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Obtaining noncentrosymmetric structures and achieving desired performance indicators in nonlinear
optics (NLO) are ongoing challenges. In this work, the rational design of an A-site cation (di(pyridin-4-yl)
amine cation, [CioH11N3]), stereochemically active lone pair cation (Pb?*) and halogen substitutes in
hybrid metal halide perovskites (ABXz) was utilized to obtain two novel NLO crystals, (C1oH11N3)PbX4 (X =
Cl or Br), achieving desirable NLO performance, including pronounced anisotropy of second harmonic
generation (SHG). Through the introduction of PbXe octahedrons in the (CioH11N3)BX,4 system, com-
pounds transformed from zero-dimensional to one-dimensional structures, resulting in significantly
enhanced SHG activity. By controlling the halogen atoms, the SHG effect and birefringence of (C1oH11N3)
PbX,4 were further improved. Experimental and theoretical studies validated that the improved NLO per-
formance in the (C;gH11N3)PbX, system is closely related to the modulation of the octahedral distortion of
PbXe. The successful utilization of such structural dimension evolution and halogen substitution strategy
offers a universal way for the rational regulation of crystal structures and optoelectronic performance of
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Introduction

Hybrid metal halide perovskites have been widely utilized in
many fields such as photodetectors, light-emitting diodes, and
solar cells."™ Their excellent optical properties and diverse
structural modifiability make them an ideal choice in research
on optoelectronic devices.>® In the past years, hybrid metal
halide perovskites have also attracted significant attention in
the technology field of nonlinear optics.” Their excellent
optical properties make them potential candidates for non-
linear optical (NLO) applications,® " thus becoming one of the
research hotspots. To explore the potential application of
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hybrid metal perovskite materials in the field of nonlinear
optics, it is the prerequisite to obtain compounds with crystal-
lographically noncentrosymmetric structures. Additionally,
second harmonic generation (SHG) response (comparable to
or larger than that of potassium dihydrogen phosphate (KDP))
and birefringence (~0.07) are widely used as critical perform-
ance indicators for evaluating materials in this field.'* Thus, it
is an ongoing challenge to design and synthesize NLO crystals
with excellent comprehensive properties.

Based on the typical ABX; chemical formula of metal halide
perovskites, it is possible to achieve a noncentrosymmetric
structure and further optimize its performance through three
aspects: A-site, B-site, and X-site. When designing the B-site to
obtain a noncentrosymmetric structure, a successful approach
involves introducing one stereochemically active lone pair
(SCALP) cation (Pb*", Bi**, Sn**, Sb**, etc.).***” This strategy has
been successfully employed for various NLO crystals, such as
Sbl;(Sg)s,'® BiO(105)," MB,O;F, (M = Sn or Pb),** LiHgPO,,*"
and Pb,B0O,Cl.>* By incorporating SCALP cations, it is possible
to further optimize SHG response and birefringence, which are
observed in  SbB;0s,**  Pb,BO;NO;**  Sn,Bs0,Cl,**
Rb,SbC,0,CL;,%° etc. When evaluating the influence of halide
anions on the X-site, it is widely acknowledged that these
anions exhibit a descending trend in terms of their contribution
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to SHG efficiency, i.e. I > Br > CL.>"*° Despite the significant
achievements yielded by the above-mentioned strategies, there
are still limitations in modulating the physicochemical pro-
perties of the hybrid metal halide perovskite family.

The rational design of A-site cations may be a more
effective strategy to achieve desirable performance. Extensive
investigations have been carried out by scientists, yielding
remarkable achievements, including quasi-spherical theory for
molecular ferroelectrics.’’ ™ Regarding the design of SHG
crystals, Mao has reported that controlling the A-site cation
enhances the SHG response in the AGeBr; perovskite struc-
ture.*® When it comes to the design of anisotropic crystals,
Zhao et al. utilized organic n-conjugated cyclic cations (similar
to m-conjugated [B;O¢]>” ring in o-BaB,0,) to effectively
enhance the birefringence performance.?**® The birefringence
values range from 0.275@1064 nm for CsPbls,
0.292@1064 nm for (CH;NH;)Pbl;,*” and further increase to
0.322@550 nm for (C3NgHg)PbBr,,>® and more recently to
0.42@550 nm for (CeN;oHg)Pb,Bre,*® surpassing those of com-
mercially available birefringent crystals such as o-BaB,O,
(0.122@532 nm)** and YVO, (0.204@532 nm)."® When the
A-site cation transforms from monocation Cs' to linear moiety
[CH;NH;]", then to monocyclic [C;NgH,]", and is ultimately
modified into a tricyclic [C¢N;oHg]" cation, the birefringence
value gradually increases. Additionally, other monocyclic
anions, such as [HC3N;O;*7,"" [HC3N;3S;177,* [HoCeNo|,*
[PO,(NH);(CO),]~,** and tricyclic anion [H,CeN;O5]7,** along
with their sub-groups have been reported for their notable
birefringence or NLO performance.

In this work, we employed a n-conjugated bicyclic organic
cation of diprotonated di(pyridin-4-yl)amine, [C;oH;;N;]*", as
the A-site cation, the SCALP cation Pb*" as the B-site cation
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and combining with the tuning of the halide atoms to obtain
two novel NLO crystals, (C1oH;1N3)PbX, (X = Cl(1) and Br(2)).
Interestingly, by introducing the PbXs octahedral structure, the
dimensionality of the compounds is transformed from zero-
dimensional (0-D) (C;oH;;N;),SiFs reported by our group*® to
the present one-dimensional (1-D) (C;oH;;N;)PbX,, thereby
increasing their SHG effect from 1.2-fold that of KDP to 3.6
times that of KDP (corresponding to powder sample 1).
Moreover, by further controlling the halogen atoms, we suc-
cessfully increased the SHG effect of the powder sample 2 to
4.3 times that of KDP. For the SHG intensity of the selected
single crystal, the SHG intensity of crystal 1 is 3.8 times that of
KDP. Again, crystal 2 exhibits an enhanced SHG intensity,
which is 5 times that of KDP. The birefringence at 550 nm
increased from 0.046 in 1 to 0.127 in 2.

Results and discussion

Single crystals of (C;0H;1N3)PbX, were successfully prepared
by a facile aqueous solution method (ESIt). The powder X-ray
diffraction patterns of the experimental samples agree well
with the calculated results based on single-crystal X-ray diffrac-
tion analysis (Fig. S1T). The thermogravimetric analysis curves
of both compounds reveal a decomposition temperature of
560 K (Fig. S21).

Both (C;,H;:N3)PbCl, (1) and (C;1oH;;1N3)PbBr, (2) are crys-
tallized in the monoclinic space group Cc (Table S1 in ESIY),
which features a noncentrosymmetric structure. Due to their
isomorphism, compound 2 is chosen here for the structural
analysis. Compound 2 exhibits a 1-D chain structure, where
[C10H11N;] (Fig. 1a) acts as the A-site cation filling between the
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Fig. 1 (a) The structure of the organic cation [CioH13N3]%*. (b) 1-D chain structure of compound 2 (hydrogen atoms are omitted for clarity.). (c)
Crystal structure of (C10H11N3)SiFs. (d) [SiFe] Octahedron in (C10H11N3)SiFs. (€) Distorted [PbClg] octahedron in 1. (f) Distorted [PbBrg] octahedron in

2.
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chains (Fig. 1b). In our reported (C;oH;1N3),SiFs, due to the
unavailability of further Si-F-Si connection, it eventually
forms a 0-D structure (Fig. 1c). However, in (C;oH;1N3)PbX,,
the PbX, octahedra form an infinite array by linking to each
other via edge-sharing (Fig. 1b). Such results suggest that the
structural dimensionality of the (C;oH;;N;)BX, system can be
rationally regulated by the B-site. For 1, the Pb-Cl bond
lengths of the PbClg octahedron vary from 2.8012 to 3.0844 A
and the Cl-Pb-Cl bond angles range from 90 to 96.567(5)°
(Fig. 1e and Table S2t). For 2, the Pb-Br distances of the PbBr,
octahedron change from 2.9458 to 3.1859 A, and the Br-Pb-Br
bond angles change from 90 to 103.206(2)° (Fig. 1f and
Table S37T). Obviously, the order of the distortion of the BXg
octahedra is PbBrgs > PbClg > SiFs. The distortion of BX4 octa-
hedra combined with the nonlinear -configuration of
[C10H11N3]2+ cations possesses electronic asymmetry in these
compounds, which synergistically results in the NCS structures
and the corresponding properties including the SHG activity.
The organic and inorganic moieties in 1 and 2 are linked by
the weak hydrogen bonds of N-H---X (X = Cl, Br) (Table S4t).
The optical photographs of the crystals of 1 and 2 are dis-
played in Fig. 2a. The optical absorption spectra for both com-
pounds provide the band gaps of 3.35 eV for 1 and 2.95 eV for
2 (Fig. 2b). Considering that (C;oH;;N3)PbX, crystallizes in
NCS structures and the observed large distortion of [PbXg]
moieties, it is expected to exhibit strong SHG activity. The SHG
activity of the powder samples of (C;oH;1N3)PbX, was recorded
using the Kurtz and Perry method under 1064 nm laser
irradiation and with KDP polycrystals as the reference. By com-
paring the SHG response of (C;oH;;N;)PbX, and KDP in the
same particle size range of 210-300 pm, it is found that 1 dis-
plays a relatively large SHG response, which is 3.6 times that of
KDP (Fig. 2c). In addition, 2 exhibits a more larger SHG
response, which is 4.3 times that of KDP. The crystal structures
of (C;oH;:N;)PbX, are regulated by different halogens of X (X =
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Fig. 2 (a) Photographs of crystals of 1 and 2. (b) The band-gap values

of 1 and 2. (c) SHG intensities of 1, 2 and KDP. (d) SHG intensities of 1, 2
and KDP with different particle sizes.

3620 | /norg. Chem. Front., 2024, N, 3618-3625

View Article Online

Inorganic Chemistry Frontiers

Cl, Br), leading to stronger SHG activity of the bromide one as
compared to the chloride one. Such enhanced SHG activity
can be ascribed to the longer Pb-Br bond distances and larger
distortion for [PbBrs | octahedra in 2. Obviously, as compared
to 1, the larger distortion of [PbBr,] octahedra leads to a larger
total macroscopic dipolar moment for 2, thus endowing an
enhanced SHG intensity for 2. Furthermore, the phase-match-
ing experiments based on the polycrystal samples with
different particle sizes were carried out. As depicted in Fig. 2d,
the SHG intensities of the two compounds gradually increase
with the increasing particle size and achieve saturation with a
size larger than 200 pm. Such an evolution suggests that both
are phase-matching NLO materials. The strong SHG activity
and phase-matchable behavior for the present NLO materials
make them promising for applications in NLO devices. It
should be noted that the SHG response of the present
(C1oH11N3)PbX, is significantly higher than that of the
majority of the organic-inorganic hybrid metal halides, includ-
ing (R/S-2-MPD)PbBr; (1.4 x KDP),*” (R/S-3-aminopiperidine)
Pbl, (2.1 x KDP),*® (R/S-3-aminopiperidine)SbCl; (1.93 x
KDP),* and (C4H;,NO)PbBr; (0.81 x KDP).*°

In addition to the SHG activities of the powder samples, the
detailed SHG properties of the single-crystals for (C;oH;1N3)
PbX, were further measured on a femtosecond laser installa-
tion®" in a reflection geometry with incidence and detection
angles being 45°. As shown in Fig. 3a and S3,f the resulting
spectra of (C;oH;1N3)PbX, single-crystals show clear SHG
activities upon excitation with the laser wavelengths varying
from 820 to 1040 nm. Similar to the trend of SHG intensity of
the powder samples, the SHG intensity of crystal 2 is about 1.3
times that of crystal 1 and 5 times that of the KDP crystal
excited at the laser wavelength of 1040 nm (Fig. 3b). Such an
increase in SHG intensity for crystal 2 could be a result of the
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Fig. 3 (a) SHG response of crystal 2 pumped at different wavelengths.
(b) SHG intensity of crystals 1, 2 and KDP pumped at 1040 nm laser. (c)
Logarithmic plot of SHG intensity versus incident power for crystal 2 (the
orange line is the best linear fitting of the experimental data). (d) SHG
intensity of crystal 2 at different linearly polarized angles and different
laser wavelengths (the solid lines are the nonlinear fitting of the experi-
mental data).
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enhanced octahedral distortion®”>>* of [PbBr] in 2 in compari-
son to that of [PbCls] in 1, emphasizing the important role of
the halogen substitution. SHG images of single crystals 1 and
2 clearly demonstrate the profile of the rod-shaped crystals for
1 and 2 (Fig. S47).

Additionally, the confirmation of the second-order non-
linear optics process is demonstrated by the quadratic scaling
of SHG intensity with the incident power for both crystals
(Fig. 3c and S57). Fig. 3d shows the SHG intensity of crystal 2
at different linearly polarized angles with the laser wavelengths
of 1040, 1035, 1030, 1025, 1020, and 1000 nm. The resulting
dumbbell-shaped plots suggest the notable anisotropy of the
SHG response and dipolar polarization for 2, which shows the
strongest SHG response at angles of 0 and 180°, and the
weakest SHG response at angles of 90 and 270°. The polariz-
ation-dependent plots for crystal 1 show similar dipolar pro-
files (Fig. S61), again indicating the large anisotropy of its SHG
intensity. The polarization ratio (p) calculated with the formula
of p = (Imax = Imin)/(Imax + Imin)’® can be determined to be
94.9% for 1 and 87.1% for 2, respectively. The notable polariz-
ation ratios for 1 and 2 are comparable to those of hybrid
metal halide perovskites such as [S-3-aminopiperidine]Pbl,
(83%),"® (R-MBA)CuBr, (97.5%),"" and DMA,[InCl¢]Br
(99.9%),?° highlighting the significant anisotropy of the SHG
intensity for crystals 1 and 2.

To achieve phase matching in NLO materials, it is crucial to
have a moderate birefringence. Thus, transparent crystals 1
and 2 were selected for birefringence measurement using a
cross-polarizing microscope with a quartz wedge compensator.
The original crystals exhibit an orange interference color for 1
and blue for 2 (Fig. 4a and d) when observed under cross-
polarized light. Subsequently, both crystals 1 and 2 achieve
complete extinction (Fig. 4b and e) as the quartz wedge com-
pensator rotated. Furthermore, the crystal thickness of 1 and
2, as measured using the polarizing microscope, are 6.11 pm
and 7.71 pm, respectively (Fig. 4c and f). Based on the
formula: An = R/d, the birefringence is determined to be 0.046
for 1 at a wavelength of 550 nm. Crystal 1 has a moderate bire-
fringence, which is comparable to that of some noted NLO
materials, such as LiB;Os (0.040)>> and CsLiB¢O;, (0.049)°* at
a wavelength of 500 nm. It was observed that the birefringence
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Ll =6.11 pm —
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Z{l_pm =771 pm 20 pm

Fig. 4 (a) Original interference color of crystal 1 under orthogonal
polarized light. (b) Crystal 1 under complete extinction. (c) Thickness of
the measured crystal 1. (d) Original interference color of crystal 2 under
orthogonal polarized light. (e) Crystal 2 under complete extinction. (f)
Thickness of the measured crystal 2.
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of crystal 2 increased to 0.127 under the same conditions, a
considerable enhancement compared to that in crystal 1.
Detailed analyses attributed this to the pronounced effects of
halogen substitution, which not only caused an increment in
the Pb—X bond lengths (from Pb-Cl to Pb-Br) but also intensi-
fied the distortion of the PbX, octahedra. More specifically,
the X-Pb-X bond angles at the octahedral symmetry axes have
shifted from 173.4° (with Cl atoms) to 166.7° (with Br atoms)
(Fig. 1e and f). The resultant changes in the structural para-
meters exert significant impacts on the optical characteristics
of the crystals, in particular, their birefringence when sub-
jected to light propagation. For a better understanding of the
improvement in birefringence for 2, the local dipole moments
for PbClg and PbBrg structural units are calculated with a
bond-valence approach.’® The net dipole moment for a PbXg
octahedron can be obtained from the vector sum of the dipole
moments of the six Pb-X bonds. The calculated results giving
the net dipole moments for PbClg and PbBrs octahedrons are
5.26 and 13.58 Debye (Fig. S77), respectively. The dipole
moment vectors for both octahedrons are directed towards a
triangular face of the octahedrons. The larger net dipole
moment for the PbBrg structural units and the parallel
arrangement of the PbBrg octahedrons in the 1-D chains are
beneficial to generate the enhanced birefringence for 2.

To further corroborate the observed birefringence phenom-
ena, we employed the first-principles method to theoretically
predict the birefringence of crystals 1 and 2 at a wavelength of
550 nm, yielding calculated values of 0.041 and 0.121, respect-
ively (Fig. 5a and b). The high concordance between the
theoretical values and the experimentally measured ones con-
firms the reliability of the birefringence effects we have
recorded. In order to investigate the origin of SHG for 1 and 2,
theoretical calculations were performed using density func-
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Fig. 5 The wavelength-dependent refractive indices of (a) compound 1

and (b) 2. (c) Calculated energy band structures of compound 2. (d) DOS
and PDOS of compound 2.
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tional theory (DFT) methods. The results of the theoretical cal-
culations revealed that the direct band gaps of compounds 1
and 2 are estimated to be 2.27 eV and 2.14 eV (Fig. 5c¢ and
S8+t), respectively. The calculated band gaps are in agreement
with the experimentally determined values illustrated in
Fig. 2b. The total density of states (DOS) and partial DOS
(PDOS) were calculated to explore the origin of the NLO
activity. Based on the PDOS results shown in Fig. 5d, com-
pound 2 exhibits a concentration of C 2p, H 1s, N 2p, Pb 6p,
and Br 4p states within the energy range from —5 to 5 eV,
approaching the Fermi level. Specifically, the valence band
maximum of compound 2 is primarily occupied by Br 4p, C
2p, and N 2p states, with minor contributions from Pb 6p and
H 1s. The conduction band minimum is mainly formed by Pb
6p, C 2p, and N 2p states. Similarly, compound 1 exhibits a
similar trend (Fig. S91). Overall, the band gaps and SHG pro-
perties of compounds 1 and 2 are predominantly influenced
by the distortion of the [PbX,] octahedron in the inorganic
framework and the dipolar =m-conjugated bi-cyclic organic
cation [CoH;1N3].

Conclusions

In summary, we successfully utilized [C;0H;1N3] as the A-site
cation, the SCALP cation Pb*" as the B-site cation, and com-
bined with the tuning of halide atoms to synthesize two novel
nonlinear optical crystals, namely, (C;0H;,N3)PbX, (X = Cl, Br).
The structural dimensionality of the (C;oH;;N3)BX, com-
pounds can be elaborately regulated by the B-site cation, thus
achieving pronounced enhancement of the SHG response. The
introduction of PbXg octahedra enabled the control of dimen-
sionality and the enhancement of SHG and birefringence in
both compounds. Specifically, by modulating the octahedral
distortion of PbXs, the SHG response increased from 3.8 to 5
times that of KDP, while the birefringence increased from
0.046 for 1 to 0.127 for 2, which are comparable to those of
commercial birefringent crystals. Theoretical calculations
further confirmed the origin of these performance improve-
ments. Furthermore, significant anisotropy of the SHG inten-
sity and dipolar polarization were observed for crystals 1 and
2. The results of this study effectively demonstrated the crystal
structures and outstanding SHG effects of these novel com-
pounds, providing an effective approach for the development
of high-performance NLO crystals. Such structural dimen-
sional evolution and halogen substitution approaches are
expected to be useful ways to rationally modulate the crystal
structures and optoelectronic properties of the hybrid metal
halide perovskites for diverse device applications.

Experimental
Materials and Instrumentations

All chemical reagents and solvents were commercially available
and used without further purification. Crystal diffraction data
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of 1 and 2 were collected on a Rigaku Oxford SuperNova diffr-
actometer. The crystallographic data are presented in Table S1
(ESIt). CIF for 1 and 2 have been deposited in the Cambridge
Crystallographic Data Centre, CCDC numbers are 2310909 and
2310914 for 1 and 2, respectively.

Powder second-harmonic generation measurements were
carried out by the Kurtz-Perry method. The measurements
were performed using a Q-switched Nd:YGA laser at a wave-
length of 1064 nm. The SHG measurements of single crystals
were carried out using a multiphoton nonlinear optical micro-
scope system. A commercial femtosecond pump (Mai Tai HP,
wavelength ranging from 690 to 1040 nm) was used in the
reflection geometry with incidence and detection angles both
45 degrees. The linearly polarized pump was altered with the
2/2 plate. The reflected SHG signal was received from the front
surface of the crystals. The linearly polarized dependent SHG
signals were collected every 10 degrees. The KDP was used as a
benchmark for SHG signal intensity. The Birefringence of
(C10H11N3)PbX, (X = Cl, Br) was obtained using a polarizing
microscope (Nikon LV1000) equipped with a Berek compensa-
tor at a wavelength of 550 nm. The detailed experimental
methods are provided in the ESL{

Syntheses

Synthesis of (C;oH;1N3)PbCl, (1). PbCl, (0.069 g, 0.25 mmol)
and di(pyridin-4-yl)amine (0.043 g, 0.25 mmol) were dissolved
in 4 mL hydrochloric acid and stirred for 3 h at 100 °C. The
crystals of (C;0H;1N3)PbCl, were obtained by slowly evaporat-
ing the clear resultant solution at room temperature after a
day. The yield was calculated at 65%. Main IR spectra (cm™,
KBr pellet): 3718 (m), 3045 (s), 1612 (s), 1485(s), 1352 (s), 1192
(s), 1092 (m), 998 (m), 779 (s), 678 (w). Elemental analysis for
C1oH1N;CL,Pb (522.21) (calc/found: C, 22.99/23.01; H, 2.12/
2.16; N, 8.04/8.01).

Synthesis of (C4oH;;N3)PbBr, (2). PbBr, (0.11 g, 0.3 mmol)
and di(pyridin-4-yl)amine (0.051 g, 0.3 mmol) were dissolved
in 4 mL hydrobromic acid and stirred for 3 h at 130 °C. The
crystals of (C;oH;:N3)PbBr, were obtained by slowly evaporat-
ing the clear resultant solution at room temperature after a
day. The yield was calculated at 68%. Main IR spectra (cm™,
KBr pellet): 1625 (s), 1499(s), 1345 (s), 1179 (s), 1092 (m), 998
(m), 905 (m), 785 (s), 685 (m). Elemental analysis for
C1oHy1N;BrPb (700.05) (calc/found: C, 17.15/17.16; H, 1.58/
1.61; N, 6.00/6.04).
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