ad is calculated to be 5.96 x 10> for compound 2,
which is slightly larger than those of antimony halide perovs-
kites, such as [N,N-dimethyl-1,3-propanediamine]SbBrs
(1.400 x 10~°) and (CoN3H;5)(CoH,;3S0)SbBr (1.576 x 107%).15%%

To gain a better understanding of the optical properties of
compounds 1 and 2, the theoretical calculations were carried
out by the density functional theory (DFT).'® The electronic
band structures of the two compounds are shown in Fig. S8.f
The highest valence bands (VB) for compound 1 is located at
the point Q and the lowest conduction bands (CB) is located at
the point G, indicating that compound 1 has an indirect band
gap. For compound 2, both the highest VB and the lowest CB
are located at the point G, indicating that it is a direct-gap
material. Their optical band gaps are calculated to be 2.28 and
2.19 eV, respectively, which are a bit less than the experi-
mental values. The total and partial densities of states (DOS)
analysis shows that the top of VB is mainly attributed to the
contributions from the Sb 5s and Br 4p orbitals, while the
bottom of CB is mostly from the C 2p, N 2p, and O 2p orbitals
(Fig. 3a and Fig. S97). Hence, the band gaps of compounds 1
and 2 are determined by the distorted SbBr, (n = 5, 6) poly-
hedra and nicotinic acids. The refractive index dispersion
curves display an appropriate anisotropy and follow the order
of n, > n, > n,, indicating that compounds 1 and 2 are biaxial
crystals (Fig. S107). The calculated birefringence values are
0.099 at 546 nm for compound 1 and 0.048 at 546 nm for
compound 2, which are consistent with the experimental
results.

Under the restriction of Kleinman symmetry, compound 2
has six non-zero independent SHG coefficients, dy1, di,, di3,
ds1, ds», and dsz, with calculated values of 1.33, 0.89, 0.27,
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Fig. 3 (a) Total and partial DOS for compound 2. (b) Calculated fre-
quency-dependent SHG coefficients for compound 2. SHG-weighted
densities of compound 2 for (c) occupied and (d) unoccupied states in
the virtual electron process.

0.06, 0.39, and 0.30 pm V', respectively. Notably, the largest
value for d,; is approximately 3.4 times that of KDP (d3¢ =
0.39 pm V'), which matches well with the experimental result
(Fig. 3b). To elucidate the source of the SHG effect, the SHG-
weighted electron densities of the largest tensor d;; were per-
formed."” The occupied and unoccupied states of the virtual
electron process for compound 2 are presented in Fig. 3¢ and
d. For the occupied states, the SHG-weighted electron clouds
are localized on the Sb and Br atoms of the SbBr, octahedra.
For the unoccupied states, the distorted SbBrs octahedra domi-
nate the SHG contribution and the nicotinic acid molecules
make the minor contribution. A real-space atomic cutting ana-
lysis shows that the contribution from the SbBrs octahedra to
the SHG effect of compound 2 is 73.0%, while the contribution
from the nicotinic acid molecules to the SHG effect is 27.0%."®
Therefore, the SHG effect in compound 2 should originate
from the synergistic effect of the distorted SbBre octahedra
and planar nicotinic acid molecules.

In summary, two new organic-inorganic hybrid antimony
bromides have been synthesized by a solvent evaporation
method. Although both compounds contain the same organic
cations as structure-directing agents, they feature different
structural dimensionalities: 0D tetranuclear cluster for com-
pound 1 and 1D zigzag chain for compound 2. Notably, com-
pound 2 exhibits a strong SHG response of 3.7x KDP originat-
ing from the synergistic effect of the distorted SbBrs octahedra
and planar nicotinic acid molecules. This work demonstrates
the great potential of pyridinecarboxylic acids in synthesizing
organic-inorganic hybrid metal halide perovskites with strong
SHG effects.
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