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Fully tricoordinated assembly unveils a pioneering
nonlinear optical crystal (SbTeO3z)(NO;3)+
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of Chemistry Balancing the critical property requirements is key to surmounting the obstacles in the application of
nonlinear optical (NLO) crystals. Tricoordinated units, characterized by nearly the lowest coordination
number, are common in inorganic NLO-active oxides; however, crystals solely composed of such units
are rare. Herein, by assembling three distinct tricoordinated units (SbOs, TeOs, and NOs) into a single
crystal, a pioneering fully tricoordinated NLO material, (SbTeO3)(NOs), was synthesized via a facile
volatilization method. As the first reported tellurite-antimonite NLO crystal, (SbTeO3)(NOsz) exhibits well-
balanced properties: a strong phase-matched second-harmonic generation (SHG) effect (2.2 x KDP),
short UV cutoff edge (253 nm) and moderate birefringence (0.081@546 nm). Unlike most deliquescent
nitrates, (SbTeOs)(NOs) demonstrates exceptional water resistance (>30 days), attributed to its unique

hydrophobic layers and stereochemically active lone pair (SCALP) electrons in the Sb®* and Te** cations.
Received 22nd August 2024

Accepted 6th October 2024 Theoretical calculations reveal that the optical bandgap and SHG effect of (SbTeO3)(NOs3) are collectively

governed by the three tricoordinated motifs, with individual SHG contributions of 20.92%, 23.88%, and

DOI: 10.1039/d4sc05640; 55.12% from [SbOg], [TeOs] and [NOs], respectively. This breakthrough underscores the efficacy of the
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Introduction

Nonlinear optical (NLO) materials have played a crucial role in
extending the limited wavelength range of lasers through the
process of second-harmonic generation (SHG), with significant
applications in advanced optoelectronic devices.'”> However,
a high-quality NLO crystal must satisfy the following rigorous
requirements: (i) a pronounced second-order NLO coefficient
(d;;>0.39 pm V1); (ii) a large optical bandgap (E, > 4.2 eV for UV
NLO crystals); (iii) a moderate birefringence (0.05 < An < 0.1);
and (iv) good physical and chemical stability.*” Furthermore,
some of the conditions exhibit negative correlation, such as
bandgap and NLO coefficient.*'* Therefore, the design and
synthesis of new NLO crystals with excellent balanced perfor-
mance are challenging.">*
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fully tricoordinated assembly strategy in engineering NLO materials with optimally balanced properties.

It is known that tricoordinated groups, with almost the
lowest coordination number among common anionic units,
play a unique role in the creation of new SHG crystals. A large
number of reported SHG materials contain at least one tri-
coordinated anionic group.*™® From the perspective of the
coordination configuration, such tricoordinated groups can be
divided into two types: (i) trigonal planar, such as [BO;], [NO;],
and [CO;], and (ii) triangular pyramidal, such as [I03], [TeOs],
and [SbO;]. The planar trigonal groups typically exhibit a large
bandgap and a relatively small SHG coefficient,**** whereas the
triangular pyramidal groups show the opposite trend, with
a large SHG coefficient and a small bandgap.?**” Therefore, they
are the ideal functional units to overcome the intrinsic conflict
between large bandgap and high SHG intensity. Some new SHG
materials with excellent integrated properties have been created
by the combination of the two types of tricoordinated groups,
such as Be,(BO3)(I03) (7.2 x KDP, 4.32 eV),*® PbCdF(SeO3)(NOs)
(2.6 x KDP, 4.42 €V),* and Pb,(BO;)(NOs) (9.0 x KDP, 3.65
ev).>®

However, most of the mixed-tricoordinated compounds
contain other coordination geometry, which may weaken the
effect of the tricoordinated groups.”*** Therefore, we intended
to build a fully tricoordinated structure to eliminate such
impacts. To seek the right balance in bandgap and SHG
intensity, both trigonal planar and triangular pyramidal groups
must be included. We started with simple ternary compounds
containing two types of tricoordinated groups only. However,
the syntheses of such compounds failed. Full tricoordination is
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not the optimal option in these structures, such as Se,(B,0)
(SeO3 + BO,)** and SbB3O¢ (SbO, + BO3 + BO,).** Therefore, we
decided to explore complex quaternary compounds, which
contain three different tricoordinated groups. To enable the
three groups to coexist within a single structural type, we
planned to select anionic groups with different charges to
prevent the competition between bonds with the same electro-
static bond strength.

Our efforts in the development of new SHG materials with
fully tricoordinated groups resulted in a novel polar structure,
(SbTeO5)(NO;), which is composed of [Sb™0;]*~, [Te™O,]*~ and
[NYO;]™ groups (Fig. 1).

Due to the coexistence of trigonal planar [NO;] and trian-
gular pyramidal [SbO;3] and [TeO;] groups, (SbTeO3)(NO;)
demonstrates a strong phase-matched SHG intensity (2.2 X
KDP), a short UV cutoff edge (253 nm), a large bandgap (4.32 eV)
and a moderate birefringence (0.081@546 nm). Furthermore, in
contrast to most nitrates, which are easily deliquescent,
(SbTeO3)(NO3) can exhibit exceptional water resistance (>30
days) and good growth characteristics with the majority of the
crystals exceeding 4 mm in length. Theoretical calculations
revealed that the SHG contributions for [SbO;], [TeO;] and [NO;]
groups are 20.92%, 23.88%, and 55.12%, respectively, con-
firming the synergistic effect of these three tricoordinated
groups. This work not only provides an excellent candidate for
UV SHG materials with well-balanced properties but also
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validates the feasibility of the fully tricoordinated assembly
strategy. Next, we will report on the material's synthesis,
structure, and optical properties.

Results and discussion

Colourless rod-like crystals of (SbTeO3)(NO3) were successfully
synthesized through a solvent evaporation reaction (Fig. 2a). By
extending the reaction time and modifying the ratio of reac-
tants, large single crystals with a length exceeding 4 mm can be
acquired in substantial quantities. The yield of the crystals
reaches 72% based on Te. Energy-dispersive X-ray spectroscopy
(EDS) elemental analysis confirmed the presence of Sb, Te, N,
and O elements, with an average molar ratio of Sb: Te close to
1.0: 1.0 (Fig. S1 and S27). The purity has been verified by powder
X-ray diffraction (PXRD) (Fig. 2d).

(SbTeO;)(NO;) crystallizes in the orthorhombic space group
Pca24 (Table S1%). Its asymmetric unit encompasses one Sb, one
Te, one N and six O atoms located at general sites (Table S2t). As
depicted in Fig. 1a, all the cations, Sb®*, Te’" and N°7, are tri-
coordinated with three oxygen atoms. The lone pair cations,
Sb*" and Te**, form triangular pyramids while the N atom forms
a trigonal planar unit. Although [SbO;] and [TeO;] feature the
same coordination geometry, their bond lengths and angles are
different. The Sb-O bond lengths (1.992(4) to 1.999(2) A) are
about 0.08 A longer than those of Te-O (1.885(4)-1.922(4) A),

Fig.1 Tricoordinated [SbOsz], [TeOs], and [NO3| fundamental building blocks (a), the sandwich-type 2D layered structure of (SbTeO3)(NO3) (b),
the 2D [SbTeOs]™ cationic layer in the ac plane (c), and the arrangement of [NOz] in (SbTeOz)(NO3) (d).
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Fig. 2 As grown crystals (a), infrared spectrum (b), and UV-vis-NIR diffuse-reflectance spectrum (c) of (SbTeO3)(NOs) (c); simulated, experi-

mental, and soaked PXRD pattern for (SbTeOs)(NO3) (d).

while the O-Sb-O angles are about 4.5° smaller than those of O-
Te-O (Fig. 1a and Table S3t). The N-O bonds and O-N-O angles
are in the ranges of 1.238(7)-1.275(7) A and 119.2(5)-121.1(5)°,
respectively (Fig. 1la and Table S3f). The calculated bond
valence sums for Sb, Te, and N are 2.879, 3.667, and 4.818,
signifying their oxidation states as +3, +4, and +5, respectively
(Tables S3 and S47).

(SbTeO3)(NO3) presents a sandwich-type two-dimensional
(2D) layered structure (Fig. 1b). The triangular pyramids,
[SbOs] and [TeOj;], were interconnected into a 2D [SbTeO;]"
cationic layer parallel to the ac plane via corner-sharing with
[SbsTe;] 6-member polyhedral rings (MPRs) (Fig. 1c and S37).
The SCALP (stereochemically active lone pair) electrons on the
[SbO;] and [TeOs;] units point towards the interlayer gaps,
reducing the repulsion of lone-pairs and enhancing the stability
of the overall structure. The distance between adjacent cationic
layers corresponds to the length of the crystallographic b-axis,
approximately 8.66 A (Fig. 1b). The isolated [NOs]~ planar
triangles were filled between the 2D cationic layers to maintain
the charge balance. In addition to the electric field force from
positive and negative charges, there are weak Te-O bonds (2.549
A) between the nitrates and tellurites (Fig. S4t).

Based on the geometric structure of (SbTeO3)(NOj3), dipole
moment calculations were employed to evaluate the spatial
arrangement of the three NLO-active groups (Table S51). The
local dipole moments of the [SbO;], [TeO3], and [NO;] units were
calculated to be 28.840, 6.884, and 0.548 D, respectively. From
Table S5,f we can find that the dipole moments of

© 2024 The Author(s). Published by the Royal Society of Chemistry

(SbTeO;)(NO;) in the x- and y-components were fully cancelled,
while those in the z-component were effectively added. As
shown in Fig. 1d, despite the large dihedral angle (72.056°)
between the trigonal planes, the nitrate groups still exhibit
polarity in the c-axis direction. The net dipole moment of
(SbTeO;)(NO;) was calculated to be 36.272 D. The dipole
moment per unit cell is 0.069 D A%, which surpasses those of
CSVO,F(I0;) (0.05 D A~%),* RbGasF(Se0;), (0.01 D A~%),3* and
- and B-Ba,GaF,(10;), (0.044 and 0.043 D A™%).%

The thermogravimetric analysis (TGA) of (SbTeO;)(NO;) was
conducted in a nitrogen atmosphere within a temperature
range of 20-1200 °C (Fig. S51). The TG curve encompasses three
steps of weight loss. The first one (exp. 4.37%) in the range of
273 °C to 366 °C was in accordance with the release of 0.5
molecules of O, (cal. 4.45%). The second weight loss (exp.
8.26%) occurred above 639 °C and can be attributed to the
evaporation of 1 molecule of NO (cal. 8.35%).*® Finally, upon
heating to 825 °C, TeO, and Sb,0O; began to escape.’” The
residue above 1000 °C was checked using PXRD to determine its
phase. By comparison, it was found that the main components
of the residue were Sb,0, and small amounts of unknown
amorphous compounds (Fig. S6t).

The IR spectrum of (SbTeO;3)(NO;) was measured in the
wavenumber range of 4000 to 400 cm ™. As shown in Fig. 2b, the
absorption bands and peaks of N-O, Te-O and Sb-O vibrations
appeared. The stretching vibrations of N-O bonds occur at
around 1347 cm ™. The absorption peaks around 646 cm " can
be attributed to the vibrations of Te-O and Sb-O bonds. These

Chem. Sci., 2024, 15, 18549-18556 | 18551
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Fig. 3 Oscilloscope traces of SHG signals for as-synthesized (SbTeO3)(NOs) and (SbTeO3)(NOs) soaked in deionized water for 30 days in the
particle size range of 150-210 um (KDP sieved in the same particle sizes was used as a reference) (a), and SHG intensity versus particle size curves

at 1064 nm for (SbTeOs)(NOs) (b).

assignments align with those reported in previously studied
compounds.®**

The UV-vis-NIR diffuse-reflectance spectrum revealed that
(SbTeO3)(NO;) is transparent in the ultraviolet to near-IR range
(Fig. 2¢). Its UV cutoff edge was measured to be 253 nm, cor-
responding to a bandgap of 4.32 eV (Fig. 2c), which is larger
than those of the reported nitrate tellurite NLO crystals, such as
Bi;(11-OH)(Te0;);(NO;), (3.3 eV)" and Bi,Te,04(NO;),(-
OH),(H,0) (4.0 eV)** (Table S67).

The powder SHG intensities of (SbTeO3)(NO3) and KH,PO,
(KDP) (as a reference) were measured using a 1064 nm Q-switch
laser based on the Kurtz-Perry method. (SbTeO;)(NO;) displays
a large SHG signal of 2.2 times that of KDP in the particle size
range of 150-210 pm under 1064 nm laser radiation (Fig. 3a). As
shown in Fig. 3b, the SHG signal increases upon increasing the
particle size from 45 to 300 um, indicating that (SbTeO3)(NO3)
can realize phase-matching. Compared with the reported tel-
lurite nitrates, antimonite nitrates and antimonite
tellurites,*®***~*% the title compound features the optimally
balanced performance (Fig. 4). (SbTeO;)(NO;) is the only

compound with SHG intensity larger than 2 x KDP and E,
higher than 4.2 eV in these systems (Table S6t). This result
underscores the effectiveness of the fully tricoordinated
assembly strategy.

(SbTeO;3)(NO;) displays a high laser-induced damage
threshold (LIDT) of 139.19 MW cm ™%, which is much larger than
that of In,(SO4)(TeO;)(OH),(H,0) (79.6 MW cm *)** and
comparable with those of PbCdF(NO;)(Se03) (135.6 MW cm ™ >)*°
and CsgSb,M0;0;5F,¢ (133.5 MW c¢m 2).*° The high LIDT of
(SbTeO;3)(NO3) can be attributed to its large band gap and the
strong N-O covalent bonds.

In addition to excellent linear and nonlinear optical prop-
erties, chemical stability, especially water resistance, is crucial
for the practical application of NLO crystals. Nitrates are
excellent candidate materials for UV NLO, but they have long
been faced with a significant challenge of poor water resistance.
For example, the K,RE(NO;)5-2H,0 (RE = La, Ce, Pr, or Nd)
series of compounds exhibit a strong SHG effect, approximately
three times that of KDP, but they are extremely deliquescent.>
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100 ym

Fig. 5 An (SbTeO3)(NOs) crystal under a polarizing microscope:
before the optical path compensation, after compensation, and
thickness.

To evaluate the water resistance of (SbTeO;)(NO;), we
submerged crystals weighing 93.9 mg in 50 mL of deionized
water at room temperature for 30 days. Surprisingly, the crystals
remained unchanged in weight and transparency, indicating
their chemical stability and insolubility in water. The PXRD
pattern of the soaked sample matches with those of both
simulated and unsoaked crystals (Fig. 2d), further attesting to
its stability. Additionally, the SHG effect of particles with
diameters between 150 and 210 pm showed no significant
variation after soaking for 30 days, as depicted in Fig. 3a,
underscoring the high water resistance of (SbTeO3)(NOs) and its
potential as an exceptional NLO material.

We analysed the possible mechanism of high water resis-
tance of (SbTeO;)(NO;) from the perspective of its crystal
chemical structure. (i) According to the principle of “like
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dissolves like”, water-resistant nitrates should exhibit struc-
tures akin to insoluble compounds, differing in polarity from
water molecules.” (SbTeO;3)(NO;) exhibits a layered structure
similar to that of layered double hydroxides (LDHs) (Fig. S77),
which is not easily soluble in water, as observed previously in
water-resistant compounds such as Ba,NO;(OH); ** and Bis-
TeOsOH(NOj3),.** (ii) In nitrates where [NO3]™ coordinates with
other cations,® such as A,RE(NO;);-4H,0 (A" = Rb' or
NH,")>>%, the presence of delocalized m-bonds within [NO;]~
weakens its coordination with the cations, making the lattice
more susceptible to disruption and dissolution in aqueous
environments. However, in (SbTeO3)(NOs), [NO;3]™ units are
isolated, preventing lattice disruption by H,O. (iii) The SCALP
electrons on Sb>" and Te** are oriented towards the interlayer
[NO;]™ groups, creating significant steric hindrance, which to
some extent can prevent the [NO;]™ groups between the layers
from forming hydrogen bonds with external water molecules,
limiting the interaction between [NO;]|™ and water molecules
and discouraging the dissolution process. For example, nitrates
with SCALP electrons, such as [BigO,4(OH),](NO;)s-4H,0% and
Pb,(NO3),(H,0)F,,*® all exhibit good water resistance. (iv)
Significant repulsion occurs between the lone pairs of electrons
on Sb*" and Te*" and the lone pairs on O*" in external H,O,
thereby reducing its solubility in water. Consequently, the
exceptional water resistance of (SbTeO3)(NO;) is attributed to
the fully tricoordinated assembly strategy of gradually lowering

(b) (SbTeO,)(NO;)
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Fig. 6 The calculated band structure (a), total and partial density of states (b), and calculated refractive index dispersion and birefringence curves
(c) of (SbTeO3)(NO3), and the SHG-weighted electron density for the VB and CB in (SbTeOs)(NO3) (d).
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the valence state of the central cations. According to Pauling’s
rules, the [NO;] groups with high valency tend to be isolated,
which is the main reason for the layered structure of
(SbTeO,)(NO3).

The birefringence of (SbTeO;)(NO;) was measured using
a polarizing microscope. Its optical path difference is 3.515 pm,
and the single crystal thickness is 45.21 um (Fig. 5). According
to the formula An = R/T (where R stands for the optical path
difference and T represents the thickness), the experimental
birefringence of (SbTeO;)(NO;) at A = 546 nm is found to be
0.078, which is approximately in line with the calculated bire-
fringence value (0.081 at 546 nm).

To elucidate the intrinsic structure-property relationship of
(SbTeO;)(NO3), we conducted systematic theoretical calcula-
tions using density functional theory (DFT). As shown in Fig. 6a,
the theoretical bandgap of (SbTeO3)(NO;) is 3.28 eV. The total
density of states (DOS) and partial density of states (PDOS) for
each element in (SbTeO;)(NO3) are depicted in Fig. 6b, revealing
several electronic characteristics: (i) strong hybridization
between the 5s and 5p orbitals of Sb, Te, N, and O within the
—11 to 0 eV and 0 to 15 eV range, indicating strong covalent
interactions within the [SbO;], [TeO;], and [NO;] moieties, (ii)
the valence band (VB) top from —5 to 0 eV is primarily occupied
by non-bonding orbitals of O-2p, while the conduction band
(CB) bottom from 0 to 5 eV is mainly contributed by N-2p, O-2p,
Te-5p and Sb-5p orbitals. Optical properties hinge on transi-
tions near the Fermi level, governed by [SbO;], [TeO3], and [NO;]
units. Calculated birefringence values of 0.081@546 nm and
0.071@1064 nm (Fig. 6¢) facilitate SHG phase matching.

To further delineate the SHG effect of (SbTeO3)(NO3), its SHG
coefficient and SHG-weighted density were calculated. Crystal-
lized in the Pca2, space group (point group: mm2), (SbTeOs)(-
NOj3) has three non-zero independent SHG coefficients under
Kleinman symmetry restrictions: dz; = dy5 = —0.87725 pm V',
d3y = dpy = —1.0845 pm V™' and d3; = 4.632 pm V_'. Among
these, the maximum calculated SHG coefficient is d33, and the
effective SHG coefficient (d.¢) is calculated to be 1.95 pm V7,
which exceeds that of many NLO crystals, such as Sc(I03),(NOs)
(d11 = dao = 1.49 pm V1), La(105),(NO;) (d16 = dp1 = 0.703 pm
V™), BizTeOgOH(NOs), (dyg = —1.31 pm V'),* La(OH),NO;,
Gd(OH),NO; and Y(OH),NOj3 (degr = 1.396, 1.464 and 1.478 pm
V™ 1),%* and Rb,SbFP,0; (dp4 = 0.63 pm V).

In the virtual electron processes, SHG-weighted electron
clouds of (SbTeO;)(NO;z) predominantly localize on the tri-
coordinated NLO-active groups [NO;], [SbO3], and [TeOj;]. For
the VB, SHG-weighted electron density is localized on the non-
bonding O-2p orbitals, whereas for the CB, the w* antibonding
orbitals of the [NO;] moiety contribute significantly to the SHG
response (Fig. 6d). Additionally, the SHG contribution values for
the [SbOs], [TeOs], and [NO;] units are 20.92%, 23.88%, and
55.12%, respectively. This indicates that the strong SHG effect
of (SbTeO;)(NO3) stems from the synergistic interaction of the
three tricoordinated NLO-active moieties, highlighting the
intrinsic origin of the efficacy of the fully tricoordinated NLO-
active moiety assembly strategy.
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Conclusions

In summary, based on the fully tricoordinated assembly
strategy, the first antimony tellurite NLO crystal, (SbTeO3)(NO3),
has been obtained at room temperature through a facile evap-
oration method. (SbTeO;)(NO;) stands out among all tellurite,
antimonite nitrate and antimonite-tellurite families for the
optimally balanced properties: a short UV cutoff edge (253 nm),
strong phase-matched SHG intensity (2.2 x KDP), moderate
birefringence (0.081@546 nm), exceptional water resistance (30
days) and large crystals (>4 mm). First-principles calculations
revealed that the maximum SHG coefficient d;; of (SbTeO;)(-
NO;) is 4.63 pm V', with an effective coefficient (d.g) of 1.95
pm V', outperforming the majority of tellurite and antimony
nitrates. The theoretical calculations confirmed the synergistic
effect of the three functional groups and the SHG contributions
of the [SbOs], [TeO;], and [NO;] units are 20.92%, 23.88%, and
55.12%, respectively. The fully tricoordinated assembly strategy
also has a positive effect on enhancing the physical and
chemical stability of nitrates. The unique LDH structure with
two types of SCALP electrons enables (SbTeO;)(NO;) to effec-
tively overcome the poor water resistance inherent in nitrates.
This work not only fills a gap in the research into antimony
tellurite NLO crystals but also underscores the potential of the
fully tricoordinated assembly strategy in materials science,
offering new avenues for the development of advanced optical
materials.
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