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non-wt-conjugated heteroanion groups+
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The research on nonlinear optical (NLO) crystals is mainly focused on two relatively separate systems,

n-conjugated or non-r-conjugated systems, respectively. In this work, we report a new NLO crystal NajpZn

(NO3)4(SO=S)4 combining inorganic n-conjugated [NOs] and non-z-conjugated heteroanion [S,0s] groups,

which was synthesized by the aqueous solution method. In the structure, the similar coexistence of planar tri-

angular anionic groups (r-conjugated) and heteroanion tetrahedra (non-x-conjugated) is rarely mentioned,

Received 14th October 2023,
Accepted 7th November 2023

DOI: 10.1039/d3qi02107f

rsc.li/frontiers-inorganic

Introduction

Nonlinear optical (NLO) crystals have emerged as the core
materials of all-solid-state lasers and are widely applied in
diverse areas such as high-resolution photoelectron spec-
troscopy, laser communication, laser prototyping and more.'
Over the past few decades, researchers have displayed persist-
ent research interest in exploring ultraviolet (UV) and deep-UV
NLO crystals that exhibit excellent comprehensive properties.
Generally, these properties including the second-harmonic
generation (SHG) effect, birefringence and band gap are
closely related to the structure of crystals.® Traditionally, in-
organic m-conjugated groups, such as [BO;],” [CO;],* and
[NO;],° have been the primary sources for designing and
synthesizing high-performance NLO crystals. Some examples
include  borates  (KBe,BO;F,,'®  Li,Sr(BO3),,""  and
Sr,Be,B,0, %), carbonates (Ca,Na;(CO;);F),"* and nitrates
(Ba,NO3(OH);).** These groups possess delocalized n-electron
structures, enabling NLO crystals to exhibit strong SHG effects
and birefringence.
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which provides a new approach for designing NLO crystals. Notably, this compound exhibits a phase-matching
second-harmonic generation (SHG) response 1.2 times that of KH,PO,. In addition, birefringence, absorption
edge and theoretical calculations are also reported in this article. This work provides a new designing route to
expand NLO systems via combining planar x-conjugated and non-z-conjugated heteroanion groups.

The inorganic non-t-conjugated groups (such as [SO,],"°
[PO,],*® and [Si0,]"") have received limited attention as NLO
materials due to their isotropic tetrahedral structure resulting
in compounds with relatively weak birefringence and SHG
effects. Until 2014, Ba;P;0,,Cl,> as a significant example, con-
firmed the superior UV transparency properties of NLO crystals
constructed with non-n-conjugated groups. This discovery has
triggered widespread attention and investigation into non-
n-conjugated systems. Subsequently, a series of phosphates,
including BasP¢Oy,'® Cs,LiP0O,,"**° and Ba,NaClP,0,,>" as
well as sulphates NH,NaLi,(SO,), >* and silicates RbgSi;o053,>
have been reported for deep-UV NLO crystals. Furthermore,
new crystals with significant potential in the field of nonlinear
optics have been successfully developed, such as K,Sb(P,0-)
F>  LiHgPO4,>  [Ag(NH;),l,80,,>°  CeF,80,%”  and
K,Mn;(S0,4);F,-4H,0.>® Recently, researchers have proposed
design strategies to improve the birefringence and NLO pro-
perties of non-n-conjugated systems.>® One of these strategies
involves the partial substitution of anions in tetrahedral units
to form heteroanion groups like BOF,_, (x =1, 2, 3),>° POF,_,
(x =1, 2, 3),*" SOF,_, (x =1, 2, 3),°* and SiO,Fs_, (x = 1, 2, 3,
4, 5).* Indeed, these non-n-conjugated heteroanion groups
result in large birefringence and NLO coefficients of com-
pounds like NH,B,OgF,** (NH,),PO;F,*"**
NaNH,PO;F-H,0,*?® C(NH,);SO;F*’ and so on. Recently,
several novel compounds with partial sulfur-substituted
groups have been discovered, such as NazPO;S,*® Na;oCd
(NO5)4(S038)4,*° (C(NH,);)S03S,*° and [C(NH,);],S,0s.** These
new partially substituted non-m-conjugated groups exhibit
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enhanced microscopic properties compared to normal oxygen
tetrahedral units (MO,, where M = B, P, S, Si, etc.).

Therefore, both n-conjugated and non-r-conjugated groups
have their own structural advantages and have the potential to
construct NLO crystals with excellent performance. However,
inorganic n-conjugated and non-r-conjugated systems were
considered as two relatively separate research subjects in pre-
vious studies. The research on NLO crystals combining both
inorganic n-conjugated and non-r-conjugated groups has been
relatively limited. Recently, Chen’s team proposed the
n-conjugated confinement principle, which states that separ-
ating the non-r-conjugated [PO,] groups successfully decreases
the m-conjugation interaction between [CO;] units, thereby
establishing a connection between n-conjugated and non-
n-conjugated groups. Under this guidance, we propose a
rational design strategy that combines n-conjugated and non-n
conjugated groups to obtain NLO crystals. Thus, we success-
fully synthesized Na;oZn(NO3)4(SO3S); (1) which combining
the z-conjugated [NO;] and non-r-conjugated heteroanion
[SO;S] groups. It exhibits a significant SHG effect 1.2 times
that of KDP and a short UV absorption edge of 240 nm. The
synthesis, elemental analysis, crystal structure, optical pro-
perties and theoretical calculations of this compound are also
reported in this work.

Experimental section
Reagents and synthesis

All the reagents including Na,S,0; (Tansoole, 99.0%) and Zn
(NO3),-6H,0 (Aladdin, 99.0%) are of analytical grade obtained
from commercial sources without further purification. In this
experiment, we obtained the crystals of 1 by a facile aqueous
solution method. A mixture of Na,S,0; (0.632 g, 4 mmol) and
Zn(NOj3),-6H,0 (0.297 g, 1 mmol) was dissolved in 10 ml de-
ionized water, and this solution needed heating and stirring
for about 30 min until it became clear. Then this solution was
allowed to evaporate slowly at room temperature. After several
days, colourless single crystals of 1 were obtained.

Single crystal X-ray diffraction

A transparent crystal of compound 1, measuring 0.08 X 0.03 X
0.03 mm?®, was carefully chosen under an optical microscope
for single-crystal X-ray diffraction (XRD) analysis. The diffrac-
tion data were acquired at a temperature of 293(2) K using
graphite-monochromatized Cu Ka radiation (4 = 1.54178 A) on
a Rigaku XtaLAB Synergy diffractometer equipped with a HyPix
detector. The crystal structure of 1 was successfully determined
using the OLEX2** program. The comprehensive details
regarding the crystallographic data and the results of the struc-
tural refinement for compound 1 can be found in Table S1.f
In addition, Tables S2-S5+ present the atomic coordinates and
corresponding equivalent isotropic displacement parameters,
selected bond lengths and angles, as well as the anisotropic
displacement parameters (A* x 10%) for compound 1.
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Powder X-ray diffraction

Powder X-ray diffraction (PXRD) measurements were per-
formed for pure materials using a Miniflex600 powder X-ray
diffractometer equipped with Cu Ka radiation (1 = 1.5418 A).
The diffraction angle was scanned within the range of 5° to
75° with a step width of 0.02°. As depicted in Fig. 1, the experi-
mental X-ray powder patterns of 1 exhibit a high degree of
agreement with the values simulated from single-crystal XRD
analysis, confirming the purity of 1.

Elemental analysis

For the elemental analysis of compound 1, a semiquantitative
microprobe was employed in conjunction with a field emission
scanning electron microscope (FESEM, SU-80100) that was
equipped with an energy dispersive X-ray spectroscope. The
energy dispersive spectra were obtained by carefully selecting
clean surfaces of the sample for measurement. The presence
of Na, Zn, N, O, and S elements of compound 1 was effectively
confirmed by energy dispersive X-ray spectra (EDS), as depicted
in Fig. S1.7 Furthermore, the EDS mapping presented in Fig. 2
illustrates the spatial distribution of these elements.
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Fig. 1 Experimental and calculated XRD patterns of 1.

Fig. 2 EDS mapping of sodium (purple), zinc (blue), nitrogen (red),
oxygen (green) and sulfur (yellow) on the 1 crystal (top left). The scale
bar is 100 pm.

This journal is © the Partner Organisations 2024
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UV-vis-NIR diffuse reflectance spectroscopy

A PerkinElmer Lambda-950 UV/vis/NIR spectrophotometer was
used to obtain UV-vis-near-infrared (NIR) diffuse reflection
data. The measurements were performed at room temperature
within a scan range of 200-800 nm. During the measurement
process, BaSO, powder was used as the standard with 100%
reflectance. The recorded data provide information on the
diffuse reflection properties of the sample across the specified
wavelength range.

SHG measurements

The investigation of the polycrystalline SHG signals of sample
performed using the Kurtz-Perry method.*
Measurements were conducted using a Q-switched Nd:YAG
solid-state laser with a fundamental wavelength of 1064 nm.
The crystals 1 were ground and screened into different particle
size ranges, namely 45-53 pm, 53-75 pm, 75-105 pm,
105-150 pm, 150-210 pm, and 210-300 pm. Similarly, KH,PO,
(KDP) crystals were also processed following the same pro-
cedures as that for a reference material. Subsequently, both
the samples were placed inside a black box and exposed to
pulsed laser irradiation with a wavelength of 1064 nm, allow-
ing further analysis.

1 was

Birefringence measurements

To measure the birefringence of the crystal, the interference
colour method was employed using a polarizing microscope
(ZEISS Axio Scope.Al) equipped with a Berek compensator at a
wavelength of 550 nm. The birefringence index (An) was calcu-
lated using the formula R = An x d, where R represents the
optical path difference obtained using the polarizing micro-
scope, and d represents the crystal thickness measured using
the same microscope.

Theoretical calculations

Theoretical calculations based on density functional theory
(DFT)*** were performed using the CASTEP package. The
exchange-correlation energy was described using the func-
tional developed by Perdew-Burke-Ernzerhof within the gener-
alized gradient approximation (GGA) form. A plane wave cut-
off energy of 800 eV was set as the basic cut-off energy. For the
numerical integration of the Brillouin zone, the Monkhorst-
Pack scheme with a grid density of 3 x 3 x 1 at the k-point was
employed for sample 1.

Results and discussion
Crystal structure

Compound 1 crystallizes in a non-centrosymmetric tetragonal
space group of P4 (no. 81) with unit cell parameters of a =
11.279(2), b = 11.279(2), ¢ = 5.392(2) A, @ = f =y = 90°, and Z =
1. The unit cell contains one Zn atom, one N atom, two S
atoms, three Na atoms and six O atoms. As shown in Fig. 3a,
each N atom coordinates with three O atoms to form a
n-conjugated [NO;] group. The distance of the N-O bond
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Fig. 3 (a) n-Conjugated [NOs] group. (b) Non-n-conjugated heteroa-
nion [SO3S] group; (c) the crystal structure of 1 viewed along the c axis.

ranges from 1.248(3) to 1.253(3) A. Two sulfur atoms are
present in different oxidation states: —2 and +6, respectively.
Each S°' atom, serving as the central atom in a tetrahedron,
coordinates with three oxygen atoms and one S atom to
form a non-r-conjugated heteroanion [SO;S] group (Fig. 3b).
Meanwhile, the S~ atom forms an S=S double bond with a
bond length of 2.027(7) A. Based on the 4 symmetry operation,
four heteroanion [SO;S] groups further connect with the
central Zn atom which is located at the face-centered (the
center of the ab plane) position of the unit cell through their
S>~ atoms, forming an isolated Zn(SO5S), moiety (Fig. 3c). The
n-conjugated [NO;] groups dispersed between each [SO;S]
moiety through four-fold rotational reflection symmetry oper-
ations. Meanwhile, the Na* cation serves as a charge-balancing
cation filled in gaps. To further identify the S=S bond in 1,
the Raman spectrum is shown in Fig. S2.f The peak at
476 cm™' presents the symmetrical stretching mode of the
S=S bond.*® In addition, for the growth of large-sized single
crystals, we made preliminary attempts and provided a photo-
graph of the crystal (refer to Fig. S37).

UV-vis-NIR diffuse reflectance spectra

As illustrated in Fig. 4, the UV-vis-NIR diffuse reflection spec-
trum of 1 shows that its reflectance is about 10% at a wave-
length of 240 nm. Based on Kubelka-Munk function,”” the
reflectance can be used to calculate the experimental energy
gap. By applying this approach, the experimental energy gap of
1 was deduced to be 4.02 eV, thus indicating its potential
applications in the UV spectral range.

NLO properties

The powder SHG response of crystal 1 was measured under
1064 nm laser irradiation using the Kurtz-Perry method,** and
KDP crystals used as a reference. As indicated in Fig. 5a, the
SHG intensity will increase simultaneously with the increasing
particle size until it reaches a stable value, which suggests that
compound 1 is phase matchable. Specifically, with the particle
size of the powder in the range of 210-300 pm, the intensity of
the SHG signal for compound 1 is approximately 1.2 times
that of the KDP (Fig. 5b). The SHG effect of 1 was superior to
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Fig. 4 UV-visible-NIR diffuse reflectance spectrum of 1.
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Fig. 5 (a) SHG intensity vs. particle sizes at 4 = 1064 nm for 1. (b) SHG
signals of 1 as compared with the KDP reference.

those of some sulphates such as Cs,Zn,(S0,); (0.15 x KDP),"
Cs,Ca,(S0,); (0.6 x KDP),*® K,Zn;(SO4)(HSO,),F, (0.3 x KDP),>°
(NH,4),Na;Lig(SO,); (0.5 x KDP),>* KTb(SO,), (0.3 x KDP),”" and
LigNaRb3(SO,)¢-2H,0 (0.3 x KDP).>”> In addition, compared to
other NLO materials containing inorganic n-conjugated and
non-r-conjugated groups, compound 1 exhibits comparable or
even better SHG effects. Examples of such compounds include
Bay(BO;);5(Si04)Cl'BazgX (X = Cl, Br) (1 x KDP),Y
BasCay(BO;);(Si04)Cl (0.6 x KDP),>® (NH4),B;SO;, (1.1 X
KDP)** and so on. Therefore, we can draw a conclusion that
compound 1 exhibits a significant SHG effect. It is worth
noting that such NLO crystals combining inorganic
n-conjugated and non-n-conjugated groups are still in their
infancy; there is much unexplored space, indicating the need
for further research in this field.

Birefringence

The experimental birefringence of crystal 1 was determined by
the method of detecting interference colours under a polariz-
ing microscope. It was observed that crystal 1 exhibited inter-
ference effects under linearly polarized light (refer to Fig. 6a).
Subsequently, by inserting a compensator and adjusting
appropriately, complete compensation of the phase difference
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Fig. 6 (a) Single crystal of 1 under the polarizing microscope. (b)
Crystal achieves complete extinction under the Beret compensator.
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Fig. 7 Calculated refractive index and birefringence of 1.

of light is achieved, resulting in the complete extinction of
interference effects. In this case, crystal 1 achieved complete
extinction, appearing black, which indicates its birefringent
properties. Additionally, the optical path difference of the
crystal was 306.3 nm according to the reading of the compen-
sator. Using the polarizing microscope, further measurements
determined that the thickness of crystal 1 is 23.02 pm
(Fig. S51). By plugging the above numerical value into the
formula, the birefringence of crystal 1 is determined to be
approximately 0.013 at a wavelength of 550 nm.

In addition, the birefringence of crystal 1 at a wavelength of
550 nm, calculated using the first-principles method, is deter-
mined to be 0.017 (see Fig. 7). The consistency between the
theoretical value and the experimental measurement indicates
that the birefringence we obtained is reliable.

Theoretical calculations

To further gain a comprehensive understanding of the
relationship between the structures and properties, we carried
out theoretical calculations based on density functional
theory. The electronic band structure analysis suggests that 1
has an indirect band gap of 2.59 eV (Fig. 8a), which is consist-
ent with the experimental result based on the single crystal

This journal is © the Partner Organisations 2024
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Fig. 8 (a) Electronic band structure of 1. (b) DOS and partial DOS of 1.

sample. In the investigation of the optical properties of
materials, the focus is on analysing electron transitions that
occur between the top of the valence band and the bottom of
the conduction band. Therefore, Fig. 8b depicts the total
density of states (DOS) and the partial DOS of 1, providing a
visual representation of the distribution of electronic states for
that specific element. At the top of the valence band, ranging
from —5 to 0 eV, it is primarily occupied by S 3p (especially for
$*7) and O 2p orbitals, where the S 3p orbitals originate from
the non-r-conjugated [SO;S] groups. Conversely, the bottom of
the conduction band is predominantly composed of N 2p and
O 2p orbitals, where the N 2p orbitals originate from the
n-conjugated [NO;] groups. It can be concluded that these
optical properties of 1 are mainly determined by the
n-conjugated [NOj;] groups and the non-n-conjugated heteroa-
nionic [SO;S] groups, and the contribution of Na and Zn
cations can be neglected. It is necessary to point out that com-
bining non-r-conjugated  heteroanionic  groups  with
n-conjugated groups is an effective strategy for obtaining com-
pounds with excellent optical properties and its potential
needs further exploration.

Conclusions

In conclusion, we successfully synthesized a NLO crystal
Na,;,Zn(NO3)4(SO;3S), via a facile water solution method. The
single crystal structure analysis confirmed the presence of
n-conjugated [NO;z] groups and non-n-conjugated [SO;S]
groups in this material, as further confirmed through EDS and
Raman measurements. Experimental and calculation results
demonstrate its excellent optical properties, including diffuse
reflectance, SHG and birefringence. It is particularly note-
worthy that this compound exhibits a significant SHG
response, 1.2 times that of KDP. Theoretical calculations indi-
cate that the synergistic interaction between the n-conjugated
[NO;] groups and the non-n-conjugated heteroanionic [SO;S]
groups makes the primary contribution. This finding provides
new possibilities for designing novel NLO materials by com-
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bining different conjugated groups such as n-conjugated and
non-n-conjugated heteroanionic groups.
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