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The second harmonic generation (SHG) response, birefringence, and ultraviolet (UV) absorption edge are
three crucial parameters of UV nonlinear optical (NLO) crystals. However, striking a balance among these
parameters has been a challenging endeavor. The synergistic combination of mixed chromophores is
regarded as an effective strategy to achieve this task, leveraging the benefits of both functional motifs.
Herein, a novel UV NLO crystal, Rb(NO3)(SOsNH=), was successfully designed by integrating the
n-conjugated [NOs] unit with the non-zr-conjugated [SOzNH=] unit. As anticipated, the n-conjugated
[NO3] units contribute to a robust SHG effect and birefringence, while the non-n-conjugated [SOzNH3]

Received 25th April 2024, units help in widening the band gap and controlling the birefringence within an optimal range by decou-
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pling the n-conjugated interactions and reducing the system’s anisotropy. Consequently, it exhibits a
strong SHG response (7 x KDP), moderate birefringence (0.07@546 nm), and a short UV absorption edge
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Introduction

Ultraviolet (UV) nonlinear optical (NLO) crystals are vital com-
ponents of solid-state lasers, holding substantial technical
value in areas such as laser micro-machining and optical
communication.'™ Consequently, the pursuit of novel UV NLO
crystals has long been a focal point in the realms of laser and
materials science.”” Typically, a proficient UV NLO crystal
should possess a short UV absorption edge (less than 300 nm),
a potent second-harmonic generation (SHG) effect (greater
than 5 times that of KDP), and a moderate birefringence
(between 0.06 and 0.1).%° However, achieving a balance among
these three critical performances often proves challenging,
resulting in a dearth of practical UV NLO crystals. Hence, the
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(208 nm), marking it as a promising UV NLO crystal.

design and synthesis of new UV NLO crystals with superior per-
formance remains one of the most pressing challenges in the
field.

Functional motif theory proposes that functional motifs
serve as microstructural units, the composition and arrange-
ment of which determine the properties of materials.'®
Typically, three critical properties of NLO crystals - the SHG
effect, birefringence, and UV absorption edge - are intimately
linked with three key parameters of the microscopic functional
motifs: hyperpolarizability, polarizability anisotropy, and the
HOMO-LUMO gap. At present, n-conjugated units and non-
n-conjugated units are frequently observed functional motifs
in UV NLO crystals."™"* Notably, n-conjugated units like [BO;],
[COs], and [NO;] usually exhibit substantial hyperpolarizabil-
ities and polarizability anisotropies, owing to their delocalized
n-bonds.' Consequently, NLO materials with a m-conjugated
system often demonstrate significant SHG effects and ade-
quate birefringence. Nonetheless, it is crucial to note that the
lower splitting energy of delocalized =-bonds means
n-conjugated units tend to possess a smaller HOMO-LUMO
gap than non-n-conjugated units."' Furthermore, the large
polarizability anisotropy can lead to excessive birefringence
when the density of these n-conjugated units is high or copla-
nar, resulting in spatial walk-off effects that can significantly
degrade the output beam quality."* A prime example of this is
the commercially available p-BaB,O, (BBO) crystal. Despite its
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excellent SHG efficiency (>5 x KDP) and short UV absorption
edge (189 nm), its excessive birefringence (0.113@1064 nm)
severely limits its application in high-power output fields.'***
In contrast, non-nt-conjugated units, due to the absence of a
delocalized n-bond, have a restricted electron delocalization
range. This typically results in a larger HOMO-LUMO gap
and smaller polarizability anisotropy and hyperpolarizabil-
ity."® While a smaller polarization anisotropy can effectively
prevent spatial walk-off effects, it also makes it challenging to
generate adequate birefringence, thereby limiting the phase-
matching wavelength range of the material.’” Additionally,
the reduced hyperpolarization of non-n conjugated systems
typically leads to a smaller SHG effect compared to = conju-
gated systems. As such, the challenge lies in expanding the
band gap and maintaining birefringence within a suitable
range while ensuring a sufficient SHG effect - a difficult yet
meaningful endeavor.

Based on the above ideas, we hope to design high-perform-
ance UV NLO materials by combining n conjugated and non-n
conjugated units, including the following three considerations:
(i) the substantial hyperpolarization and polarizability an-
isotropy of the m-conjugated unit can yield significant SHG
effects and birefringence; (ii) the relatively lower polarizability
anisotropy of the non-n-conjugated units could potentially
reduce the system’s anisotropy, thereby preventing the gene-
ration of excessive birefringence; (iii) as per a prior study by
Chen et al., non-nt-conjugated units can partially isolate the
n-conjugated interactions through n-conjugation confinement,
which could potentially facilitate bandgap expansion.

In the current study, we opted for the triangular
n-conjugated [NO;] unit in conjunction with our previously
identified polar tetrahedral non-t-conjugated [SO;NH;] unit.
The [NO;] unit demonstrates a stronger hyperpolarizability
and polarizability anisotropy compared to other triangular
n-conjugated units such as [CO;] and [BO;] units. Conversely,
the [SO;NH;] unit possesses a considerable HOMO-LUMO gap
and can further amplify hyperpolarizability through hydrogen-
bonding interactions with the [NO;] unit. In addition, as alkali
metal ions lack d—-d and f-f transitions, they are more favorable
for UV light transmission. Consequently, Rb cations were
selected as counterions to maintain charge equilibrium. As a
result of this approach, we successfully synthesized a novel UV
NLO crystal, Rb(NO3)(SO3NH;), which displays a substantial
SHG effect (7 x KDP), moderate birefringence (0.07@546 nm),
and a short UV absorption edge (208 nm).

Experimental section

Reagents

RbNO; (Adamas, 99.0%), SO;NH; (Adamas, 99.0%).

Synthesis

RbNO; and SO;NH; were dissolved in 5 ml H,O and evapor-
ated in an oven at 55 °C. After 3 days, RbNO;SO;NH; crystals
were obtained.
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Single-crystal X-ray diffraction

The crystal structure of RbNO;SO;NH; was determined
using SC-XRD data collected with a Rigaku Mercury CCD
diffractometer and graphite-monochromated Mo-Ka radiation
(A = 0.7103 A). The structure was solved using ShelXT and
refined with ShelXL on the OLEX2 package.'® Table S1t
shows the crystallographic data and structure refinements for
RbNO;SO;NH;. Tables S2-S4F display the atomic coordinates,
equivalent isotropic displacement parameters, selected bond
lengths and angles, and anisotropic displacement parameters
for RbNO;SO;NH;.

Power X-ray diffraction

The PXRD data of RbNO;SO;NH; were obtained using a
Miniflex600 instrument with Cu Ka radiation (1 = 1.540598 A)
in the 26 range from 5 to 60°.

Energy-dispersive X-ray spectroscopy analysis

Microprobe elemental analyses were recorded on a field emis-
sion scanning electron microscope (FESEM, SU-8010) with an
energy dispersive X-ray spectrometer (EDS).

Thermal analysis

Thermogravimetric analysis (TGA) was conducted using a
Netzsch STA449F3 simultaneous analyzer under flowing N, at

a rate of 10 °C min™*.

UV-Vis diffuse reflectance spectroscopy

The diffuse reflectance spectrum of RbNO3;SO;NH; was
measured using a PerkinElmer Lamda950 UV/vis/NIR spectro-
photometer, with BaSO, as the standard.

Birefringence measurement

The polarizing microscope was used to measure the birefrin-
gence of RbNO;SO;NH; with 546.1 nm light. The birefringence
was calculated using the following formula:

R=(Ne=No|)x T=AnxT (s1)

R denotes optical path difference, An represents birefringence,
and T is the thickness of the crystal.

Second harmonic generation measurements

The polycrystalline SHG signals for RbNO;SO;NH; were
measured on a 1064 nm solid-state laser with KDP crystals as
reference samples. The crystals were ground and sieved into
six different sizes: 25-45 pm, 45-62 pm, 62-75 pm, 75-109 pm,
109-150 pm, and 150-212 pm.

Theoretical calculations

Density functional theory (DFT) was used to calculate the band
structure of RbNO;SO;NH,."® The exchange-correlation energy
was treated by the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional.”® The
valence electrons for the following atoms are Li 2s; C 25> 2p%
0 2s® 2p*; N 2s® 2p% and H 1s'. The energy cutoff for
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RbNO;SO;NH; was set at 600 eV, and the Monkhorst-Pack
grid size was 2 x 2 x 2.> The HSE06 functional was used to cal-
culate the band gap and densities of states (DOS) for
RbNO;SO;NH;.>> The NLO coefficient dj; was calculated by
using an expression originally proposed by Rashkeev et al. and
developed by Lin et al.*

Results and discussion

RbNO;SO;NH; crystallized in the non-centrosymmetric (NCS)
space group Pmc2, (no. 26) of the orthorhombic crystal system
with lattice parameters a = 5.6303(3) A, b = 7.4552(5) A, and ¢ =
8.0537(5) A. In the structure, each N atom is coordinated with
three O atoms to form the triangular unit [NO;] (Fig. 1a), and
each S atom is coordinated with one NH; and three O atoms to
form the polar tetrahedral unit [SO;NH;] (Fig. 1b). The
[SO;NH;] unit and the [NOj;] unit are connected by hydrogen
bonds to form a [NO3;SO;NH;] one-dimensional polar chain, in
which [SO;NH;] and [NO;] units are distributed alternately
(Fig. 1c). These one-dimensional polar chains are further con-
nected by Rb ions and extended along the b and c¢ directions,
resulting in the 3D structure of RbNO;SO;NH; (Fig. 1d). In the
structure, the dipole moments of each one-dimensional chain
are superimposed along the c-direction within the constraints
of the RbOy polyhedra, which may contribute to the strong
SHG response (Fig. 1e).

(b)

At L

[NO,] [SO;NH;]

(c)
At A,

1D chain
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RbNO3;SO;NH; was synthesized via the aqueous solution
method. PXRD confirmed the purity of the crystals (Fig. S17),
while EDS confirmed that the crystals were composed of Rb,
O, N, and S elements (Fig. S2t). Thermal analysis indicated
that RoNO;SO3;NH; remained stable up to 127 °C (Fig. S37).

Diffuse reflectance spectroscopy showed that the UV
absorption edge is about 208 nm, corresponding to a bandgap
of 5.96 eV (Fig. 2a). HSE06 calculations showed that
RbNO;SO;NH; has a direct band gap of 5.657 eV (Fig. 2b),
matching closely with the measured value. Such a wide
bandgap is significantly larger than that of RbNO; (5.251 eV).
As described above, this may be because [SO;NH;] units inter-
cept the delocalized n-=n interactions between [NO;] units, and
thus enlarge the band gap. To confirm this inference, the
PDOS of RbNO; and RbNO;SO;NH; were calculated, respect-
ively (Fig. S4t). One can find that the conduction band
minimum (CBM) of RbNO;SO;NH; is occupied by N 2p and O
2p orbitals. Compared to RbNOj, the N-O n*-1* component of
the CBM in RbNO;SO3;NH; is significantly lower, and thus
pulls up the bottom of the CB.

The SHG effect of RbNO;SO;NH; was tested based on the
Kurtz-Perry method,>* with KDP as the standard. The results
showed that RbNO3;SO;NH; exhibited phase-matched behavior
and SHG effects up to 7 x KDP (Fig. 2c). According to the
formula deg, sample — e, KDP(Izzw, sample/IZ2(m KDP)UZ (deff; KDP —
0.26 pm V 1)>>*® the effective SHG coefficient d.; of
RbNO;SO;NH; was 1.82 pm V™. In addition, the calculated

1D chain
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e
@
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RbNO,SO,NH,

Fig. 1 (a) [NOs] unit. (b) [SOzNH3] unit. (c) INO3SOsNHz]~ one-dimensional polar chain. 3D crystal structure of RONO3zSOsNHj5 (d) in the b—c plane

and (e) in the a—c plane.
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Fig. 2 (a) UV/Vis diffuse-reflectance spectrum of RbNO3zSOzNHsz; (b)
calculated electronic band structures for RbNO3;SOz:NHz based on
HSEOQ6; (c) power SHG measurement at 1064 nm; (d) calculated SHG
coefficients of RONO3SO3zNHs3.

maximum SHG coefficient d;; was —3.27 pm V' (Fig. 2d),
which is consistent with the experimental values. According to
functional motif theory, the SHG effect of RbNO;SO;NH;
should be contributed by the functional motif [NO;z] and
[SO;NH;] units. Based on the anion group theory,”” the SHG
contribution of the [NO;] unit is directly proportional to its
number density (nV"') and structural criterion (C), while the
SHG contribution of the [SO;NH;] unit is proportional to its
dipole moment per unit volume. For RbNO;SO;NHj;, the
number density (nV"') and the structural criterion (C) of the
[NO3] unit are 0.0059 and 0.7702, respectively, and the dipole
moments per unit volume are 0.022 D A=, These values are all
comparable to those we previously reported for KNO3;SO;
NH;,”® and thus should be the main reason for the large SHG
effects. In addition, according to our previous study, hydrogen
bonding between the [SO3NH;] unit and [NO;] unit can
change the electron distribution in the w-orbital, which can
further enhance the SHG effect. The hyperpolarization of the
[SO3NH;3NO3] unit in the structure is 147, significantly higher
than the sum of the hyperpolarization of the [SO;NH;] unit
and the [NO;] unit. This confirms that the hydrogen-bonding
interactions between the [SO3;NH;] unit and [NO;] unit also
contribute to the formation of large SHG effects. Interestingly,
although the number density (nV"') and structural criterion
(C) of [NOs] units, as well as the dipole moments per unit
volume of [SO3;NH;] units in RbNO3;SO3NH3, are comparable
to those previously reported for KNO;SO;NH3, the hyperpolar-
ization of [SO;NH3NO;] units in RbNO3;SO3;NH; is greater than
that in KNO;SO;NH;. However, RbNO;SO;NH; exhibits a
smaller SHG effect than KNO;SO;NH;. To elucidate the micro-
scopic mechanism behind this SHG difference, the SHG
weighted electron density was calculated. As shown in Fig. S5,
the maximum tensor d;; of RbNO3;SO;NH; and the maximum
tensor d,; of KNO3;SO;NH; indeed are both contributed by the
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[NOs] units and the [SO;NH;] units. However, the contribution
of the [NOj;] unit to RbNO;SO;NHj is significantly less than its
contribution to KNO3;SO;NH;. As a result, the maximum
tensor dz; of RbNO;SO3NH; is significantly smaller than that
of KNO3;SO;NH;3, which may be the main reason for the SHG
effect difference. In addition, since Rb ions possess a greater
electron density around them than is around K ions,
RbNO;SO;NH; possesses a higher refractive index than
KNO;SO3;NH; (Fig. 3c). This difference in refractive index may
cause the 532 nm laser light to have a different phase-match-
ing angle in the two crystals, which may also be one of the
reasons for the SHG effect difference.

The birefringence of RbNO;SO;NH; was tested using a
polarized light microscope. The results indicate that the bire-
fringence of RbNO;SO;NH; at 546.1 nm is 0.07 (Fig. 3a and b),
which is consistent with the theoretical calculations (Fig. 3c).
It is noteworthy that this value is significantly higher than that
of most NLO materials that only contain non-n conjugated
functional motifs, such as KH,PO, (0.035@1064 nm),>’
Ba;P;0,0Cl (0.03@1064 nm),*® K,Mg,(P,0-); (0.0108@1064 nm),**
Li,SO4H,0 (0.023@1064 nm),** La(NH,)(SO,), (0.03@1064 nm),*?
NaNH,PO;F-H,O (0.053@589.3 nm),** Sr(NH,S0;), (0.056@
589.3 nm),*> Ba(NH,S0;), (0.028@546.1 nm),** and Ba(SO;CHj3),
(0.04@589.3 nm). In addition, compared with most nitrate
NLO materials, such as Pb,(NO;),(H,O)F, (0.230@1064 nm),*®
Sc(10;),(NO;)  (0.348@546 nm),””  Pb,(BO;)(NO;) (0.174@
1064 nm),*® and Cs,Pb(NO;),Br, (0.147@546 nm),>> RbNO,
SO;NH; has a more suitable birefringence, which is equivalent
to that of KBBF (0.077@546 nm).*° In general, the optical pro-
perties of a crystal are determined by the electronic states near
the forbidden band. As shown in Fig. S4,1 the vicinity of the
forbidden band of the title compound is occupied by the N-p
and O-p states, indicating that its birefringence is entirely con-
tributed by the [NO;] units. On the one hand, this may be due
to the large polarizability anisotropy of the [NO;] unit prevent-
ing the too-small birefringence, and on the other hand,
according to our previous study,*""** this noncoplanar arrange-
ment of n-conjugated units can effectively avoid the overlarge
birefringence. These factors may be the main reasons for the
moderate birefringence of the title compound. Further, the cal-
culated refractive index dispersion curves indicate that the

175
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RbNO,SO,NH,
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Fig. 3 (a) Single crystal of RoNO3zSOszNH3 under the polarizing micro-
scope; (b) RoNO3SO3NH3 crystal achieves complete extinction under
the compensator; (c) the calculated refractive indices of RONOzSOzNH3.
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Fig. 4 Radar chart (there are three directions in the radar chart, which
represent the ultraviolet absorption edge, maximum SHG coefficient,
and birefringence, respectively).

birefringence of RbNO3;SO;NH; is 0.086@546 nm, which is
basically in agreement with the experimental results.

To evaluate the comprehensive performance of RbNO;SO;
NH;, radargrams were plotted while commercial UV-NLO
crystals KDP, LBO and BBO were used for comparison. As
shown in Fig. 4, RbNO;SO;NH; displays larger SHG coeffi-
cients than KDP, BBO, and LBO, while also maintaining a
short UV absorption edge. More importantly, it has more
suitable birefringence, which not only contributes to the
phase-matching performance of the material in the UV
region but also can effectively prevent the occurrence of the
walk-away effect. Overall, RbNO;SO;NH; achieves a balance
between strong SHG effects, moderate birefringence, and
short UV absorption edges, making it a promising UV NLO
material.

Conclusions

In summary, a novel UV NLO material, Rb(NO;)(SO;NH3;), has
been successfully synthesized through the integration of [NO;]
and [SO;NH;] units. The synergistic interaction between these
units contributes to a potent SHG response (7 x KDP). In
addition, the one-dimensional chain structure composed of
[NO;] and [SO3NH;] units, coupled with the reduction of
system anisotropy by the [SO;NH;] units, engenders suitable
birefringence (0.07@546 nm). Meanwhile, due to the spaced
arrangement of [NO;] and [SOsNH;] units in the chain, the
n-conjugated interactions between [NO;] units are decoupled
by thr [SO;NH;] units, resulting in its short UV absorption
edge of 208 nm. Consequently, Rb(NO;)(SO;NH;) strikes a
balance among three key properties, marking it as a promising
UV NLO crystal.

This journal is © the Partner Organisations 2024
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