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The design and synthesis of high-performance nonlinear optical (NLO) crystals is a critical but intractable
challenge in the development of advanced lasers technology. Herein, two novel zero-dimensional hybrid
metal halides, namely, (C13N3H14)2ZnBr, (1) and (Cy3NsH14),CdBr, (2), were successfully synthesized
through a mild solution method. They crystalize in the orthorhombic noncentrosymmetric Pna2; space
group. Both 1 and 2 exhibit good comprehensive NLO properties, including phase matchable and strong
SHG effect (1.12x and 0.98 x KH,PO,), wide bandgaps (3.96 and 3.98 eV), large birefringences (0.15 and
0.12@1064 nm), and high laser-induced damage thresholds (28X and 25 x AgGas,), suggesting that they
are promising NLO materials. In addition, the theoretical studies and crystal structure analysis reveal that
their SHG responses and birefringences originate from the synergism of the ordered alignment of organic
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Introduction

Organic-inorganic hybrid metal halide perovskites have been
identified as high-performance photovoltaic materials"? and
have demonstrated remarkable power conversion efficiency
over the past decades. Other areas of optoelectronic appli-
cations such as solid-state lighting,® photodetectors,*®
sensors,” scintillators®® and information encryption'®'" have
also been extensively studied. Meanwhile, the structural versa-
tility, compositional tunability and unique physical properties
of hybrid metal halides render them promising contenders for
nonlinear optical (NLO) applications.">"?

NLO crystals that broaden the wavelength range of output
radiation have attracted considerable attention in the fields of
solid-state laser and NLO materials. Second-harmonic gene-
ration, (SHG) as one of the most fundamental NLO processes,
has been widely used in a number of fields, including optical
communication, medical treatment, laser technology, and
sensor technology.'*"> Generally, an optically desirable NLO
crystal material should meet the following demanding con-
ditions: (i) a non-centrosymmetric (NCS) structure is the prere-
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designing and synthesizing high-performance NLO materials.

quisite for NLO activity; (ii) a wide optical bandgap for obtain-
ing high laser-induced damage thresholds (LIDTs); (iii) a sig-
nificant SHG response at least larger than that of KH,PO,
(KDP); (iv) sufficient birefringence to achieve phase-matching
(PM); (v) good physicochemical stability. Nevertheless, the inte-
gration of all the aforementioned superior properties into one
structure remains a significant challenge.

Many methods have been proposed to obtain crystalline
materials with NCS structures.'®'® One common classic strat-
egy involves the introduction of metal cations with stereo-
chemically active lone-pair electrons (SCALP cation, e.g., Bi*",
Pb>*, Ge**, etc.) or d'° metal cations (d'® cation, e.g., Zn>",
Cd**, Hg*", etc.). This strategy has been successfully employed
for obtaining a variety of NLO crystals, such as Sn,Br;oS,,”°
Rb,SbC,0,Cl;,** (PBA),Bil,-H,0,** MAGeBr; > and
Cs3Pb,(CH;C00),X5 (X = I, Br).”* Recent studies show that the
SHG effect is not only associated with inorganic anionic units,
but also with organic cations.”® The introduction of chiral or
asymmetric organic moieties (including =n-conjugated/non-
n-conjugated organic cations) has proven to be an effective
strategy for obtaining SHG-active materials, and a series of
novel hybrid metal halides with high SHG efficiencies, inte-
grating the merits of both organic and inorganic moieties,
were gained.?® For example, Xu et al. synthesized NCS copper
(1) halides with efficient SHG signal and high LIDT by using
chiral ammonium cations.>” Mao et al. synthesized a series of
Ge-based bromide perovskites exhibiting tunable SHG
response by adjusting the size of the organic cation, where
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(CH;3NH;)GeBr; shows a large SHG response (5 x KDP).>* Our
group recently synthesized two hybrid copper(i) halides NLO
crystals by assembling an asymmetric organic molecule with a
d' metal cation.”® OK group reported a Hg-based hybrid
halides with a SHG effect of 5 x KDP and birefringence of
0.246 through incorporating m-conjugated melamine, d'°
cation, and halide anion CI~.%°

Combining the above strategies together, we put emphasis
on the investigation of A-M"-X (A = m-conjugated organic
cations; M" = d"° metal; X = Cl, Br, I) system and finally gained
two new hybrid metal halides (Cy3N3Hy4),ZnBr, (1) and
(C13N3H4),CdBr, (2). Their synthesis, structural chemistry,
linear optical and NLO properties are comprehensively investi-
gated in this study. Specifically, them both show PM SHG
responses larger than that of KDP, wide bandgaps, large bire-
fringences and high LIDTs, indicating their potential as prom-
ising NLO materials.

Experimental section
Materials

N,N-Diphenylguanidine = monohydrobromide (C;3H;4N;Br,
98%, Adamas), cadmium carbonate (CdCO3, 99.99%, Adamas),
zinc oxide (ZnO, 99.9%, Adamas), methanol (MeOH, AR,
general reagent), hydrobromic acid (HBr, 40% in water, AR),
and petroleum ether (AR, general reagent). They were used
without further purification.

Syntheses

Single crystals of (C;3H;4N3),ZnBr, (1) and (C,3H;4N3),CdBr,
(2) were synthesized by cooling crystallization method. Firstly,
C13H14N3Br (1 mmol) was dissolved in 1 mL MeOH to form a
clarified solution. Then, 0.5 mmol ZnO was dissolved in
300 pL HBr to form a colorless solution. Finally, the two solu-
tions were thoroughly mixed in a 10 mL strain bottle. At 4 °C,
colorless massive crystals were obtained after 24 h. The
obtained crystals were washed with petroleum ether. The syn-
thesis of 2 is similar to that of 1, except that 300 pL HBr and
0.5 mmol ZnO were replaced by 200 pL HBr and 0.5 mmol
CdCOs;.

Structure determination

At 296 K, single crystal data of 1 and 2 were acquired with a
Bruker D8 QUEST X-ray diffractometer with Mo Ko radiation (4
= 0.71073 A). The structures of 1 and 2 were solved by Direct
Methods, and the anisotropic displacement parameters of
each atom were refined by full matrix least square F> method.
Olex2 program®® was used in all processes, and the structure
was checked by PLATON program, and no key warning was
found. Final improvements included anisotropic displacement
parameters (ADP) and secondary extinction correction for all
atoms. Crystallographic data, atomic coordinates and equi-
valent isotropic displacement parameters, bond lengths, bond
angles, and hydrogen bonds are listed in Tables S1-S5.7 CIF
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documents were also deposited with CCDC numbers 2362939
(1) and 2362940 (2).1
Degree of tetrahedral distortion calculations

The magnitude of the asymmetric coordination environment
of Zn** center in the ZnBr, tetrahedron can be evaluated using
the following equations:*!

sa=1>[fn ﬂz o)

=33 (000 @

where d, and d, represent the four individual M-Br bond
lengths (Tables S3 and S4f) and the average M-Br bond
length, respectively. §; represents the individual Br—-M-Br bond
angle of the tetrahedron and 6, is 109.5° in the regular
tetrahedron.

Powder X-ray diffraction (PXRD)

The powder X-ray diffraction (PXRD) patterns were recorded by
using a Bruker D8 Advance diffractometer with Cu-Ka radi-
ation (1 = 1.5406 A) operating at 40 kV and 100 mA. The simu-
lated patterns were obtained by the Mercury program and
single-crystal reflection data.

UV-vis-NIR diffuse reflectance spectrum

At room temperature, the absorption spectra of 1 and 2 were
acquired with the Cary 5000 UV-Visible-near-infrared absorp-
tion spectrometer. Pure barium sulfate powder was used as the
reference during collection. The experimental band gap value
is obtained according to Tauc equation:*>

(ahw)"™ = B(hv — Eg)

where « is the absorption coefficient, # is the Planck constant,
v is the frequency, B is a constant, E, is the bandgap width of
the semiconductor, and n is directly related to the type of
semiconductor. When n = 1/2 for direct bandgap and n = 2 for
indirect bandgap.

SHG measurements

Second-harmonic generation (SHG) measurements on powder
crystalline samples of 1, 2, and benchmark KDP were carried
out with the modified Kurtz-Perry method at 1064 nm laser.*?
The powder samples were sieved into six different ranges,
including 25-75, 75-105, 105-150, 150-200, 200-250 and
250-315 pm, to measure their size-dependent SHG responses.
The SHG signals were detected using photomultiplier tube
and recorded via a digital oscilloscope.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) were carried out on a TGA/
DSC1 Mettler ToledoS6 thermal analyzer from 25 to 800 °C
with a heating rate of 10 °C min~" in the range of 25 to 800 °C
under nitrogen.
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LIDT measurements

The single crystal’ LIDTs of 1, 2, and AGS were measured using
single-pulse measurement method by selecting flat surface
crystals pressed into glass microscope cover slides. The samples
were repeatedly irradiated by a 1064 nm laser with pulse width
7, of 10 ns at a frequency of 1 Hz. Observations were made
under an optical microscope and the laser power was increased
until the damaged spots were observed. The laser power was
then monitored and recorded with a Nova II sensor display with
a PE50-DIT-C energy sensor, and the area of damage spots was
measured as the damage threshold parameter of the sample.
The damaged area was measured with a vernier caliper.

Theoretical calculations

The single-crystal structural data of 1 and 2 were used for
theoretical calculations. The electronic structures and optical
properties were calculated using a plane-wave basis set and
pseudo-potentials within density functional theory (DFT) were
implemented in the total-energy code CASTEP.>* For the
exchange and correlation functionals, Perdew-Burke-Ernzerh
of (PBE) in the generalized gradient approximation (GGA) was
chosen.®® The interaction between the ionic cores and the elec-
trons was described by the norm-conserving pseudopotential. The
following valence-electron configurations were considered in the
computation: Zn-4s”4p>3d'°, Cd-5s°5p°4d'®, Br-4s’4p>, C-2s5°2p’,
N-2s*2p®, and H-1s". A plane-wave cutoff energy of 350 eV (1) and
310 eV (2), and 2 x 2 x 2 (1, 2) grid of Monkhorst-Pack points
were employed for band structure and density of states calcu-
lations, which ensured good convergence of the computed struc-
tures and energies. The other parameters and convergence criteria
were default values for the CASTEP code. The optical properties
were calculated in terms of the real (¢;(w)) and imaginary (&,(w))
parts of complex dielectric function e(w), e(w) = &1(@) + iey(@).>°
The first-order nonresonant susceptibility of the low-frequency
region is x'(w) = &;(w) — 1, and the SHG tensors can be expressed
in terms of the first-order susceptibilities as follows:*”

szk) ((1)1, @3, (1)3) =

ma o (1) (1)

WX"" (03)X;7 (1) Xy (@2) (3)
where m, N and e are the electron mass, atomic number
density and electron charge respectively, parameter a (a = @,*/
d, wo and d are resonance frequency to each atom and lattice
constant, respectively) characterizes the nonlinearity of the
response, which can be obtained from experimental or theore-
tical estimations. The formula for calculating refractive index n
is as follows:

1/2

@) = o {le @) + @) + ()} (4)

Results and discussion
Crystal structures

1 and 2 crystalize in the polar orthorhombic space group Pna2,
(Tables S1-S57%). Since 1 and 2 are isostructural, the structure
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of 1 will be described as the representation. As illustrated in
Fig. 1, the fundamental building units in 1 are ZnBr, tetra-
hedron and C;3N;H;," organic cation, both of which are
arranged along c¢ direction, also the 2, helical axis direction
(Fig. 1a and b). The organic cations and inorganic anions are
connected by hydrogen bonds (Fig. S27). Its structure is com-
prised of two crystallographically independent organic cations,
exhibiting four distinct orientation arrangements (Fig. 1c). The
polar ZnBr, tetrahedra form two types of layers (layer A and B)
parallel with the hc plane, with the distance of 7.97 A between
the two layers. Because of the opposite orientation of ZnBr,
tetrahedra within either layer A or B (Fig. 1d), the microscopic
polarization in the ab plane is canceled out. Consequently,
only the polarization along the c-axis is retained. The net
dipole moments of inorganic units was calculated based on
the bond-valence model,*® the results are shown in Table S6
and Fig. S3.f The bond lengths of Zn-Br (2.3680(8) to
2.4729(8) A) and the band angles of Br-Zn-Br (102.61° to
113.35°) in the ZnBr, tetrahedron greatly deviate from an ideal
tetrahedron, indicating the ZnBr, tetrahedron exhibits high
distortion. The distortion degree of ZnBr, and CdBr, tetra-
hedron are revealed by the distortion degree of bond length
(Ad) and bond angle (6*), which are calculated to 2.52 x 10~*
and 22.78 for ZnBr, tetrahedron, respectively. For the CdBr,
tetrahedron, the Ad and &> are 2.68 x 10~* and 51.27, respect-
ively, slightly larger than those for ZnBr, tetrahedron
(Table S77). In addition, the experimental powder X-ray diffrac-
tion (PXRD) patterns of 1 and 2 are in accordance with the
simulated ones, thereby confirming the obtained samples are
pure (Fig. S47).

/b _l:&'
3 B B
O\t < \y@ A B A 3B
A A\
3 B 3 o = > B
Z A <X AN d d
\J 7 2 \J 7 /x d . A \
£ N o Y, \'
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‘ \.No
S & A 774

Fig. 1 (a) The structure of 1 along the c-axis; (b) the inorganic and
organic parts rotating along the c axis with pseudo-2; helical arrange-
ment; (c) the organic layers parallel with the ac plane; (d) the inorganic
layers in the bc plane and their distance. Hydrogen atoms are omitted
for clarity.
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Thermal analysis

To study the thermal properties of 1 and 2, the thermo-
gravimetric analysis (TGA) was measured under a nitrogen
atmosphere, the results show that the initial decomposition
temperatures of 1 and 2 are 285 °C and 282 °C, respectively,
indicating good thermal stability (Fig. S57).

Optical properties

The UV-vis absorption spectra of 1 and 2 in the range
200-600 nm are shown in Fig. 2(a and b). Their UV cutoff
edges are 313 and 311 nm, corresponding to their bandgaps of
3.96 and 3.98 eV, respectively, consistent with their crystals’
colors (Fig. S61). Moreover, the bandgaps are comparable to
many excellent NLO hybrid metal halides, such as [CsH;,N]
SnCl; (3.40 eV),*® (TMA),;Sb,Cls (3.28 €V),*® (TpyH;)(CdCl,)Cl
(2.85 eV),"" (PBA)InBr,-H,O (3.52 eV),>* (C,H5NCI) SbCl,
(3.05 eV),*> and H;;C4N,Cdl; (3.86 eV).*’ Since both 1 and 2
crystallize with NCS structures, their powder SHG effects were
investigated through the Kurtz-Perry method under 1.064 pm
radiation with the benchmark KDP as reference. The particle
size-dependent SHG data reveal that 1 and 2 exhibit type-I1 PM
behavior (Fig. 2¢ and d), and their SHG responses are around
1.12 and 0.98 times that of KDP at the particle sizes of
250-315 pm, respectively, both of which are larger than those
of most reported ionic metal halides containing d*° transition
metal cations, the detailed data is shown in Table S8.f They
are also larger than most reported ionic metal halides without
d'® transition metal cations, such as (C4H;,NO)PbBr; (0.81 x
KDP),** (Br-MM),MnBr, (0.3 x KDP),*> (FEA);BiCl, (0.6 X
KDP),*® [BTMA],MnBr, (0.59 x KDP),*” and (C;oH;4,N)PbBr;
(1.05 x KDP).*® In addition, as another important indicator for
NLO materials, the LIDT was measured. The results display that
the LIDTs of 1 and 2 are 226.01 and 199.14 MW cm™2, much
higher than that of AGS (7.97 MW cm™2), suggesting that 1 and
2 have great potential for high-power NLO application.
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Fig. 2 UV-vis absorption spectra and the optical band gaps obtained
from Tauc plots (inset) of (a) 1 and (b) 2; (c) particle size-dependent SHG
intensity of 1, 2 and KDP at 1064 nm; (d) SHG intensity of 1, 2 and KDP at
particle sizes of 250-315 pm.
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Theoretical calculations

To further evaluate the SHG contribution units for 1 and 2, the
net dipole moments (DM) within a unit cell were calculated
based on the point charge model.**>" It is assumed that the
dipole moment centers of the positive charge for the
[C13N3H4]" cation and the negative charge for the [MX,]*~
anion are located at the C20 and M atoms, respectively. The
average coordinates of C20 atom are (0.5, 0.5, 0.4281), and
(0.5, 0.5, 0.3675) for Zn atom in 1 (Table S9, Fig. S71). It is
evident that the coordinates of positive and negative charges
are not coincidence, thus producing DM. According to the
equation m = r x g, a DM (pora1) Of 20.47 D is obtained for 1.
Similarly, the calculated DM of 2 is 21.46 D (Table S9%).
Because the SHG response is inversely correlated with the
volume (£2) and the square of the band gap (E,*). A corrected
total DM (u.) was quantified using the following equation: y. =
Heotall (2 % Eg*).2"°? Consequently, the y. of 1 is 4.93 x 107" D
(A* ev®)™, which is greater than 4.73 x 107 D (A® eV?)™ of 2,
in accordance with the experimental results.

In order to gain further insight into the relationship
between structure and properties of 1 and 2 from the micro-
scopic structural perspective, the first-principles calculations
were implemented utilizing the PBE function. The band struc-
tures show that 1 and 2 are indirect band-gap compounds with
theoretical band-gaps of 3.7 eV for 1 and 3.84 eV for 2 (Fig. 3a
and b), which are agreement with the experimental results.
Because the electronic structures of 1 and 2 are similar, only 1
was selected to illustrate the mechanism of the optical pro-
perties. The partial densities of states (PDOS) projected on
each constitutional atom indicate that the Zn 3d, Br 4p, N 2p,
C 2p, and H 1s states dominate the energy band ranging from
—10 to 10 eV. The valence band maximum (VBM) of 1 is exclu-
sively occupied by the Br 4p orbitals of the [ZnX,]*~ anion
together with the C 2p and N 2p orbitals of the (C;3N;Hy,)"
cation. The conduction band minimum (CBM) of 1 is mainly
occupied by the C 2p and N 2p orbitals of the (C;3NzHy,)"
cation (Fig. 3c and d). 2 shows a similar trend. These results
show that the band gaps and SHG properties of 1 and 2 are
predominantly affected by the distortion of the [MX,] tetrahe-
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K "
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£ N
& - -
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Fig. 3 Band structures of (a) 1 and (b) 2; density of states of (c) 1 and (d)
2. The Fermi level is set at 0 eV.
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Fig. 4 Calculated frequency-dependent NLO coefficients of (a) 1 and
(b) 2; calculated frequency-dependent refractive index and birefrin-
gences of (c) 1 and (d) 2.

dra in the inorganic skeleton and the polar w-conjugated
diphenyl guanidine organic cations (C;3N3Hy,)".

As a result of the asymmetric space group Pna2; and
Kleiman symmetry restriction, there are three nonvanishing
independent NLO coefficients dys, d,s, and ds; for 1 and 2
(Fig. S8t). The contribution to the three NLO coefficients of
the constituent groups are summarized in Table S12.f The
largest calculated d,s are 0.34 (1) and 0.32 (2) pm V™, corres-
ponding to 0.87 and 0.82 times that of KDP (0.39 pm V).
Compared with the experimental value (1.12, 0.98 x KDP), it is
slightly smaller. This difference can be ascribed to the reason
that the theoretical values are based on periodic crystals,”**
while the experimental values are affected by the size and
quality of the as-obtained crystals.

Both 1 and 2 crystallize in the orthogonal system, which
belong to the dual axis crystal. The refractive index curve is
exhibited in Fig. 4a and b, showing the trend of n, > n, > n,.
The shortest SHG phase-matching wavelength is 400 and
410 nm for 1 and 2, respectively (Fig. 4a), confirming the PM
capability of 1 and 2 under 1064 nm laser. The calculated bire-
fringences (An = n, — n,) is about 0.15@1064 and
0.12@1064 nm for 1 and 2, respectively. Notably, the birefrin-
gence of 1 is larger than the reported hybrid metal halides such
as (Morpholinium),Cd,Cls (0.0303@1064 nm),>® [(CH;),CH
(CH,),NH;],(CH3NH,),PbsCly,  (0.02@546 nm),>® (CyoHy;N3)
PbBr, (0.12@1064 nm),>” (CoH14N)SbCl, (0.095@546 nm),*®
[(S)-3-aminopiperidine]Pbl,  (0.071@1064 nm),>®  and
(C5NgH5);HgCl; (0.093@1064 nm).”® These results indicate that
1 and 2 exhibit good optical anisotropy, which they should be
suitable potential candidates for NLO materials.

Conclusions

In conclusion, the two non-centrosymmetric hybrid metal
halides, (C;3N3;H;4),MBr,, have been synthesized, which
exhibit strong SHG effects, wide bandgaps, good optical an-
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isotropy and large LIDTs. Additionally, first-principles calcu-
lations suggest that their optical properties are influenced
synergistically by organic and inorganic components. This
work not only enriches the family of hybrid metal halide NLO
materials, but also provide an effective strategy for exploring
potential NLO materials.
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