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ABSTRACT: Chiral hybrid organic—inorganic metal halides
(HOIMHs) with noncentrosymmetric structure have attracted
significant attention for nonlinear optics (NLO). Herein, guided
by atom response theory (ART), we screened representative lead-
free metal halide polyhedra and found that [NbCls]™ exhibits the
highest linear polarizability. Therefore, we constructed the first
chiral niobium-based HOIMHs, (R/S-3BrMBA)NbCl (R/S-Nb),
and investigated their NLO properties. As expected, S-Nb exhibits
efficient second harmonic generation (SHG) under 770—1000 nm
excitation. Most importantly, the effective second-order NLO
coefficient (d.4) of S-Nb reaches 6.77 pm/V, representing the
highest value among the reported zero-dimensional chiral
HOIMHs. Moreover, S-Nb demonstrates strong SHG circular
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dichroism (SHG-CD) under circularly polarized excitation, with an anisotropy factor (gsug.cp) of 1.37, which is one of the highest
values among chiral HOIMHs. Our results highlight the potential of chiral niobium halides toward nonlinear chiroptical applications
and provide an effective ART-guided strategy for designing high-performance NLO material through polarizability and band-gap

engineering.
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N onlinear optics (NLO) plays a vital role in contemporary
photonics and optoelectronics,”> such as frequency
conversion,”* optical switching,”® and quantum information
processing.7’8 Specifically, second harmonic generation (SHG),
the most fundamental and significant second-order NLO
process,” "' directly generates frequency-doubled coherent
radiation through a two-photon combination process, which is
critically important in fields such as laser technology, precise
metrology, and bioimaging.'”~"> The discovery and design of
SHG materials with a strong NLO response is a primary goal for
achieving highly efficient NLO devices.'®

Recent research based on atom response theory (ART) has
established a semiquantitative linear relationship for the
nonlinear coefficient (d,g), as shown in eq 1'7'*

d asum
eff X ———

NE, (1
where a,,, denotes the total cell polarizability, N represents the

atom count per unit cell, and E, represents the band gap.
Therefore, designing a NLO material that simultaneously owns
high a,,, and narrow band gaps at a comparable N could achieve
a higher d. Within this principle, diverse structural units with
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high polarizability,'” =" such as pentaborates,'¥** z-conjugated
fragments,23 chalcogenides,24 and second-order Jahn—Teller
distorted transition octahedra were introduced to construct the
NLO materials.”> To implement this strategy, chiral hybrid
organic—inorganic metal halides (HOIMHs) are ideal plat-
forms, due to their structural diversity and compositional
tunability.”®”” Most importantly, chiral HOIMHs inherently
crystallize into noncentrosymmetric (NCS) space groups,”*”’
making them highly promising for both linear™* ™’
nonlinear chiroptical applications.?’g_48 However, most of the
reported chiral HOIMHs still rely on lead, which poses serious
environmental concerns. Thus, developing lead-free chiral
HOIMHs based on novel metal centers is highly needed. On
the other hand, considering that o, fundamentally depends on
the polarizability of the constituent structural units,*”°
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screening the lead-free polyhedral units with high intrinsic linear
polarizability («) is highly needed.

Using density functional theory (DFT),”" we calculated the
linear polarizability and HOMO—LUMO gap of representative
lead-free metal chloride polyhedra, including [MnCl,]*",
[InCl]*~, [CdCl]*, [BiCl4]*", and [NbCls]~. [NbCl]~
exhibits the highest linear polarizability, together with a narrow
HOMO-LUMO gap, among these units (Figure 1). Accord-

Polarizability (A%
HOMO-LUMO gap (eV)

[Mn(.:I4]Z' [|nc'|6]3- [Cd(I:Is]" [Bic':|613- [NbICIG]'

Figure 1. Calculated linear polarizability and HOMO—-LUMO gap of
representative lead-free metal chloride polyhedra based on DFT
(wB97X-D/6-31G*).

ingly, the @,/ (NE,) of [NbCl]™ significantly surpasses that of
the other metal halide polyhedra (Figure S1), and the chiral
HOIMHs based on the [NbClg]™ unit should exhibit superior
nonlinear-optical properties. On the one hand, considering that
lithium niobate (LiNbO3, LBO) is one of the most widely used
NLO materials in both nonlinear wavelength conversion and
electro-optic modulation,”*>* we first developed the niobium-
based chiral HOIMHs, (R/S-3BrMBA)NbCl, (R/S-Nb), with a
systematic investigation of their NLO properties in this work.
Single-crystal structure analysis and circular dichroism (CD)
confirm the successful chirality transfer from the chiral cations to
the inorganic niobium (V) halide framework. The valence band
maximum (VBM) originates primarily from the chiral cations,
whereas the conduction band minimum (CBM) exists
predominantly on niobium (V) chloride. As expected, S-Nb
exhibits efficient SHG under 770—1000 nm excitation, with a
SHG intensity at 500 nm that is 128 times stronger than Y-cut
quartz. More importantly, S-Nb achieves d4 of 6.77 pm/V,
representing the highest value for reported zero-dimensional
(0D) chiral HOIMHs. On the other hand, an efficient SHG-CD
under circularly polarized excitation (LCP and RCP) is also
observed, with an anisotropy factor (gsyg.cp) of 1.37, making it
one of the highest values yet reported for chiral HOIMHs.
Therefore, chiral niobium (V) chlorides exhibit both a high
nonlinear coeflicient and a large anisotropy factor and are
promising candidates toward nonlinear chiroptical applications.
Our work presents an effective ART-guided strategy for
increasing the nonlinear coefficient of chiral HOIMHs through
rational polarizability and band-gap engineering, which offers
valuable insights into designing highly efficient NLO materials
toward real applications.

The chiral niobium-based HOIMHs R/S-Nb were synthe-
sized through the cooling-induced crystallization of NbCls and
1-(3-bromophenyl)ethylammonium (3-BrMBACI) in thionyl
chloride (Figure S2). R/S-Nb crystals crystallize into the
orthorhombic space group of P2,2,2, with nearly identical unit
cell parameters, confirming their enantiomerism (Figure S3 and
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Table S1). As shown in Figure 2a, the isolated [NbCly]~
octahedra in R/S-Nb are surrounded by chiral cations (R/S-
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Figure 2. Crystal structure of R/S-Nb. (a) Chemical structures of chiral
organic cations: (R)- and (S)-3BrMBACIL (b) Crystal structures viewed
along the b axis.

3BrMBA") and connected through Coulombic force and N—
H:--Cl hydrogen bonding (Figures 2b and S5). To further
analyze these hydrogen-bonding interactions, Hirshfeld surface
analyses and corresponding two-dimensional (2D) fingerprint
plots were performed (Figures S6 and S7). The results show that
N-H---Cl interactions account for approximately 48% of the
total interactions and confirm the dominant role of stabilizing
the crystal structure. These hydrogen bonds formed between
chiral organic cations and inorganic [NbCl¢] ™ octahedra directly
induce distortions in the inorganic octahedra. The CI-Nb—Cl
bond angle in R/S-Nb deviates significantly from 180° to
approximately 177°, while the Nb—Cl bond length ranges from
2.300 to 2.381 A (Figure SS). The bond length distortion index
(D) and bond angle variance (6”) are adopted to quantitatively
assess these octahedral distortions, as described in eqs 2 and 3>

6

)

i=1

D=

|+~

Id, — d,
do (2)

1 12
o= — ) (- 90)*
11 Z ’ (3)

where d; is a specific Nb—Cl bond length, d, signifies the
averaged Nb—Cl bond length, and 0, denotes the CI-Nb—Cl
bond angle. The calculated D for both R-Nb and S-Nb is ca.
0.0109, which is much larger than that of [MnCl,]*~, [InCl4]*7,
[CdCl4]*, and [BiCl]*~."*~*' This larger D for R-Nb and S-Nb
should originate from the asymmetric N—H---Cl hydrogen-
bonding network inducted by the chiral organic cations, which
could also promote the innate second-order Jahn—Teller
distortion of the Nb*" (4d°) center. The calculated ¢* values
are 3.5492 and 3.4936 for R-Nb and S-Nb, respectively, results
that are larger than those of [MnCl,]>” and [InCl¢]*". These
large structural distortions could increase the polarizability
anisotropy of R/S-Nb, thus contributing to the stronger NLO
response, as discussed below.

The powder X-ray diffraction (PXRD) patterns of R/S-Nb
show excellent correspondence with the simulated patterns,
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Figure 3. (a) UV—vis DRS of R/S-Nb. (b) Tauc plot of R/S-Nb. (c) CD spectra of R/S-Nb. (d) Corresponding g, spectra of R/S-Nb.
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Figure 4. (a) Calculated electronic band structures of S-Nb. (b) Calculated PDOS of §-Nb. (c and d) Charge density maps associated with the VBM

and CBM of S-Nb.

revealing high phase purity (Figure S8). X-ray photoelectron
spectroscopy (XPS) also verifies the existence of N, C, Nb, and
Cl (Figures S9 and S10). The XPS peaks at around 207.0 and
209.4 eV correspond to Nb 3d;,, and Nb 3d;,, respectively,
further confirming the existence of Nb** in R- and S-Nb.*® The
Fourier transform infrared (FTIR) spectra of R/S-Nb exhibit
characteristic peaks at 1218 and 1574 cm ™, assignable to the C—
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N stretching and N—H bending modes of R/S-3BrMBA,
respectively (Figure S11).

The UV—vis diffuse-reflectance spectroscopy (DRS) spectra
were performed to investigate the linear optical response of R/S-
Nb. Both enantiomers exhibit nearly identical strong absorption
in the UV region (Figure 3a). The optical band gap of R/S-Nb
was estimated to be ca. 2.3 eV from Tauc plot analysis (Figure
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Figure S. (a) Schematic diagram of the microarea NLO measurements. (b) Excitation-power-dependent SHG spectra of the S-Nb film at S00 nm, with
the corresponding log—log dependence of the SHG intensity versus pump power. (c) Wavelength-dependent SHG response of S-Nb. (d) Relative
SHG intensity of S-Nb compared with quartz under identical conditions. (e) Polarization-resolved SHG intensity of S-Nb versus A/4 plate angle (4 =
1000 nm). (f) Comparative analysis of gsig.cp and deg values between this work and previously reported systems.

3b). Furthermore, R-Nb and S-Nb exhibit mirror-image CD
signals with the Cotton effect, with the 350 nm peak originating
from ligand-to-metal charge transfer within the [NbCl,]~
octahedra (Figure 3¢),”” which are distinct from the chiral-
cation-dominated CD peak at 240 nm (Figure S12). Therefore,
chirality transfer from the chiral organic cations to the inorganic
frameworks is achieved. The anisotropy factor (g,;,) of R-Nb at
350 nm is calculated to be ca. 4 X 10~* (Figure 3d) using the
formula g, = @ (mdeg)/(32980-Abs),>® comparable to values
reported for chiral HOIMHs.

We performed DFT calculations to probe the electronic band
structure and partial density of states (PDOS) of R/S-Nb.*” The
resulting band structure reveals a direct band gap in the Brillouin
zone (Figure S13), with both the VBM and CBM situated at the
I" point (Figure 4a). The VBM originates primarily from C 2p
and N 2p orbitals of the chiral organic cations, while the CBM is
governed mainly by the Nb 3d and Cl 3p states (Figures 4b and
S14b). Therefore, the wave functions further confirm obvious
charge transfer from the chiral organic cations (VBM) to the
[NbClg]~ octahedra (CBM) (Figures 4c,d and S14).°%°'
Furthermore, the UV—vis absorption spectra and corresponding
Tauc plots reveal a distinct band-gap narrowing in R/S-Nb
compared to NbCl; and R/S-3BrMBACI (Figure S15). Our
DFT calculations indicate that the band gap of the inorganic part
in R/S-NDb remains nearly unchanged compared to that of the
NbCl; precursor (ca. 2.2 eV, Figure S16). Therefore, the
observed band-gap narrowing should be attributed to organic—
inorganic charge transfer. We further performed a transition
dipole moment calculation, which also confirmed the weak
charge-transferred nature (Figure S17).

The NCS structure of R/S-Nb endows them with
pronounced second-order NLO properties. To facilitate the
SHG measurements, the R/S-Nb films were prepared (refer to
the experimental details in the Supporting Information). As
confirmed by PXRD, the prominent diffraction peaks of the films
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closely correspond to those of the powders, confirming that the
films maintain the crystal structure of R/S-Nb (Figure S18).
According to the energy-dispersive X-ray spectroscopy (EDS)
elemental maps, C, N, Nb, and Cl exhibit a spatially uniform
distribution within the R/S-Nb films, indicating good composi-
tional homogeneity (Figures S19 and S20). Then the SHG
measurements were performed on the R/S-Nb films by using a
reflective microarea NLO measurements system with vertical
excitation (Figure Sa). The excitation source was a femtosecond
pulsed laser (140 fs, 80 MHz), and the beam was focused on the
samples through a microscope objective. The SHG intensity
exhibits a quadratic relationship with the incident laser power,
with fitted slopes of 1.88 for S-Nb (Figure Sb) and 1.86 for R-Nb
(Figure S22b), respectively, confirming the second-order nature
of the NLO response. A clear frequency-doubling peak was
consistently observed at 500 nm under 1000 nm excitation. The
wavelength-dependent SHG measurements revealed distinct
responses across 770—1000 nm, with SHG signals appearing at
exactly half of the fundamental wavelength, demonstrating a
robust and broadband second-order NLO response extending
well into the infrared region (Figure Sc). Quantitative analysis
was performed using Y-cut quartz as the standard under identical
excitation conditions (Figure S21), revealing that the SHG
intensity of S-Nb is enhanced by approximately 128 times
compared with quartz at S00 nm (Figure Sd). Moreover, the
SHG measurements were also conducted on the R-Nb films,
which exhibit nearly identical behavior with that of S-Nb (Figure
S$22). Furthermore, to quantitatively assess the NLO ferform—
ance, the d¢ of R/S-Nb was calculated based on eq 4°

N
nZ(u
\ 2, (4)

where d¢sand dlg represent the effective second-order nonlinear
coeflicients of the R/S-Nb films and Y-cut quartz, respectively.
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The d, g value of Y-cut quartz is ca. 0.6 pm/V.* I, signifies the
fundamental pump intensity, I,, indicates the output SHG
intensity, and n,, and n,,, correspond to the refractive indices at
the fundamental frequencies @ and second-harmonic frequen-
cies 2, respectively. The refractive index of the R/S-Nb film is
1.56 at 1000 nm and 1.61 at 500 nm based on our
measurements, while it is 1.48 (1000 nm) and 1.55 (500 nm)
for Y-cut quartz, respectively. Based on the quantitative analysis,
d.g of S-Nb reaches 6.77 pm/V, outperforming all previously
reported 0D HOIMHs (Figure S24 and Table S2).

The intrinsic enantiomeric nature of R- and S-Nb also endows
them with both CD and SHG capabilities, thus resulting in the
polarization-dependent SHG response. To evaluate the SHG-
CD response, the SHG measurements of the samples were
carried out under LCP and RCP produced by a quarter-wave
plate. Significant SHG intensity differences are observed for R-
and S-Nb (Figures Se and S23). The SHG-CD effect was
quantified by rotating a A/4 plate to generate circularly polarized
excitation, and the anisotropy factor (gspg.cp) was subsequently
determined according to eq S

g _ Lirc.co — Isig
SHECD I + L (%)
where Iy and Iy correspond to the SHG intensities excited
by LCP and RCP lasers, respectively. The obtained anisotropy
factor is 1.37 for S-Nb, representing one of the highest values
among the reported chiral HOIMHs (Figure S25 and Table S3).
Therefore, chiral niobium(V) halides exhibit not only a high d.g
but also a strong chirality-driven NLO response (Figure Sf),
which are promising toward nonlinear chiroptical applications.
In summary, the first chiral niobium-based HOIMHs, (R/S-
3BrMBA)NbCl; (R/S-Nb), were successfully constructed
based on screening the linear polarizability of the representative
lead-free metal halide polyhedra under the guidance of ART.
Single-crystal structures and CD provide evidence for the
successful chirality transfer from the chiral organic cations to the
inorganic niobium (V) halides. As expected, S-Nb exhibits a
strong second-order NLO response under 770—1000 nm
excitation, with an SHG intensity 128 times that of quartz at
500 nm. A d g of 6.77 pm/V is achieved for S-Nb, surpassing all
other reported values for 0D chiral HOIMHs. More importantly,
S-Nb also possesses strong SHG-CD with ggpg.cp as high as
1.37, representing one of the highest values among the reported
chiral HOIMHs. These findings not only confirm the
effectiveness of an ART-guided NLO material design principle
through polarizability and band-gap engineering but also
highlight the significant potential of chiral niobium (V)
chlorides toward advanced nonlinear chiroptical applications.
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