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Finding suitable strategies to effectively enhance the optical properties of materials are the goal be-
ing pursued by researchers. Herein, cation-anion synergetic interactions strategy was proposed to de-
velop two novel organic-inorganic hybrid antimony-based optical materials, (C3HsN;)SbF,S04 (I) and
(CsHgN)SbF,S0y4 (1), which were obtained by introducing Sb**cation containing stereochemically active
lone-pair (SCALP) and organic w-conjugated cations into sulphate system. The synergistic interactions
of the organic 7-conjugated cations, the inorganic [SbO,F,]*~ seesaw anions and the [SO4]>~ distorted
tetrahedra anions make their ultraviolet (UV) absorption edges approach 297 and 283 nm, respectively,
and raise their birefringence up to 0.193@546 nm and 0.179@546 nm, respectively. Interestingly, although
the two compounds have the same stoichiometric ratio and similar one-dimensional (1D) chain struc-
ture, they show opposite macroscopic symmetry, where the NCS compound (II) exhibits a large second-
harmonic generation (SHG) response (1.6 times that of KH,PO,). The two reported compounds are found

to be promising UV optical materials in the experimental tests.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Second harmonic generation (SHG) crystals and birefringence
crystals, which are two key components for solid state lasers, have
a wide range of applications in many scientific and technological
fields, such as photolithography, advanced instruments, optical
communications, and all-solid-state lasers [1-13]. A range of
optical crystal materials with excellent properties are now being
discovered, such as K3Nb3Ge,0:3 (0.196@546nm, 17.5 x KDP)
[14], NH4[LiC3H(CH3)04] (0.06@546 nm, 4 x KDP) [15], Sc(HSeO3)3
1064nm, 5xKDP) [17], CaYF(SeOs3), (0.138@532nm,) [18],
Y3F(SeO3); (0.038@532nm, 5.5 x KDP) [18], RbSn,Cls (0.168@
546nm) [19], K,BaGeSs (0.192@1064nm) [20], Ba(H,CgN;03),-
8H,0 (0.24@550 nm, 12 x KDP) [21], CsH,CgNg-H,0 (0.55@550 nm)
[22], Cd(H2C6N703)28H20 (06@550nm) [23], CS4ZH5P651812
(0.108@546 nm, 1.1 x AGS) [24]. However, with the advancement of
time, the demand for excellent optical crystals is still great, and
the search for excellent optical materials is still very urgent.
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According to the relationship between structure and opti-
cal properties [25,26], the introduction of the following groups
into the system favours compounds that exhibit large SHG ef-
fects and birefringence: (1) The m-conjugated anions [17], such as
[CO3]>~ [27-29], [NO3]~ [30-34], [BO3]*~ [35,36], and [B305]*~
[37]; (2) The stereochemically active lone pair (SCALP) metal
cations, e.g., Sb3* [38], Sn** [39,40] and Bi3* [41]. It is noted
that Sb3+ cation exhibits abundant geometric methods of irregu-
lar coordination, such as [SbO3]/[SbF;] trigonal pyramids [34,42],
[SbO4]/[SbO,F; | seesaws [43,44], [SbO,F5]/[SbOsF3] polyhedral [2],
which favours compounds exhibiting rich structures. While due
to Sb3* is easy to hydrolyse, it can be challenging to study. But
the hydrolysis problem was overcome by our group via intro-
ducing the deep eutectic solvents such as choline and urea into
the system. Subsequently, a series of pure inorganic antimony-
based optical crystal materials with excellent optical proper-
ties were successively synthesized, such as CsSbF,S0,4 (3.0 x KDP,
0.112@1064 nm) [6], K,Sb(P,07)F (4.0 x KDP, 0.157@546 nm) [45],
RbSbS0,4Cl, (2.7 x KDP, 0.11@1064 nm) [46].

Similar to low eutectic solvents consisting of choline chloride
and urea, ionic liquids have a low melting point and an anhy-
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drous environment, which provides a relatively mild and anhy-
drous environment to ensure that Sb3+ cations do not undergo
hydrolysis. By looking up ionic liquids, we found that ionic liq-
uids with organic 7 -conjugated rings are a good choice of solvent.
Usually researchers choose alkali metals/alkaline earth metals that
do not have d-d and f-f leaps in order to ensure that the cut-off
edge of the compound is not red-shifted. However, this would re-
sult in the fact that the A-site cation in the ABX compound does
not contribute to SHG and birefringence properties, which hinders
further improvement of the properties. In contrast, if the alkali
metal/alkaline earth metal can be replaced by organic cations with
7T -conjugation rings, the A-site cation will be activated. The syner-
gistic effect of cation-anion will lead to a significant improvement
in the optical properties of the compounds. At the same time, the
large size of the organic cation can make the spacing between lay-
ers or chains of the structure, which may be able to enhance the
optical properties of the compounds. In addition, the designable
organic ligands will make it possible to design the backbone struc-
ture and properties in a targeted manner.

Based on the research ideas mentioned above, a systematical
study has been carried out on organic-inorganic hybrid antimony-
based materials with organic m-conjugated ring systems. Firstly,
two organic-inorganic hybrid antimony-based materials, named
(C3H5N;)SbF,S04 (I) and (CsHgN)SbF,SO4 (II), have been success-
fully synthesized by introducing Sb3+ cation containing SCALP and
organic mw-conjugated cations into sulphate systems. The syner-
gistic interactions of the organic m-conjugated cations, the inor-
ganic [SbO,F, |3~ seesaw anions and the [SO4]?~ distorted tetra-
hedra anions make their UV absorption edges approach 297 nm
and 283 nm, respectively, and raise their birefringence up to 0.193
and 0.179@546 nm, respectively. Interestingly, although the two
compounds have the same stoichiometric ratio and similar one-
dimensional (1D) chain structure, they show opposite macroscopic
symmetry, with compound I crystallizes in the centrosymmetric
(CS) space group of P1 and compound II crystallizes in the po-
lar noncentrosymmetric (NCS) space group of Pca2;. And the NCS
compound II exhibits a large second-harmonic generation (SHG)
response (1.6 x KDP). The both of compounds are auspicious near
UV optical crystals proved by experimental tests.

Synthesis:  Analytical grade [C3H5N;][HSO4] (Lanzhou,
GreenChem ILs, 99%), [CsHgN][HSO4] ((Lanzhou, GreenChem
ILs, 99%), SbF; (Aladdin, 99%) were used as reaction reagents
without further purification. Herein, the ionothermal synthesis
method, which ensure the Sb3+ cations do not undergo hydrolysis,
is used, which provides a very useful option for the subsequent
growth of easily hydrolysable compounds. The reagents of SbF;
(0.537 g, 3mmol) were added in [C3H5N,][HSO4] (0.499 g, 3 mmol)
| [CsHgN][HSO4] (0.532 g, 3 mmol). Stirring the mixture for 20 min,
then placed the solution into a 23 mL autoclave with a Teflon liner.
Heated the autoclave in an oven at 85°C for 5 days and then
cooled slowly to room temperature at a rate of 3 °C/h. After wash-
ing with acetone, colourless transparent block/rod crystals (Fig. S1
in Supporting information) were obtained in 46%-50% yield (based
on Sb).

The compound I crystallizes in the P1 (NO. 2), which is CS space
group. There are one independent Sb atom, one S atom, two F
atoms, one [C3HsN, ]+ group and four O atoms in one asymmetric
unit. The crystal structure of compound (C3HsN;)SbF,S0,4 is com-
posed of the [SO4]?~ tetrahedra, the [SbO,F,]?~ seesaw complex
and the organic m-conjugated [C3HsN,]* groups as charge balanc-
ing cations. The [SO4]2~ tetrahedra is formed by one S atom co-
ordinated with four O atoms (Fig. 1a). The [SbO,F,]3~ seesaw is
formed by one Sb atom coordinated with two dangling F and two
bridging O atoms (Fig. 1a). The [SbF,0,504]°~ 1D chain is formed
by [SbO,F,]3~ anions connected with [SO4]?>~ anions via bridg-
ing oxygen atoms (Fig. 1b). The organic m-conjugated [C3Hs5N, ]+
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Fig. 1. (a) The [SbO,F,] and [SO4] groups. (b) A 1D helical chain of [SbF,0,504]°.
(c) The m-conjugated protonated imidazole cation. (d) The 3D framework of com-
pound I viewed along the a-axis. (e) The m-conjugated protonated pyridine cation.
(f) The 3D framework of compound II viewed along the c-axis. Sb purple, S yellow,
C black, O red, N blue, F green, H white.

cations (Fig. 1c) are located between chains, and the 1D-helical
chains are connected to each other to the three dimensional (3D)
framework via N-H:-O and N-H--F hydrogen bonds (Fig. 1d).

The compound II crystallizes in the NCS space group of Pca2;
(No. 29). There are one independent Sb atom, one S atom, two
F atoms, one [CsHgN]* (Fig. 1e) group and four O atoms in an
asymmetric unit. The compound II has a similar structure to com-
pound I, the same [SO4]?>~ tetrahedral and [SbO,F,]?~ seesaw are
present. Except that in compound structure II, it is the organic
m-conjugated [CsHgN]™ cations that acts as the charge-balancing
cations between chains. The 1D-helical chains are in contact with
each other to the 3D framework via N-H--O and N-H--F hydro-
gen bonds (Fig. 1f). And the bond length information of two title
compounds for the moiety is shown in Fig. S2 (Supporting infor-
mation).

The experimental powder X-ray diffraction (XRD) patterns of
the compounds I and II are consistent with the calculated patterns
fitted from the single-crystal XRD data analysis (Fig. S3 in Support-
ing information), confirming that the samples are phase pure.

Fig. S4 (Supporting information) shows the results of the ther-
mogravimetric analysis. Compounds I and II were stable up to
250 and 200°C, respectively. And the decomposition products of
two compound both were confirmed to be SbO,, which is demon-
strated that PXRD patterns (Fig. S5 in Supporting information).

Fig. S6 (Supporting information) shows the infrared (IR) spectra
of two title compounds. The moderate absorption bands viewed
at 1133, 1040 cm~! for compound I and strong absorption bands
viewed at 1184, 989 cm~! for compound II can be allocated to v3
S04 asymmetric stretching. The absorption peaks at 938, 896 cm™!
and 934 cm™! in two compounds are the result of the stretching
vibration of v; SO4 which is symmetric, respectively. The charac-
teristic absorption peaks found at 620, 532 cm~! for compound I
can be allocated to Sb-O/F asymmetric stretching and the bend-
ing of Sb-O/F bonds, respectively. Similarly, the Sb-O/F asymmet-
ric stretching and the bending of Sb-O/F bonds for compound II
can be viewed at 625, 535 cm~!, respectively. The bands viewed
at 3163/1587 cm~! and 3083, 1544 cm~! belong to the stretching
vibration of N-H and the bending vibration of N-H, respectively.
The peaks at 1184, 752 cm~! of compound I can be assigned to the
stretching vibration and asymmetric stretching vibration of imida-
zole ring, respectively, and the bands at 1493, 748 cm~! of com-



P. Zhang, X. Mao, X. Dong et al.

(a)
«(C,HN,)SbF,SO,
§4o
2
8
8
&20 E,=4.28¢V |
0 - '°; : ’ Er;c-'gy(lvy

200 300 400 500 600 700 800
Wavelength (nm)

Chinese Chemical Letters 35 (2024) 109235

(b) (C_H.N)SbF,SO
576 2

Reflectance (%)

E =441¢V |

/
° ——r

2 5

3 :
Energy (eV)
T T
700 800

T T
200 300 400 500 600
Wavelength (nm)

(d)

- (C.H,N)SbF,SO,

P —

©
L

o
I
o

— KDP
(C.H,N)SHF SO,

©w
!

SHG Intensity (arb.)

SHG Intensity (a.u.) §

02 0.0004

00002 00000 000
Time (ms)
T

T T
40 80 . 12&_ 160 200
Particle Size (um

Fig. 2. (a, b) The UV-vis diffuse reflection spectra for I and II powder. (c) Experimental birefringence of I and II crystals. (d) The powder SHG measurement of compound IL

The insets show the SHG intensity for the compound II and KDP samples.
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Fig. 3. Comparisons of the birefringence of the reported compounds and most
other antimony-based optical crystals containing tetrahedra anions.

pound II belong to the vibration of pyridinium cation. The above
characteristic absorption peak findings are in agreement with the
compounds reported so far [6,43,47].

Figs. 2a and b show the UV-vis diffuse reflectance spectra of
two title compounds. The optical band gap of two compounds are
417 and 4.38 eV, respectively, with the UV cutoff edges of 297 and
283 nm, respectively, which is an indication that they may be op-
tical crystals in the short-wave UV range.

A ZEISS Axio A5 polarising microscope was used to measure
the birefringence of two title compounds (Fig. 2c). The mea-
surements of birefringence are 0.193@546nm and 0.179@546 nm
for I and II crystals, respectively. As shown in Fig. 3, when the
m-conjugated organic cations are used to replace conventional
alkali and alkaline earth metals, the cations are activated. Due to
the synergistic effect of 7-conjugated organic cations, Sb3+-based
polyhedra and [SO4]?~ anionic tetrahedra, compared to most other
antimony based optical crystals containing tetrahedral anions, the

birefringence of the titled compounds are significantly higher., e.g.,
CsSb(S04), (0.174@546 nm) [43], RbSb(S04), (0.171@546 nm) [43],
K,Sb(P,07)F (0.157@546 nm) [45], Sb(HPOs)F (0.149@546 nm)
[48], Sby04(SO4)(OH);; (0.147@1064nm) [42], NH4SbF,SO,
(0.138@1064 nm) [49], CsSbF,S04 (0.112@1064 nm) [6], RbSbCl,SO4
(0.11@1064nm) [46], Rb,SO4-(SbF3), (0.11@1064nm) [50],
RbSbF,S04 (0.1@1064 nm) [44], Rb,SO4-SbF; (0.09@1064 nm) [51],
NH4SbSO4Cl, (0.09@1064nm) [52], K;SO4-SbF; (0.08@1064 nm)
[51], NH4SbFPO4-H,O0 (0.08@1064nm) [53], K4Sb(SO4)5Cl
(0.066@546nm) [54], Sbg07(SO4), (0.052@546nm) [55],

To further illustrate the contribution of functional groups to
the birefringence in the compounds above, the detailed analysis of
the micromechanics is carried out. Because birefringence in crys-
tals arises from the efficient overlapping of the microscopic po-
larisation anisotropies of all birefringently active groups, that are
reflected in their spatial orientation and density. Herein, we have
obtained from theoretical calculations that two compounds both
are biaxial crystals (n; > ny > ny). This means that the greater
the number of birefringent functional groups acting on the optical
principal axis Z is, the larger birefringence it obtains. So, to inves-
tigate their contribution to birefringence, the relationship between
the YZ plane (bc plane for I, ab plane for 1I) and the orientation
of the lone pair electrons in Sb3* cations and the m-conjugated
organic cations planes is therefore important. The smaller the an-
gle between the direction of lone pairs and the YZ plane is, the
larger the contribution of the metal cations with SCALP to birefrin-
gence will be. As shown in Figs. 4a and c, the angles between the
lone pair electron of Sb3+ and YZ plane are 9.414° and 7.917°, sep-
arately. And the dihedral angles between the 7 -conjugated organic
cations and YZ plane are 7.834° and 16.105°, separately (Figs. 4b
and d). These results show that the organic m-conjugated cations
([C3H5Ny ]+ and [C5HgN]t), the inorganic [SbO,F,]3~ seesaw an-
ions contribute significantly to the optical properties of both exam-
ples of compounds. As shown in Table S6 (Supporting information),
we calculated the contribution of [SbO,F,]3~ anions, [C3H5N,|*
and [C5HgN]* cations to birefringence in a unit cell. The results
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also further confirm that the anionic and cationic synergistic strat-
egy makes the compounds display large birefringence.

The 1064 nm Q-switch laser based on the Kurtz—Perry method
was used for measuring the powder SHG intensities of compound
II. As shown in Fig. 2d. The SHG intensity gradually increased
as the particle sizes increase, demonstrating that the material is
phase-matchable (type I) in the short-wave UV and visible light
regions. And the material shows a large SHG effect that is approx-
imately 1.6 times greater than that of KDP.

To further investigate how structure relates to optical proper-
ties, both of them were calculated based on density functional the-
ory. The band gaps of both compounds were calculated at approxi-
mately 3.98 and 3.85eV, respectively, indicating that the calculated
values is lower than the measuring one (Fig. S7 in Supporting in-
formation).
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Within Kleinman symmetry limits, compound II has three in-
dependent SHG tensors (d;s, dp4, and ds3). The maximum of the
SHG tensor is 1.0 x 10~° esu@ 1064nm (1.165eV), which is in
line with our experimental value (Fig. S8 in Supporting infor-
mation). Both of the compounds belong to biaxial crystals by
revealing of the refractive index dispersion curves. The calcu-
lated birefringence (An) is about 0.198@546 nm and 0.180@546 nm,
respectively, that coincides well with the experimental one
(Figs. 5a and d).

The total and partial state densities (TDOS/PDOS) are calcu-
lated for two title compounds (Figs. 5b and e), which indicate
that in the range of —10eV to OeV, the main components are
consist of C-2p, N-2p, O-2p, F-2p, S-3p orbitals. The C-2p, N-2p,
Sb-5p orbitals make significant contribution to the range of 0eV
to 10eV. As is known to all, the optical properties of compound
are major from electron transitions near the forbidden band. Ob-
viously, the [C3H5N, ]+ groups, [CsHgN]t groups, the [SO4]%~ dis-
torted tetrahedral and the [SbO,F, |3~ seesaws are basically respon-
sible for the optical properties, which can also be verified by the
electron-density difference (EDD) maps (Figs. 5¢ and f), the asym-
metric electron clouds on Sb3* demonstrate that the lone electron
pairs are stereochemically active, moreover, the electron clouds on
[C3H5N, )" and [CsHgN]* m-conjugated cations generate large op-
tical anisotropy.

In summary, two novel organic-inorganic hybrid antimony-
based optical crystals, (C3HsN;)SbF,SO4 (I) and (C5HgN)SbF,SO4
(1), have been successfully synthesised by combining Sb3+ cation
containing SCALP and organic m-conjugated cations into the sul-
fate system by the ionothermal synthesis method. Via cation-anion
synergistic strategy, the birefringence of title compounds raise up
to 0.193 and 0.179@546 nm, respectively, and the UV absorption
edges of them approach 297 and 283 nm, respectively, that implies
both of I and II are favourable short wave UV birefringent crys-
tals. Interestingly, although they have the same stoichiometric ratio
and similar 1D chain structure, they exhibit opposite macroscopic
symmetry. And the NCS compound (CsHgN)SbF,SOy is type-I phase
matching with the SHG efficiency about 1.6 times that of KDP. This
work will provide effective research ideas and methods for high-
performance UV birefringent materials and nonlinear materials in
the future.
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