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Hydrogen bonding bolstered head-to-tail ligation
of functional chromophores in a 0D SbF;-glycine
adduct for a short-wave ultraviolet nonlinear
optical materialf

Zhiyong Bai,? Jihyun Lee,® Chun-Li Hu,*® Guohong Zou {2 *¢ and Kang Min Ok (2 *@

The key properties of nonlinear optical (NLO) materials highly rely on the quality of functional
chromophores (FCs) and their optimized interarrangement in the lattice. Despite the screening of various
FCs, significant challenges persist in optimizing their arrangement within specific structures. Generally,
FC alignment is achieved by designing negatively charged 2D layers or 3D frameworks, further regulated
by templating cations. In this study, a novel 0D adduct NLO material, SbFs-glycine, is reported. Neutrally
charged 0D [SbF3zC,HsNO,] FCs, comprising [SbFs] pyramids and zwitterionic glycine, are well-aligned in
the structure. The alignment is facilitated by the hydrogen bonding, reinforcing a ‘head-to-tail’ ligation of
[SbFsC,HsNO,] FCs. Consequently, the title compound exhibits favorable NLO properties, including
a large second-harmonic generation efficiency (3.6 x KDP) and suitable birefringence (cal. 0.057 @ 1064
nm). Additionally, its short absorption cut-off edge (231 nm) positions it as a promising short-wave
ultraviolet NLO material. Importantly, the binary SbFs—amino acid system is expected to serve as a new
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Nonlinear optical (NLO) materials have the capability to effi-
ciently generate coherent light with photon energies in the
short-wavelength range, such as ultraviolet (UV, 200-400 nm)
and deep-UV (below 200 nm), through a second-harmonic
generation (SHG) process. Consequently, they find wide appli-
cations in various laser-driven technologies, including laser
photolithography, quantum entanglement, medical treatment,
and laser micromachining.’ From a materials perspective, the
ongoing challenge lies in discovering new UV NLO materials
that exhibit a large SHG coefficient, possesses significant bire-
fringence, and have a short absorption cut-off edge (a wide band
gap). However, achieving these properties poses a challenge
attributable to the contradictory relationship among them.’
Over the past few decades, the exploration of promising UV NLO
crystals has primarily focused on borates. This is because planar
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resource for exploring ultraviolet NLO crystals, owing to the abundance of the amino acid family.

[BO;]*~ and ring-type [B;O0¢]>~ functional chromophores (FCs)
in borates enable them to exhibit large SHG efficiency and
birefringence.®'* Subsequently, the exploration of UV NLO
materials has extended to carbonates, nitrates, and
cyanurates.**

In addition to m-conjugated anions, stereochemically active
lone pair (SCALP) cations such as Pb**, Sn*", Bi**, and Sb>" are
also considered to be good FCs for designing high-performance
NLO materials."*****¢ This is because these SCALP ions are
commonly susceptible to forming highly distorted polyhedra,
thereby giving rise to large SHG efficiency and birefringence.
However, Pb”>" is toxic, while Sn®" and Bi*" usually cause red-
shifted cutoff edges. In recent years, Zou and coworkers
discovered that SCALP Sb®* could be a good UV NLO FC because
it can endow materials with short cutoff edges (commonly
below 266 nm, the fourth harmonic generation of a 1064 nm
Nd:YAG laser) while retaining a large SHG effect and birefrin-
gence. This has been demonstrated by a few antimony sulfates
and phosphates, such as CsSbF,S0,* RbSbSO,Cl,,*®* and
ASbP,O,F (A = K and Rb), among others.*** To date, the
development of Sb**-based UV NLO materials has been mainly
limited to sulfate and phosphate salts, with most of these
materials exhibiting relatively lower SHG intensity attributable
to the unfavorable arrangement of antimony polyhedra and the
lesser contribution of SO,>~ or PO,>™ units to SHG.***"*> Given
this context, achieving a uniformly arranged lattice of Sb**-
based polyhedra and concurrently introducing other types of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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FCs has become important.** However, the desired uniform
alignment of Sb*'-based polyhedra is only realized in a few
crystals, such as 3D fresnoite-type ASbP,O,F (A = K and Rb). In
this study, we endeavor to expand the frontiers of Sb**-based UV
NLO materials by combining Sb®>" with amino acids, a rarely
explored approach. The amino acids are expected to serve not
only as additional FCs but also to optimize the arrangement of
Sb**-based polyhedra through hydrogen bonding. Herein, we
report a novel 0D adduct NLO material, SbF;-glycine, composed
of stoichiometric antimony(m) trifluoride and the amino acid
glycine. The antimony polyhedra and glycine molecules interact
with each other through hydrogen bonding, resulting in
a uniform ‘head-to-tail’ arrangement of [SbF;C,HsNO,] clusters,
which gives rise to excellent NLO properties.

SbF;-Gly crystals were synthesized using an aqueous solu-
tion evaporation technique at room temperature (see details in
the Experimental section in the ESI). SbFs-Gly is somewhat
hygroscopic in wet air; therefore, it should be stored in a dry
environment, such as a desiccator. The powder X-ray diffraction
patterns (XRD) recorded on a Miniflex 600 diffractometer
matched well with the simulated ones (Fig. S1f), thus con-
firming phase purity. Elemental analysis based on an energy-
dispersive spectrometer (EDS) revealed the presence of Sb, O,
F, C, and N (Fig. S2t). Thermogravimetric (TG) testing showed
that SbF;-Gly is thermally stable up to ca. 105 °C, beyond which
it undergoes slow decomposition (Fig. S31).

The single-crystal XRD analysis reveals a non-
centrosymmetric polar space group, Pc (no. 7) for SbF;-Gly, with
well-refined R values (Table S1f). It belongs to an adduct
compound composed of stoichiometric SbF; and zwitterionic
glycine (Fig. 1a), which are further connected to form 0D
[SbF;C,HsNO,] clusters (Fig. 1b) by sharing the O(2) atom.
Antimony is four-coordinated, producing a one-sided [SbOF;]
seesaw, with an Sb-O bond length of 2.243(5) A and Sb-F
interatomic distances ranging from 1.914(4) to 2.036(5) A
(Fig. 1b). The bond valence calculations reveal a bond valence
sum value of +2.906 for the cationic ion Sb®*, consistent with its
expected oxidation state of +3 (Table S77). In the structure, the
discrete [SbF;C,H;NO,] clusters repeat with a ‘head-to-tail’
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ligation model, with SbF; serving as the ‘head’ and glycine as
the ‘tail’. It should be pointed out that the ‘head’ and ‘tail’ are
connected and bolstered by N-H:--F hydrogen bonding with
H-F bond lengths ranging from 2.750(7) to 2.924(6) A (Fig. 1c
and Table S6t) to form the entire structure, highlighting the
crucial roles of hydrogen bonding in the formation and support
of ‘head-to-tail’ linkage of FCs in SbF;-Gly. Furthermore, it is
worth noting that such ‘head-to-tail’ ligation of 0D [SbF;C,Hs-
NO,] clusters aligns them with each other, resulting in
a uniform arrangement in the lattice, with the lone pair of Sb**
ions oriented along the rough [111] direction (Fig. 1d). The
‘head-to-tail’ connection gives rise to constructively added net
dipole moments of [SbOF;] polyhedra along the [100] and [001]
directions (Table S8t), which is favourable for stimulating large
SHG for SbF;-Gly.

The UV-vis diffuse reflectance spectrum (Fig. 2a) suggests
that SbF;-Gly is transparent in the UV region with a short UV
absorption cut-off (Acur.ofr) edge of ca. 231 nm, falling within the
solar-blind UV region (210-280 nm). This value is one of the
shortest observed among Sb**-based UV NLO crystals,*3%
indicating that SbF;-Gly is suitable for short-wave UV applica-
tions. Furthermore, using the Kubelka-Munk function, its
optical band gap is determined to be 4.63 eV (Fig. 2b).

As the title compound crystallizes in an acentric space group,
its powder SHG efficiency was measured based on the Kurtz-
Perry method under 1064 nm laser irradiation.* The standard
KH,PO, (KDP) crystal was used as a reference. As shown in
Fig. 2c, the SHG intensities increase with rising particle size
before reaching maximum values independent of particle size,
indicating that SbF;-Gly is phase-matchable in the visible
region. The phase-matching (PM) ability of SbF;-Gly is also
confirmed by its moderate birefringence, as discussed later.
Furthermore, SbF;-Gly exhibits a large powder SHG efficiency,
ca. 3.6 times that of KDP for the same particle size range of 200-
250 pm. It should be noted that the Flack parameter for SbF;-
-Gly is 0.20(4) (Table S17), indicating that the crystal is slightly
twinned. Thus, SHG produced by one twin may be slightly
weakened by the other. In other words, the real SHG efficiency is
probably larger than 3.6 x KDP if the crystal is not twinned. The
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Fig. 1 The crystal structure of the molecular SbFs-Gly compound. The SbFz and zwitterion glycine primitives (a) combine to form 0D [SbFs-
C,HsNO;] clusters (b) by sharing the O(2) atom, which repeats periodically in the structure with head-to-tail ligation, reinforced by hydrogen
bonding (c). The alignment of [SbFsC,HsNO,] clusters in the double unit cell (d). The purple lobe represents the lone pair of Sb**.
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Fig. 2 The linear and nonlinear optical properties of SbFz-Gly. (a) The UV-vis diffuse reflectance spectrum and (b) optical band gap (Eg)
determined using the Kubelka—Munk equation. (c) Particle size-dependent powder SHG efficiency. (d) Calculated birefringence.

SHG ability of the SbF;-Gly adduct is comparable to that of
numerous potential short-wave UV NLO crystals, including Sb-
based SbB;Os (3.5 x KDP),** K,Sb(P,O,)F (4.0 x KDP)*
CsSbF,S0, (3.0 x KDP),*” ASbSO,Cl, (2.7 x KDP for A = Rb and
1.7 x KDP for A = NH,),***" Rb,SbF;(NO;), (2.7 x KDP);*’
borates such as CaZn,(BOj3), (3.8 x KDP)* and Ca,B;06X (1.5 x
KDP for X = Cl and 2.0 x KDP for X = Br);*° carbonates such as
AMCO;F (A = alkali, M = alkaline earth, 1.11-4.0 x KDP),"
NaZnCO;(OH) (5.2 x KDP)," and LiZnCO;(OH) (3.2 x KDP),"
sulfates including MF,SO, (3.2 x KDP for M = Zr and 2.5 x KDP
for M = Hf)* and sulfamates such as Ba(NH,SO;), (2.7 X
KDP),*" SO,(NH,), (4.0 x KDP)* and Cs,Mg(NH,S0;),-4H,0
(2.3 x KDP);** selenites such as Sc(HSeO3); (5.0 x KDP)** and
Y;F(Se03), (5.5 x KDP);* and a few hybrid materials such as
KLi(HC;3;N;03)-2H,0 (5.3 x KDP),?* Rb[PO,(NH;)(CO),]-0.5H,0
(4.2 x KDP),’® and 2(C3H,Ng)"-2Cl-2H,0 (4.3 x KDP),"” among
others.

To better understand the structure-property relationship of
SbF;- Gly, first principles calculations were carried out using the
plane-wave pseudopotential method implemented in the
CASTEP package, based on density functional theory (see details
in the ESIt). The calculated band gap of SbF;-Gly under the
GGA-PBE functional is 4.23 eV (Fig. S47), which is slightly less
than the experimental value (4.63 eV). Therefore, a scissor
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operator of 0.40 eV was applied when assessing the optical
properties. The total and partial densities of states for SbF;-Gly
are plotted in Fig. S5.1 Specifically, the upper part of the valence
band (—3.2 to 0.0 eV) is dominated by O 2p and Sb 5s5p elec-
tronic states, while the bands ranging from —10.0 to —3.2 eV are
mainly from F 2p, O 2p, C 2p and N 2p electronic states, mixed
with a small amount of H 1s and Sb 5s5p states. The conduction
band primarily comprises unoccupied Sb 5p, C 2p, O 2p, and H
1s orbitals, as well as a small number of N 2p orbitals. It is worth
noting that the valence band maximum is contributed by the
nonbonding states of O 2p and Sb 5s5p, while the conduction
band minimum originates from the rt*-antibonding states of C-
O bonds in glycine. Thus, the band gap of SbF;-Gly is deter-
mined by the Sb**-based polyhedra and glycine molecules.
Fig. 2d displays the calculated birefringence (An) curve, from
which we can observe that the birefringence of SbF;-Gly at
1064 nm is about 0.057. This value falls within a desirable range
for a UV NLO material, categorized as ‘moderate’, which
ensures good PM capability in the SHG process. We further
examined its PM capacity based on the calculated refractive
indices (Fig. S61). The results reveal that its shortest PM wave-
length reaches 366 nm, confirming its PM ability in the visible
region and suggesting potential applications for UV laser output
through the SHG process. It is worth noting that the shortest

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The SHG-weighted electron density in (a) the VB and (b) CB for
the ds, coefficient.

PM wavelength of SbF;-Gly is 135 nm longer than its Acytof
edge, resulting in a 135 nm loss of PM. This discrepancy is likely
owing to the severe refractive dispersion effect (the curves
become suddenly steep) below the 500 nm energy region, which
prevents the PM from further approaching shorter wavelengths.

Considering structural symmetry (point group: m) and
Kleinman symmetry, SbF;-Gly exhibits 10 nonvanishing SHG
tensors, namely

dy dyo ds 0 ds 0
0 0 0 d24 0 d26
dy dyp dyy 0 dis 0

Among these, dyy, di; = das, d13 = dss, d15 = d31, dag = da,
and d;;. The static values of these tensors were calculated and
are listed in Table S9.T Notably, ds, exhibits the largest tensor,
1.48 pm V!, which is approximately 3.8 times that of KDP (d3¢
= 0.39 pm V'), aligning well with the powder SHG efficiency
(3.6 x KDP). To further uncover the underlying origin of the
strong SHG effect in SbF;-Gly, SHG-weighted electron density
analyses for d3, were performed (Fig. 3). It was found that in the
valence band (VB) (Fig. 3a), the O 2p nonbonding states
contribute significantly to the SHG, with additional contribu-
tions from F 2p and C 2p states. In the conduction band (CB)
(Fig. 3b), the SHG effect primarily originates from the rt*-anti-
bonding states of C-O bonds and Sb 5p orbitals, along with
minor contributions from F 2p orbitals. Based on the SHG-
density data, the group contributions can be delineated as
42.16% for [SbOF;] and 57.84% for glycine, indicating that the
collaborative effect of [SbOF;] and glycine results in the SHG
response of SbF;-Gly.

Conclusions

In summary, we present a new UV NLO material, SbF;-Gly,
based on Sb**. This compound comprises 0D [SbF;C,H;NO,]
FCs formed by [SbF;] pyramids and zwitterionic glycine, sharing
the oxygen corner. These [SbF;C,H5NO,] FCs adopt a head-to-
tail arrangement sustained by hydrogen bonding, resulting in
a large SHG response, 3.6 times that of KDP, and a moderate
birefringence (An(cal.) = 0.057) at 1064 nm, which imposes
a PM limit of 366 nm. In addition, the material also exhibits
a short absorption edge of 231 nm, one of the smallest values

© 2024 The Author(s). Published by the Royal Society of Chemistry
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among Sb*"-based NLO materials. These attributes position
SbF;-Gly as a potential short-wavelength UV NLO material.
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