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Sr(NO;3)(NH,SOs)-H,O: First Nitrate Sulfamate Revealing
Remarkable Second Harmonic Generation and Optimized

Birefringence

Xuefei Wang, Yang Li, Zilong Chen, Jihyun Lee, Fangfang Zhang,
Kenneth R. Poeppelmeier,* Shilie Pan,* and Kang Min Ok*

The approach of synergistically combining mixed chromophores has garnered
significant attention attributed to its ability to leverage the advantages of
both groups and design novel nonlinear optical (NLO) materials. Herein,
Sr(NO;)(NH,S0O3)-H,0, a noncentrosymmetric compound, which represents the
first reported nitrate sulfamate compound, is successfully designed and syn-
thesized. The compound features zigzag [SrNO+(H,0)]., infinite layers, forming
a honeycomb-like graphene topology in its layered structure. The unique
arrangement results in an excellent second harmonic generation response,

5.1 times that of KH,PO,, and an optimized birefringence of 0.06650 at 532 nm.
In addition, the presence of interlayered covalent [NH,SOs] groups facilitates
improved crystal growth habits, resulting in a large single crystal measuring
19.0 x 17.0 x 3.5 mm?>. In this discovery, a new class of NLO materials is
introduced and the scope of structural chemistry is significantly expanded.

instruments."! In recent decades, research-
ers have discovered numerous materials
with excellent NLO properties suitable for
ultraviolet (UV) frequency doubling.”
These materials are primarily found in sys-
tems that incorporate m-conjugated units
such as borates, nitrates, and carbonates,
as well as systems with symmetric tetrahe-
dra such as phosphates and sulfates.”’)
It has been demonstrated that materials
featuring  well-regulated  m-conjugated
units, such as [BO;], [COs], and [NO;s],
arranged in parallel, exhibit significant
anisotropy, resulting in a pronounced
second harmonic generation (SHG)
response and moderate birefringence for

Nonlinear optical (NLO) crystals have garnered significant
interest owing to their wide-ranging applications in optical
communications, all-solid-state lasers, and advanced scientific
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phase matching (PM).! Conversely, com-

pounds containing [SO4] and [PO,] tetrahe-

dra with large highest occupied molecular
orbital (HOMO)—least unoccupied molecular orbital (LUMO)
gaps typically demonstrate broader UV transparency windows.!
However, materials with only one type of anionic group often
possess inherent limitations, such as layered growth habits for
parallel triangular units or relatively small birefringence for
tetrahedral units.!! Therefore, it is reasonable to explore
compounds with mixed anionic groups, harnessing the merits
of different anionic groups to compensate for their respective
weaknesses.

The incorporation of different anionic groups presents a ver-
satile strategy for achieving various objectives in the design of
NLO materials.””) The synergistic effects resulting from the com-
bination of these groups can lead to materials with significantly
improved NLO properties. For instance, compounds that feature
combinations of two n-conjugated anionic groups, such as
PDb,(BO3)(NO;3) and Pb;O(OH)3(COs3)3(BOs), or combinations
of stereoactive and n-conjugated anionic groups, such as
PbCdF(SeO;)(NOs) and Sc(I03)(NOs), have demonstrated
enhanced SHG responses and birefringence.’! Furthermore,
the utilization of mixed anionic groups can aid in optimizing
overall properties, as evidenced by fluorooxoborates, borophos-
phates, and borosilicates.”) Notable examples of this approach
include deep-UV NLO materials such as AB,OgF (A= NH,,
K, Rb, Cs), (NH,);By,POoF5, Bas(ZnBsO;)PO,, and
Cs,B4Si0¢.1% In recent years, metal sulfamates have emerged
as promising NLO candidates due to the highly anisotropic
nature of their asymmetric [NH,SOs] tetrahedral group.™!
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The tetrahedral unit offers remarkable hyperpolarizability while
maintaining a large HOMO-LUMO gap, making it an ideal
candidate for UV NLO applications. To further enhance their
SHG and birefringent abilities, designing new materials with
mixed anionic groups based on sulfamates represents a promis-
ing approach. Recently, Tian et al. has developed a co-crystal,
KNO3;SO3;NH3;, by introducing KNO; into the centrosymmetric
SO;NHj; crystal, thus offering the possibility of combining [NOs]
anionic units with [NH,SO;] groups.!*?

By drawing upon these chemical motivations, we endeavored
to combine the n-conjugated [NO3] and asymmetric [NH,SO;]
tetrahedral anionic groups in the design of new NLO materials,
resulting in the successful synthesis of the first nitrate sulfamate,
Sr(NO3)(NH,S03)-H,0, with a honeycomb-like topology in its
layered structure. The arrangement within the new compound
is beneficial for SHG, leading to an exceptional SHG
response of 5.1 times that of KH,PO, (KDP), as well as an
enhanced yet optimized birefringence of 0.06650 at 532 nm.
Additionally, the presence of interlayered covalent [NH,SOs]
groups promotes improved crystal growth habits, resulting in
single crystals with the largest dimensions of 19.0 x 17.0 x 3.5
mm? (Figure S1, Supporting Information). This discovery intro-
duces a new class of NLO materials and expands the scope of
structural chemistry.

Sr(NO;)(NH,S0;)-H,0 crystallizes in the noncentrosymmet-
ric (NCS) polar space group, Pca2; with the orthorhombic sys-
tem. Our objective was to combine the n-conjugated [NO;]
and asymmetric [NH,SOj3] tetrahedral anionic groups in the
design of new NLO materials, leading to the successful growth
of the first nitrate sulfamate crystal, Sr(NO;)(NH,SO;)-H,0, with
promising UV NLO properties. The unit cell consists of one Sr
atom, one S atom, two N atoms, and seven O atoms, each in inde-
pendent crystallographic positions. The [SrOo(H,0)] polyhedra
are formed by the coordination of the Sr1 atom with ten O atoms,
with Sr—O lengths ranging from 2.502(5) to 2.814(6) A (Figure
S2, Supporting Information). The N1 atoms coordinate with
three O atoms to form the triangular [NOs] units, with N—O dis-
tances ranging from 1.234(7) to 1.281(6) A. The [NH,SO;]
tetrahedra group is formed by the coordination of the S1 atom
with three O atoms and one N2 atom, with S—O and S—N
lengths from 1.448(5) to 1.465(5) A and 1.640(7) A, respectively.
All bond lengths and coordination environments are con-
sistent with reported structures.'* The layered structure of
Sr(NO3)(NH,S03)-H,0 is illustrated in Figure 1a, with interlayer
[NH,SO5] tetrahedra sandwiched between layers composed of
[SrO¢(H,0)] polyhedra and [NO;] units. These layers are con-
nected by sharing two edge oxygens, forming a zigzag
[StNO1(H,0)]. infinite layer with adjacent [NOs;] dihedral
angles of 33.3(3)° and 49.2(3)° (Figure S3 and S4, Supporting
Information). To gain a better understanding of the layered struc-
ture, a topological analysis was conducted. The honeycomb-like
topology in the [StTNO;o(H,0)] layer is a beneficial structural
feature that facilitate the regulation of anionic group arrange-
ments into an in-phase configuration, thus enhancing the
SHG response and birefringence (Figure 1b). This observation
is supported by reported NLO materials with similar structures,
such as LiCs,PO,, CsNaMgP,0;, and Hg;AsSe,X (X = Br, I).[M]
The [NH,SO;] tetrahedra are arranged with alternating
directions to interconnect neighboring layers (Figure S5,
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Figure 1. a) Crystal structure of Sr(NOj;)(NH,SO;3)-H,O viewed along
the c-axis. b) Topological graph of [STNO0(H,0)]., layer viewed along the
b-axis.

Supporting Information). The angle between adjacent
[NH,SO;] tetrahedra was determined to be 67.7(3)° (Figure S6,
Supporting Information). It is worth noting that the covalent
[NH,SOs] groups play a significant role in tightly connecting
the [StNO;o(H;0)], layers, resulting in desirable crystal
growth habits. This characteristic enables the growth of
Sr(NO3)(NH,S03)-H,O0 crystals with a thickness of 3.5 mm along
the b-axis.

The experimental powder X-Ray diffraction (PXRD) pattern
matches well with the one simulated from single-crystal X-Ray
diffraction (SC-XRD) (Figure 2a). Further validation of the fit
quality was performed by conducting a Rietveld refinement anal-
ysis (Figure S7, Supporting Information). The thermogravimet-
ric analysis (TGA) reveals that Sr(NO;)(NH,SOs)-H,0 exhibits
thermal stability up to 130 °C (Figure 2b). Upon further heating,
a weight loss of 6.6% was observed, corresponding to the release
of molecular water and in good agreement with the theoretical
weight loss of 6.8%. A second stage of weight loss occurred at
230°C, with approximately 21.8% of the total weight being lost
due to the evaporation of nitrogen-containing gas. A minor
weight loss was observed at 546 °C, and the weight stabilized
at 69.5%, consistent with the theoretical residual weight of
69.6% based on SrSO,. To investigate the possible anhydrous
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Figure 2. a) Comparison of experimental and simulated powder X-Ray diffraction (PXRD) patterns, b) thermogravimetric analysis (TGA) diagram,
c) exsitu PXRD patterns at various temperatures, d) UV-vis transmittance spectrum collected from the single crystal, e) powder second harmonic
generation (SHG) measurements at 1064 nm, and f) oscilloscope traces compared with the KH,PO, sample in the range of 200—250 ym for

Sr(NOj3) (NH,S03)-H,0.

phase of Sr(NO;)(NH,S0O3)-H,0 and confirm its decomposition
products, ex situ PXRD patterns of samples annealed at various
temperatures were collected (Figure 2c). The results revealed that
the sample heated at 150 °C for 12 h underwent direct decompo-
sition into Sr(NOs), and Sr(NH,S0s3),, while samples heated at
250°C for 12h showed the presence of Sr(NOs), and SrSO,.
Finally, samples heated at 600 °C for 12 h exhibited characteristic
peaks of SrSO, only. These findings provide insight into the sta-
bility of Sr(NO;)(NH,S03)-H,0 and its decomposition pathway.

The  linear optical and NLO  properties of
Sr(NO;)(NH,SO0;)-H,O were characterized to assess its transpar-
ent window and SHG capability. The UV-vis diffuse reflectance
spectrum reveals no noticeable absorption between 320 and
800nm except for a wide absorption band with a peak at
273nm (Figure S8a, Supporting Information). The UV cutoff
edge was determined to be at 231nm with a reflectance of
18%. The absorbance curve was transformed by the Kubelka—
Munk functions.!"” The transformed absorbance curve and
the corresponding bandgap of 4.99 eV are presented in Figure
S8Db (Supporting Information). To evaluate the practical transpar-
ency window of Sr(NOs)(NH,SOs)-H,O, the transmission spec-
trum was obtained by measuring the transmittance of a polished
crystal. The transmittance remained above 60% up to 300 nm,
and a sharp cutoff edge at 290 nm, indicating a bandgap of
410eV (Figure 2d and S8c, Supporting Information).
According to the comparison, the diffuse reflectance spectrum
overestimates the actual UV transparent window attributed to
the overlooked intrinsic absorption band for [NOs] groups, which
was also observed in another reported nitrate.l'® The infrared
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spectrum of Sr(NO;)(NH,SO;)-H,O was collected to identify
its anionic groups. The absorption peaks were assigned by com-
paring them with reported spectra of nitrates and sulfamates
(Figure S9 and Table S5, Supporting Information).l**'3*) The
SHG ability of Sr(NO3)(NH,S0O;)-H,0 was assessed using the
Kurtz—Perry method, comparing it with the benchmark material
KDP under a 1064 nm fundamental laser (Figures 2e,f).l'”) The
results indicate that Sr(NO;3)(NH,SOs)-H,0 exhibits type I PM
with increasing particle sizes and SHG responses. In the particle
size range of 200-250 pm, Sr(NO3)(NH,SO3)-H,0 demonstrates
approximately 5.1 times higher SHG response than KDP,
highlighting its exceptional frequency-doubling capability.

The crystal used for birefringence measurement was identi-
fied as a (010) crystal wafer (Figure S10a, Supporting
Information). Optical analysis under a cross-polarized micro-
scope reveals a typical conoscopic interference pattern with
two distinct melatopes, indicating that the crystal is biaxial.
This observation confirms the determined space group of
Pna2; by SC-XRD (Figure S10b, Supporting Information). The
refractive indices of Sr(NOs)(NH,SOs3)-H,O were measured
along the three principal axes using the prism coupling method
by employing polarized lasers with TE (electric field transverse to
the plane of incidence) and TM (magnetic field transverse to, and
electric field parallel to the plane of incidence) incidence.
Five light sources with varying wavelengths were employed
for the measurements. The obtained values were then fitted
using the Sellmeier equation (Table S6 and S7, Supporting
Information). The fitted chromatic dispersion curves
illustrate the relationship of n, —n, <n, —n,, indicating that
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Sr(NO;)(NH,S03)-H,0 is a negative biaxial crystal with a bire-
fringence (An = n, — n,) ranging from 0.05709 to 0.07077 over
the measured range (Figure 3a). For type I SHG PM condition,
the equation of n(w) = n(2w) must be satisfied. The UV PM limit
can be determined from the intersection of the n,(») and n,(2w)
curves. Based on the analysis, the shortest type I SHG PM wave-
length of Sr(NOs)(NH,SOs3)-H,O is estimated to be 291 nm.
In the case of type I third harmonic generation (THG), the
PM condition follows the equation, n.(w) + 2n,(20) =
3n,(3w). The theoretically shortest type I THG PM wave-
length for Sr(NOs)(NH,SO3)-H,O is determined to be
285nm (Figure 3b). Considering the UV cutoff edge,
Sr(NOs)(NH,S03)-H,0 is expected to be capable of generating
coherent light at wavelength above 290 nm through the THG pro-
cess. Additionally, the PM angles (9, ¢) on the three principal
planes (X-Y, Y-Z, and X-Z) for SHG and THG were evaluated
(Figure 3c,d). The type II PM wavelength limits for SHG and
THG were also determined. The calculated values are 354 nm
for SHG at 6=0°, ¢ = 90° in the X-Y plane, and 310 nm for
THG at 6=0°, ¢ = 90° in the X-Y plane. The incorporation
of m-conjugated [NO;] anionic groups into the sulfamate system
leads to a significant enhancement of birefringence in
Sr(NO3)(NH,S03)-H,0 compared to other sulfamates. These
findings suggest a favorable potential for coherent light output
at 355nm wusing multiple critical PM approaches for
Sr(NO3)(NH,S0;)-H,0.

www.small-structures.com

The synergistic combination of [NO;] and [NH,SO3] groups in
Sr(NO;)(NH,S0;)-H,O results in promising optical perfor-
mance. A comparison of the optical properties between NCS sul-
famates and nitrates is presented in Table §8[*9290:11b:12.16.18]
The sulfamates exhibit wide bandgaps, along with relatively
small birefringences and SHG responses. In the case of nitrates,
the presence of [NOs] groups results in strong SHG responses
and improved birefringences for several compounds.
However, the narrow bandgaps and limited UV transparency
windows of nitrates constrain their potential applications. The
incorporation of [NO;] groups significantly enhances the SHG
response of Sr(NOs)(NH,SOs3)-H,O compared to NCS sulfa-
mates, allowing it to achieve a comparable SHG response to
nitrate-based NLO materials (Figure 4a). Additionally, the inclu-
sion of [NH,SOjs] groups expands the UV transparent window of
Sr(NO3)(NH,S03)-H,0. To assess the performance, the absorp-
tion edges were considered due to the overestimation of the cut-
off edge in diffuse reflectance spectra for nitrates. The average
absorption edges of NCS nitrates were found to be 319 nm, while
the absorption edge of Sr(NO;)(NH,SO;)-H,O is extended and
blueshifted to 300 nm, making Sr(NOs)(NH,SOs)-H,0O suitable
for UV applications. The moderate birefringence is crucial for
PM and efficient laser output in NLO materials. According to
a previous study by Tran et al., deep-UV NLO materials typically
exhibit a moderate birefringence in the range of 0.07-0.10.
For the IR and visible regions, a relatively small birefringence
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matching (PM) angles, and d) calculated third harmonic generation (THG) PM angles ¢ and 6 for Sr(NOs)(NH,SO;)-H,0.
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Figure 4. The comparisons of a) SHG responses and b) birefringence of

of approximately 0.03 is sufficient to achieve the PM
condition.'” As for the intermediate between the deep-UV
and visible region, UV NLO materials should have a minimum
birefringence greater than 0.03, but a maximum that is smaller
than 0.10. The birefringence ranges are considered suitable for
optimal NLO performance in the UV region to achieve the PM
condition and avoid the walk-off and self-focus effects. In the
case of Sr(NOs)(NH,SO3)-H,0, the incorporation of [NO;] and
[NH,SO;] groups effectively increases its birefringence com-
pared to sulfamate-based materials, while maintaining a lower
birefringence compared to nitrate-based materials (Figure 4b).
Based on the measured birefringence, the PM wavelength of
Sr(NOs3)(NH,S03)-H,O almost reaches the cutoff edge of
290 nm, creating a favorable condition for PM requirements
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NCS sulfamates, nitrates, and nitrate sulfamates.

and laser output efficiency. By striking a balance in the birefrin-
gence, Sr(NOs)(NH,SOs3)-H,0 proves to be desirable for UV
NLO applications. First-principles calculations based on
density-functional theory reveal that Sr(NOs)(NH,SOs)-H,0 pos-
sesses an indirect bandgap of 3.66 eV (Figure S11, Supporting
Information). The results of the total and partial density of states
(DOS) indicate that the O-2p and N-2p orbitals primarily occupy
the top of the valence bands and the bottom of the conduction
bands, respectively. This suggests that the bandgaps of
Sr(NO;)(NH,S03)-H,0O are determined by the interaction
of N—O bonds in the [NO;] units (Figure 5a). The analysis of
the electron localization function reveals a spherical distribution
of electrons around the Sr atom, while the [NO;] units and
[NH,SOs] groups exhibit clear asymmetric lobes (Figure 5b

Figure 5. a) Partial density of states (DOS) and b) electron localization function analysis for Sr(NO;) (NH,SO3)-H,0.
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and S12, Supporting Information). This indicates that the [NO;]
and [NH,SO;] groups synergistically contribute to the anisotropy
of the compound, thereby influencing its birefringence and SHG
response.

In conclusion, the synthesis of the first nitrate sulfamate,
Sr(NOs)(NH,S0s)-H,0, with the NCS space group, Pna2q, has
been successfully achieved. Sr(NO;)(NH,SO;)-H,0 exhibits
SHG favorable zigzag [SrNO;o(H,0)], infinite layers and
forms a honeycomb-like topology within its layered structure.
This unique arrangement enhances the SHG response,
resulting in a remarkable SHG response that is 5.1 times higher
than that of KDP. Additionally, it demonstrates an improved bire-
fringence ranging from 0.05709 to 0.07077 in the wavelength
range of 406.7-1546.7 nm. The presence of interlayered covalent
[NH,S0s3] groups plays a crucial role in promoting the growth of
high-quality single crystals. As a result, Sr(NOs)(NH,SOs)-H,0
crystals with dimensions of 19.0 x 17.0 x 3.5 mm? have been
obtained. This significant achievement introduces a new class
of NLO materials and expands the frontiers of structural
chemistry.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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