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Introduction

A strongly birefringent sulfate crystal with
a wide second-harmonic generation
phase-matching range

Zhiyong Bai,* Shanshan Chen,® Xu Chen,” Yong Wang,® Xinwei Zhou,**
Yipeng Song,*® Yangiang Li,° Sangen Zhao (2 *° and Junhua Luo () **¢

Birefringence is pivotal for the improvement of the conversion efficiency of nonlinear optical (NLO)
materials via phase matching (PM). The engineering of proper birefringence for short-wavelength
ultraviolet (UV) NLO crystals, particularly for those based on homoleptic tetrahedral moieties, such as
sulfates, remains challenging, mainly because of the conflicting correlation of energy bandgap and
birefringence. We herein synthesized a short-wavelength UV NLO sulfate, Li,SO4 CoHsNO, (LSG),
composed of homoleptic [SO4]%~ tetrahedra and m-conjugated zwitterionic glycine. To our surprise, both
experimental and theoretical studies indicate that LSG is strongly birefringent, with an experimental
birefringence of 0.144 at 550 nm. Benefiting from its satisfactory birefringence, LSG exhibited desirable PM
behavior in the UV regime with a type-I PM wavelength of 262 nm. Powder second harmonic generation
(SHG) measurements revealed that LSG can achieve PM under 1064 and 532 nm with an efficiency that is
0.7 and 0.3 times that of KDP and B-BBO, respectively, underscoring its potential application in generating
UV laser by a direct SHG process. LSG simultaneously maintained a wide UV transparency window, with
an optical bandgap of 5.20 eV and a short UV cutoff edge of 220 nm, as well as high thermal stability that
is comparable to benchmark KDP. Structure-performance relationship investigation clearly indicated that
the n-conjugated glycine component is mainly responsible for these crucial properties.

as well as other physical and chemical properties. Benefiting
from the wide UV transmission window, in recent years, sulfate
crystals, such as NH,NaLi,(SO,),, (NH,4),NazLio(SO,);, LigNas-

Nonlinear optical (NLO) materials are of great importance in
laser science and technology as they can expand the wavelength
range of common laser sources by a frequency conversion
process, such as second-harmonic generation (SHG)."® Over
the past decades, the search for short-wavelength UV NLO
crystals has largely focused on m-conjugated borates, with the
widely applicable B-BBO (B-BaB,0,), LBO (LiB;0;s), and CLBO
(CsLiBgO;,) as outstanding representatives.” " Nevertheless, the
exploration of new candidates is still of intense interest as some
drawbacks exist for these commercially applicable materials.'* "

It is well known that promising short-wavelength UV NLO
materials should satisfy a few tough performance require-
ments, including a broad UV transmission window, suitable
birefringence for phase-matching, relatively large SHG effects
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Rb,(SO,),, LiRb,[B(SO,),], LiNH,SO,, and LaNH,(SO,),, have
attracted increasing attention as short-wavelength UV NLO
crystals.>>* However, analogous to phosphates, the broad
applicability of sulfate crystals can be hindered by their low
birefringence arising from homoleptic [SO,]*~ tetrahedra with
weak anisotropy. Three main approaches have been developed
to enhance the birefringence of sulfate crystals.

(1) The first route involves the introduction of cations that
are prone to forming highly distorted polyhedra, such as Sb*",
Bi**, Hg**, Zr"", and Hf*". The implementation of this strategy
has led to the discovery of a number of optical sulfate crystals
with a notable rise in birefringence, such as CsSbF,S0,,*°
A,;Bi,(S0,),Cl; (A = K, Rb, and NH,),*" HgS0,4,** Hg;0,50,,%
MF,S0, (M = Ce, Zr, and Hf),>**> and Hg,(Te,05)(S0,).*°

(2) The second route involves the development of new
heteroleptic tetrahedra groups, such as [SO;F]~, [NH,SO;] ™, and
[CH;3S05] ", by chemically tailoring homoleptic [SO,]*". The partial
replacement of the O atom in [SO,*~ by F, NH,, and CH; with
different chemical properties allows for the enhancement of
polarizability anisotropy and thus results in birefringence gain.
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Resultant optical materials include fluoroxosulfates,*” M(NH,SO;),
(M = Ba and S1),*® Cs,Mg(NH,S03),-4H,0,* Ba(CH;S03),,*® among
others.

(3) Incorporating planar m-conjugated units is also an effective
way. A huge discrepancy in polarizability can occur along the
direction parallel and perpendicular to the plane of the planar
n-conjugated groups, which is quite beneficial for birefringence
enhancement, as exemplified by the recently discovered (NH,),-
B,SO;,"" and K(3-CsH,NSO;).*> Moreover, the richness and diver-
sity of m-conjugated groups (especially the organic ones) endow
this approach with great potential in tuning the birefringence of
sulfate crystals. Compared to the first two routes, applying this
strategy to develop short-wavelength UV NLO sulfates is the least
explored. The challenges probably come from achieving a balance
between broad UV transmission and sufficient birefringence. Our
previous studies have revealed that the simplest amino acid,
glycine, might be a good choice for realizing such a balance, which
is attributable to the following merits.** Firstly, the presence of
the m-conjugated carboxyl in glycine favors the enhancement of
the birefringence. Secondly, glycine-based compounds are UV-
transparent and have a strong affinity to form co-crystals with
inorganic compounds. With these considerations in mind, we
successfully synthesized the co-crystal compound of Li,SO, and
glycine, namely Li,SO,-C,HsNO, (LSG). Although an earlier
report™ mentioned that this compound is NLO-active, its birefrin-
gence and phase-matchability performances, which are important
indicators that can determine whether the crystal can be practically
applicable, are still unknown. In this study, both theoretical and
experimental tools have been applied to study its birefringence,
PM behavior, phase-matchable SHG, UV transmission, and struc-
ture-property relationship. Our results have shown that LSG is
strongly birefringent, with a large birefringence value of
0.144@550 nm. Notably, the birefringence of LSG is much higher
than that of pure sulfate crystals; for example, its birefringence is
ca. 36 times that of the Li,SO, crystal, highlighting the neglected
role of glycine in birefringence properties. It maintained a broad
transmission window at the UV side, including a wide energy band
gap of 5.20 eV and a short UV cut-off edge of 220 nm. Moreover,
the powder SHG test indicated that it is phase-matchable under
both 1064 and 532 nm light, underscoring its potential for
generating a UV laser by a direct SHG process.

Experimental section
Synthesis of LSG

The raw materials glycine (99%, Adamas) and Li,SO, (99%, Alad-
din) were used as received. The stoichiometric glycine and Li,SO,
were dissolved in deionized water. After stirring and heating for
30 minutes, a clear solution was obtained. The obtained solution
was evaporated at a constant temperature of 318 K. Colorless,
centimeter-sized single crystals were formed in a few days.

Powder X-ray diffraction (PXRD)

The PXRD test was carried out at room temperature on a Rigaku
MiniFlex 600 diffractometer equipped with Cu Ka radiation
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(/. = 1.5406 A). The 20 range was 10-60° with a scan step width
of 0.02° and a fixed counting time of 5 s per step.

Single-crystal structure determination

The single crystal X-ray diffraction data were collected on a Bruker
APEX-III CCD diffractometer equipped with Mo Ka radiation (1 =
0.71073 [i). Data reduction, cell refinement, and absorption correc-
tions were conducted using the program APEX4. The structure was
solved by the intrinsic phasing method and refined on F> by full-
matrix least-squares techniques using the program Olex2 supple-
mented by the SHELXT and SHELXL.*>™* The structure was
checked using the program PLATON,*® and no higher symmetry
was found. Crystal data and structure refinement are given in
Table S1. Atomic coordinates, isotropic displacement parameters,
bond lengths/angles, and hydrogen bonds are listed in Tables S2-S5.

Ultraviolet-visible (UV-vis) spectroscopy

The UV-vis reflectance spectrum was collected on a Lambda-950
UV/Vis/NIR spectrophotometer in the wavelength range of 200-
900 nm. In order to determine the band gap, the diffuse
reflectance spectral data were subsequently converted to the
function of reflectance using the Kubelka-Munk function:*°

F(R)= (1 — RP’/2R=KIS

where R denotes the reflectance, K the absorption coefficient,
and S the scattering factor. In the F(R) versus E (eV) plot,
extrapolating the linear part of the rising curve to zero provides
the onset of the absorption.

The UV-vis transmittance spectrum was recorded on a
Lambda-950 UV/Vis/NIR spectrophotometer in the wavelength
range of 200-800 nm. The single crystal of LSG was hand-
polished before measurement.

Thermal stability

The thermal stability was investigated by differential thermal
analysis (DTA) on a simultaneous NETZSCH STA 449C thermal
analyzer in an atmosphere of flowing N,. About 6 mg of LSG
powder was loaded into an Al,O; crucible, heated at a rate of
10 K min~" from room temperature to 1273 K.

Birefringence measurement

The birefringence of LSG was determined on a NIKON ECLIPSE
LV100N POL polarizing microscope equipped with a Berek com-
pensator. The average wavelength of the light source was 550 nm.
The formula for calculating the birefringence is given below:

R=|Ng — Np| xd=An xd

Here, R represents the retardance; Ny, N,,, and An stand for the
refractive index of fast light, slow light, and the birefringence,
respectively, and d is the thickness of the crystal.

Computation method

The electronic structures and optical properties were per-
formed using a plane-wave basis set and pseudo-potentials
within density functional theory (DFT) implemented in the
total-energy code CASTEP.>® For the exchange and correlation

This journal is © The Royal Society of Chemistry 2025
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function, Perdew-Burke-Ernzerhof in the generalized gradient
approximation was chosen.® The interactions between the ionic
cores and the electrons were described by the norm-conserving
pseudopotential.>® The following valence-electron configurations
were considered in the computation: Li-1s’2s", $-3s?3p?, C-2s*2p?,
N-2s’2p°, 0-2s’2p*, and H-1s'. The number of plane waves
included in the basis sets was determined by a cutoff energy of
750 eV. The numerical integration of the Brillouin zone was
performed using a Monkhorst-Pack k-point mesh of 2 x 7 x 4.
The other parameters and convergent criteria kept the default
values of the CASTEP code. The polarizability anisotropy of the
mentioned groups was calculated using the DFT method imple-
mented by the Gaussian09w package at the RB3LYP/6-31G level.”
The models were optimized before calculation.

Results and discussion
Synthesis and characterization

LSG was synthesized from an aqueous solution containing
stoichiometric Li,SO, and C,HsNO, (Fig. 1a). Colorless block-
shaped single crystals of LSG were harvested by evaporating the
solution at 45 °C over a few days (Fig. S1). Powder X-ray
diffraction (PXRD) confirmed the phase purity (Fig. S2). After
exposure in air for 3 months, LSG still showed PXRD patterns
identical to the fresh samples, indicating that it is stable in air

a Raw materials
Li,SO, + C,H5NO,

b 7504
= Prs

Fig. 1

Co-crystallization
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and non-hygroscopic (Fig. S2). The TG analysis revealed that
LSG is thermally stable up to 566 K; above this temperature, it
decomposes by releasing the organic glycine (Fig. S3). Note that
the thermal stability of LSG is comparable to that of KDP (525 K),
and much higher than that of the well-known semi-organic NLO
material LAP (385 K),>* as well as newly discovered (CsH¢ON)"
(H,PO,)~ (439 K),>® [C(NH,);]o[B;OsF4(OH)] (418 K),>* and
C(NHS,)3SO;F (435 K),™ etc. In the structure, the carboxyl groups
in glycine are tightly bonded to the Li atom by forming Li-O
bonds (see the crystal structure section), which is probably
responsible for the high thermal stability of LSG.

Crystal structure

LSG crystallizes in the non-centrosymmetric polar Pna2, space
group with the orthorhombic lattice constants a = 16.3528(8) A, b =
4.9908(2) A, ¢ = 7.6292(4) A, V = 622.65(5) A,* and Z = 4 (Table S1).
The asymmetric unit consists of one unique S, two Li, four O
atoms, and a complete C,HsNO, molecule. The S atom is sur-
rounded by four O atoms, forming [SO4J*~ tetrahedra with S-O
bond lengths ranging from 1.4638(19) to 1.4870(3) A and O-S-O
bond angles in the range of 108.22(18)-110.90(11) (Fig. 1d). Both
Li(1) and Li(2) atoms are 4-coordinated to yield [LiO,]”" tetrahedra.
The Li-O bond distances and O-Li-O bond angles vary from
1.8720(7) to 1.9720(8) A and 105.2(4)° to 113.8(3)°, respectively.
C,H;sNO, is zwitterionic. LSG adopts a layered structure with the

(a) LSG was synthesized through the co-crystallization of stoichiometric Li,SO4 and C,HsNO, in aqueous solution. (b) The layered structure of

LSG. (c) The [Li;SO4(C,HsNO,)] single layer. (d) The arrangement of C,HsNO,.

This journal is © The Royal Society of Chemistry 2025
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2D layers stacked along the g-axis and strengthened by hydrogen
bonding (Fig. 1b and Table S7). The single layer [Li,SO,(C,HsNO,)]
is built up by alternatively connected [Li(SO,);(C,H5NO,)] clusters
composed of one [LiO,]’", three [SO,*~ and one C,H;NO, mole-
cule by corner-sharing (Fig. 1c). There are two groups of C,H;NO,
molecules, and they exhibit a dihedral angle of y = 53.65° (Fig. 1d).

Optical transparency

The UV-Vis diffuse reflectance spectrum was obtained based on
LSG powders (Fig. 2a). The results show that LSG has a short
absorption edge of 210 nm, indicating that LSG is UV trans-
parent. The value corresponds to the optical band gap (E,)
5.20 eV, determined from the Kubelka—-Munk function. To
obtain an accurate transmittance cut-off edge (Acutofr) at the
UV side, the UV-visible transmittance spectrum was further
recorded using a hand-polished crystal wafer (Fig. 2b and inset).
LSG showed high transmittance from 250 to 800 nm, and Acycofr
was determined to be 220 nm.

NLO measurements

The SHG capability of LSG was examined by the Kurtz-Perry
method with incident laser wavelengths of 1064 and 532 nm.
The standard NLO crystals KDP and B-BBO were used for
comparison. As displayed in Fig. 2c and d, the SHG intensity
of LSG under both 1064 nm and 532 nm light increased with
increasing grain sizes before they attained the maximum,
independent of the particle size, which indicates that LSG is
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phase-matchable under both 1064 nm and 532 nm light. The
SHG efficiencies of LSG were 0.7 x KDP and 0.3 x B-BBO at
their respective largest particle sizes. Such a powder SHG
efficiency is comparable to a few NLO sulfates, such as
BeSO,4-4H,0 (0.6 x KDP), (NH,),Na;Lis(SO,4), (0.5 x KDP),>®
NH,NaLiy(SO4), (1 x KDP),>® Li,oCs;1(SO4), (0.8x KDP),>°
LiNH,(SOy4), (0.85 x KDP),*® LiRb,[B(SO,),] (1 x KDP),*® and
(NH,4),B4SO;, (1.1 x KDP and 0.15 x B-BBO).*' The second-
order NLO coefficients d;; of LSG were calculated based on the
density functional theory (DFT) method. Considering the
restriction of the Pna2, space group (point class: mm2) and
Kleinman’s symmetry, LSG exhibits three non-vanishing inde-
pendent SHG tensors, d;s = d; = —0.024 pm V', dp, = d3, =
0.293 pm V!, and ds; = —0.310 pm V_'. Among these, d,, and
ds3 (absolute value) are approximately 0.8 times that of dse =
0.39 pm V! of standard KDP, which is in accordance with the
experimental results.

Birefringence and phase-matching properties

The powder SHG examination revealed that LSG is phase-
matchable at 532 nm, which suggests that it probably has
enhanced birefringence. We first conducted polarization-
resolved optical microscopy (PROM) to qualitatively study the
optical anisotropy of LSG. As shown in Fig. 3, the single crystal
of LSG showed an interference color (purple in this case) under
cross-polarization light, which periodically changed from the
brightest to darkest with every single rotation angle of 45°,
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Fig. 2 The optical transparency and SHG response of LSG. (a) UV-vis diffuse reflectance spectrum (inset: optical bandgap determined from the
Kubelka—Munk function). (b) UV-vis transmittance spectrum based on a hand-polished single crystal (inset: the crystal image used for data collection).
The particle-size-dependent powder SHG response of LSG measured at (c) 1064 nm and (d) 532 nm.
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Fig. 3 Transmission polarization-resolved optical images of the LSG single crystal under cross-polarized light, varying with the rotation angle. The scale

bar applies to all images.

indicating that LSG is optically anisotropic, i.e., birefringent.
The quantitative determination of the birefringence value of
LSG was based on a polarizing microscope equipped with the
Berek compensator, which has been widely applied to study the
birefringence property of many compounds.’’*° A naturally
developed single crystal wafer showing a pink interference
color under cross-polarized light was first selected (Fig. 4a).
By adjusting the Berek compensator, the pink color changed to
dark, indicating that the crystal achieved complete extinction
(Fig. 4b). The final retardation (R) was 2.115 um, and the thickness
(d) of the crystal sample was measured to be 68.6 um (Fig. 4c).
Based on the equation An = R/d, the birefringence (or refractive
difference) of this sample was determined to be 0.031@550 nm.
The single-crystal XRD indicated that the tested crystal plane is
(001) (Fig. 4d). The theoretically calculated refractive index dis-
persion curves from the DFT method (Fig. 4e) showed that A7)
plane (cal.) is 0.023 at 550 nm, which is very close to the experi-
mental value. As suggested by Fig. 4e, the maximal An of LSG
occurs on the (010) plane with a calculated value of 0.128 at
550 nm. Since it is hard to find a natural (010) plane (the crystals
commonly develop as (001) plane, Fig. S4), some fragments were
obtained by squashing the (001)-oriented single crystals. We then
selected very small fragments with good interference colors to
further determine the birefringence (Fig. S5). By doing so,
birefringence values of 0.060 and 0.144 at 550 nm were
observed. Notably, the latter is very close to the calculated

This journal is © The Royal Society of Chemistry 2025

Ango10)plane (cal.) = 0.128 at 550 nm. According to these results,
LSG exhibits a birefringence of no less than 0.144 at 550 nm. The
large birefringence is favorable to trigger a short phase-matching
(PM) wavelength. As shown in Fig. 4f, the shortest type I PM
wavelength (Apy) of LSG was estimated to be 262 nm, which also
further verified the experimental powder SHG results measured at
532 nm mentioned earlier.

Fig. 4g presents the birefringence comparison of alkaline
metal (ammonium) sulfates A,SO, and LSG. The birefringence
of LSG is much higher than that of A,SO,, and there is a 36-fold
enhancement compared to that of Li,SO,4, highlighting the
important role of glycine in improving the birefringence of
LSG. For achieving the fourth-harmonic generation of the Nd:
YAG laser emitting 1064 nm coherent light, in addition to
meeting the sufficiently large birefringence (commonly An >
0.05), a wide UV transparency with a cut-off edge (Acutofr)
shorter than 266 nm is also inevitably needed. We investigated
the An and Acueofe properties of UV-transparent NLO sulfates,
and the sulfates satisfying the criteria of An > 0.05 are
summarized in Fig. 4h; a few sulfates can simultaneously
satisfy the two strict conditions. Among them, only CsSbF,SO,
and A,B,;SO;, (A = NH,, K, Rb, and Cs) were reported to be
phase-matchable at 532 nm.?*®*»° 1t should be further noted
that LSG exhibits key properties that compete with those of
known UV NLO crystals (Fig. 4i and Table S8). Its birefringence
(An = 0.144@550 nm) is comparable to that of B-BBO

J. Mater. Chem. C
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Fig. 4 The birefringence-related properties of LSG. (a) The original interference color of the selected LSG single crystal under cross-polarized light. (b)
The complete extinction of the LSG single crystal achieved by the Berek compensator, which gives the retardation (R) values. (c) The thickness of the
crystal sample. (d) The crystal plane determination by SCXRD. Birefringence could be determined by the equation An = R/d. (e) The calculated refractive
index chromatic dispersion curves. (f) The estimated type-| phase-matching limit (1pm) based on calculated refractive indices. (g) The birefringence
comparison between LSG and A,SOy4 (A = Li, K, Rb, Cs, and NH,). (h) The investigation of An and Acut-ofs Of UV-transparent NLO sulfates. Note that a few
NLO sulfates are not included since their An or Ao data are not available. (i) Comparison of birefringence (An) and the shortest PM wavelength (1ppm) of

the known UV NLO crystal and LSG.

(An = 0.122@546 nm) and is larger than those of LBO (An =
0.0424@550 nm), CBO (CsB30s, An = 0.0608@546 nm), and
CLBO (An = 0.0526@532 nm). Additionally, due to the sulffi-
ciently large birefringence, its shortest PM wavelength (Apy =
262 nm) is shorter than those of LBO (/py = 277 nm) and CBO
(pm = 273 nm). These results indicate that LSG has the
potential to generate a short-wavelength UV coherent laser
(e.g., 266 nm) by a direct SHG process.

Structure-property relationship

To understand the underlying mechanism of the birefringence
enhancement of LSG, we first examined the microscopic polar-
izability anisotropy (0) of C,HsNO, and compared the results
with other groups. As illustrated in Fig. S6, the non-m-
conjugated [SO,]*~ and [PO,]>~ with ideal geometry exhibited
0 = 0 a.u. while the C,H;NO, molecule exhibited é up to
19.1 a.u., which is higher than that of n-conjugated [BO;]*~

J. Mater. Chem. C

(6 = 7.1 a.u.) and comparable to those of [CO;]*~ (6 = 12.8 a.u.)
and [NO;3]™ (6 = 18.4 a.u.). This strongly suggests that the
compounds consisting of C,H;NO, have great potential to
exhibit large birefringence. The birefringence of LSG (An =
0.144 at 550 nm) is comparable to that of several borates, such
as NH,B,OF (An = 0.1171 at 1064 nm), Ca(BO,), (An = 0.1230-
0.1735 at 1529-253 nm), and Li,Na,B,05 (0.095 at 532 nm),
carbonates NaZnCO;(OH) (An = 0.114 at 1064 nm) and LiZn-
CO;3(0OH) (An = 0.147 at 1064 nm), as well as the nitrate
La(OH),NO; (An = 0.146 at 589.6 nm), among others. To gain
deep insight into the relationship between electronic character-
istics and optical properties of LSG, first-principles calculations
based on the DFT method were conducted. The electronic band
structure diagram revealed a band gap of 5.25 eV for LSG
(Fig. 5a). The partial density of states (PDOS) plots (Fig. 5b)
showed that the top of the valence band (approximately —4 to
0 eV) is mainly composed of O-2p, C-2p, H-1s states, while the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Theoretical calculations for LSG. (a) Band structure and (b) density of states (DOS). (c) The highest occupied molecular orbitals (HOMO) and (d)
lowest unoccupied molecular orbitals (LUMO) of LSG. Purple, yellow, red, pale green, grey, and white represent Li, S, O, N, C, and H atoms, respectively.

bottom of the conduction band (approximately 5.25 to 8 eV) is
dominated by C-2p with small amounts of O-2p, Li-2s and 2p
orbitals. Fig. 5 shows diagrams of the highest occupied mole-
cular orbitals (HOMO) and lowest unoccupied molecular orbi-
tals (LUMO) of the cell unit of LSG. The HOMO is mainly
composed of occupied O-2p states from C,HsNO,, as well as
[SO,*~, while the LUMO is dominated by unoccupied O-2p and
C-2p states from C,Hs;NO,, suggesting that the electronic
activities of O and C atoms from C,HsNO, are crucial for the
optical properties exhibited by LSG. Overall, these results
indicate that the birefringence enhancement exhibited by LSG
is strongly related to the constituent C,HsNO,.

Conclusions

In conclusion, enhanced birefringence and extraordinary SHG
PM capability have been achieved in a lithium sulfate glycine
cocrystal, LSG. The material exhibits a large birefringence value
of 0.144@550 nm and a wide UV transparency window with a
short Acyrofr Of 220 nm. Remarkably, LSG has a short Apy =
262 nm. Powder SHG measurements revealed that LSG is

This journal is © The Royal Society of Chemistry 2025

phase-matchable under both 1064 nm and 532 nm with SHG
efficiencies of 0.7 x KDP, and 0.3 x B-BBO, respectively. More-
over, LSG can be thermally stable up to 566 K, which is much
more stable than several semi-organic NLO materials; it also
shows good air stability and is non-hygroscopic. The structure-
property relationship study indicated that the birefringence
enhancement of LSG is mainly attributed to the C,Hs;NO,
component. Our findings highlight the effectiveness of using
n-conjugated moieties to optimize the key properties of NLO
sulfates, providing valuable insight for the development of
short-wavelength UV NLO materials.
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