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a b s t r a c t

As an indispensable subset of functional materials, quadratic nonlinear optical (NLO) switches have gar-

nered increasing attention owing to their vast potential in next-generation intelligent optoelectronic de-

vices. Despite considerable progress in NLO switches based on solid-state phase transitions, identifying an

effective strategy to design high-efficiency NLO switches remains a huge challenge. Herein, we present a

molecular engineering approach to develop a high-efficiency lead halide organic-inorganic hybrid NLO

switch, (C8H12N)2Pb2Cl6·H2O (NMPTPC). Through the substitution of hydrogen with a methyl group

(-CH3) in protonated N-methylaniline, the initial compound (C7H10N)2Pb2Cl6·H2O (NMAPC) transformed

into NMPTPC retaining the original space group, which gives rise to a dramatic enhancement of sec-

ond harmonic generation (SHG) and phase transition temperature. As expected, NMPTPC exhibits high-

efficiency modulation of the SHG property (2.6 times that of KH2PO4) and a high phase transition tem-

perature of 372K. Notably, NMPTPC exhibits a remarkable temperature-dependent SHG behavior, with an

impressive “ON/OFF” ratio of approximately 70, underscoring its significant potential as a high-efficient

solid-state NLO switch. Based on in-depth crystal structure analysis and theoretical calculations, the mod-

ulation of the NLO property is attributed to the asymmetric distortion of the [PbCl6]
4− octahedra coupled

with π-conjugated aromatic amines with a large dipole moment. This research highlights a promising

strategy for advancing the development of high-efficiency NLO switches and provides insights into their

applications in next-generation intelligent optoelectronic devices.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nonlinear optics (NLO) materials have garnered significant at-

tention due to their versatile applications in laser frequency con-

version, optical storage, optical information processing and other

fields [1–4]. Among them, NLO switches exhibiting a controllable

and switchable second harmonic generation (SHG) response, are

particularly notable in the field of NLO materials due to their ex-

ceptional modulation potential [5,6]. Over the past several decades,

a multitude of advanced approaches have been developed to

search for NLO switches, including liquid-phase and solid-phase

approaches [7,8]. In contrast to liquid-phase transition, solid-state

transition induced by temperature changes in materials is regarded

as one of the most effective strategies for realizing high-efficiency

NLO switches [9]. In these materials, the NLO response undergoes a

significant as the compound transitions from the centrosymmetric
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phase (SHG-OFF state) to the non-centrosymmetric phase (SHG-ON

state). As a result, reversible solid-state NLO switches have been

obtained in organic molecules, host-guest inclusion complexes, in-

organic salts and organic salts [10–15]. For instance, Sun et al.

reported that the simple organic salt (Hdabco+)(CF3COO−), func-
tions as an SHG switch with an unprecedented switching capacity

[16]. However, most of the reported NLO switch compounds are

still limited by their poor switching performance, highlighting the

need for the design of novel and highly efficient solid-state NLO

switches.

Recently, the emerging organic-inorganic hybrid consisting of

alternating inorganic and organic components has attracted signif-

icant attention owing to exceptional structural flexibility and com-

positional diversity [17–22]. On one hand, the inorganic frame-

work incorporating second-order Jahn-Teller (SOJT) cations (such

as Pb2+, Bi3+, Sb3+, Te4+) exhibits pronounced structural dis-

tortions and deformations [23–26]. This characteristic provides a
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versatile platform for constructing non-centrosymmetric structures

that possess remarkable properties, including nonlinear optical

(NLO) functionality. For example, Kang et al. reported Pb2BO3Cl, a

tailor-made polar lead borate chloride, which demonstrates a ro-

bust SHG response [27]. Furthermore, Shui et al. introduced Pb2+

and acetate ions to synthesize halides Cs3Pb2(CH3COO)2X5 (X= I,

Br) with a strong second-harmonic generation response [28]. On

the other hand, the flexible and dynamic organic cations offer

a high degree of freedom of motion, acting as the driving force

for solid-state phase transitions and NLO switching [29]. Further-

more, the introduction of π-conjugated groups [30–34], such as

(C3N3O3)
3−, (C9H13N)

+ and (C5H6ON)
+ facilitates the achievement

of pronounced NLO performance, particularly when incorporat-

ing the aromatic amine component. For example, Wu et al. re-

ported a non-centrosymmetric organic-inorganic hybrid antimony

halide, (C9H14N)SbCl4, which contains π-conjugated groups and

exhibits strong NLO properties [35]. Similarly, Zhang et al. reported

an antimony-based nonlinear switch, (C6H14N)2SbCl5, with phase

transition temperatures of 337/332K [36]. These findings provide

valuable guidance for the design of lead halide organic-inorganic

hybrids. Methyl groups contribute to stability and by incorporating

them into a framework of SOJT cations and π-conjugated groups,

this approach offers a novel strategy for achieving stable and effi-

cient nonlinear optical switching.

Herein, lead halide organic-inorganic hybrid NLO switching ma-

terial (C7H10N)2Pb2Cl6·H2O (NMAPC), which exhibits an SHG sig-

nal comparable to that of KDP, was synthesized. Subsequently, the

material (C8H12N)2Pb2Cl6·H2O (NMPTPC) was synthesized through

molecular engineering [37,38], resulting in a significant enhance-

ment of the SHG signal, approximately 2.6 times that of KDP.

Thermal analysis and dielectric measurements reveal a solid-state

structural phase transition in NMPTPC around 372K, as indicated

by observed changes in its physical properties. Optical property

analysis shows that NMPTPC crystals exhibit continuous “SHG-ON”

and “SHG-OFF” states with an “ON/OFF” ratio of about 70, indicat-

ing that NMPTPC is an efficient NLO switching material. Based on

our current understanding, this lead-based halide material demon-

strates a significant NLO response and exhibits NLO switching ca-

pabilities well above room temperature. This work advances the

field of lead halide organic-inorganic hybrid materials, showcasing

their potential as NLO switchable materials operating above room

temperature.

The bulk colorless single crystals of NMPTPC (inset of Fig. S1a in

Supporting information) and NMAPC (inset of Fig. S2 in Supporting

information) were obtained using the temperature-cooling method.

The mother liquor for growth consisted of an HCl solution con-

taining stoichiometric amounts of Pb(CH3CO2)2·3H2O and organic

amines, N-methyl-p-toluidine (C8H11N), N-methylaniline (C7H9N).

Subsequently, the solution was transferred to an oven set at 338K

for complete dissolution, followed by a gradual cooling process us-

ing a predefined temperature control program to achieve satura-

tion. After several weeks, colorless bulk crystals were obtained. The

purity and thermal stability of NMPTPC crystals were confirmed

through powder X-ray diffraction and thermogravimetric analysis

(Fig. S1 in Supporting information), while the crystal purity of

NMAPC was also demonstrated (Fig. S2 in Supporting information).

The NMPTPC and NMAPC crystals were crystallized in the or-

thorhombic asymmetric space group P21212 (No. 18) at room tem-

perature. The crystal structures and refinement data of NMPTPC

and NMAPC at room temperature are shown in Fig. 1, as well as

in Tables S1 and S2 (Supporting information). From the perspective

of crystal structure, both NMPTPC and NMAPC consist of inorganic

frameworks containing angle-shared and face-shared [PbCl6]
4− oc-

tahedra, π-conjugated organic components and free water located

at the edges of inorganic frameworks (Fig. 1). The two compounds

are distinguished by the presence of N-methylaniline in one and

Fig. 1. Molecular engineering perovskite structure. (a) NMAPC structure, (b)

NMPTPC structure.

N-methyl-p-toluidine in the other organic component. A larger

dipole moment can result in several property enhancements, in-

cluding an increased optical nonlinear response, improved photo-

electric conversion efficiency and a stronger SHG response.

The [PbCl6]
4− octahedra of NMPTPC deviates from the ideal

structure, exhibiting asymmetric tilt and distortion. The bond

length (Pb−Cl) varies from 2.817 Å to 3.166 Å (Table S3 in Support-

ing information) and the bond angle (Cl−Pb−Cl) varies from 74.84°
to 125.86° (Table S4 in Supporting information). The distortion de-

gree of a single octahedron can be measured using the quadratic

elongation (〈λ〉) and the bond angle variance (σ 2
θ
), which are de-

fined mathematically as follows [39,40]:

〈
λ
〉
=

6∑

i=1

(
li/l0

)2
/6 (1)

σ 2
θ =

12∑

i=1

(
θi − 90◦)2/11 (2)

where li represents the Pb−Cl bond length in a single octahe-

dron, l0 denotes the average Pb−Cl bond length and θ i denotes

the Cl−Pb−Cl bond angle between neighboring Pb-Cl bonds. The λ
value of NMPTPC is calculated as 1.0023, which is higher than that

of PEA2PbI4 (1.0011), (BA)2(MA)Sn2I7 (1.0014) and (BA)2(FA)Sn2I7
(1.0020) [40]. In addition, the σ 2

θ
of NMPTPC is 228.4, which is

higher than that of (BA)2(EA)2Sn3Br10 (30.4) [41]. Such high values

of 〈λ〉 and σ 2
θ

generally indicate a significantly distorted octahe-

dron. Furthermore, λ and σ 2
θ

can be used to represent the octahe-

dral distortion. Structural distortion can introduce subtle asymme-

tries in the lattice, inhibiting the cancellation of the positive and

negative frequency components of light, which consequently leads

to the generation of a second harmonic [42]. This structural dis-

tortion typically induces a reorganization of the electron orbitals,

which alters the material’s band structure and electron distribu-

tion, thereby enhancing or modulating its nonlinear optical re-

sponse. From the above, the SHG behavior of the NMPTPC crystal

largely stems from the distortion of the [PbCl6]
4− octahedron to

some degree.

The phase transitions of NMPTPC and NMAPC crystals were

characterized by differential scanning calorimetry (DSC) mea-

surements of temperature-dependent permittivity. MNAPC crys-

tals have not received significant attention due to their absence

of phase transition (Fig. S3 in Supporting information). The DSC

curves show a distinct sharp endothermic peak at 372K dur-

ing heating, with a corresponding exothermic peak observed at

337K during cooling, indicating a reversible phase transition in the

NMPTPC crystal (Fig. 2a). The endothermic peak observed during

heating and the exothermic peak noted during cooling signify the
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Fig. 2. (a) DSC curves (b) the relationship between the real part of NMPTPC crystal

dielectric constant and temperature.

Fig. 3. NLO properties of NMPTPC and NMAPC. (a) SHG intensity. (b) Temperature

dependence of SHG signal strength of NMPTPC.

presence of a reversible phase transition dependent on tempera-

ture. Molecular dipole motion is often associated with phase tran-

sitions and is usually accompanied by significant dielectric anoma-

lies [16,43]. Fig. 2b depicts the real part (ε) of the complex permit-

tivity for an NMPTPC crystal with frequencies of 300kHz, 500kHz

and 1MHz as a function of temperature. Notably, the dielectric

value of the NMPTPC crystal remains stable and low at tempera-

tures below 372K. As the temperature surpasses 372K, the crystal’s

dielectric value rapidly increases to a high state, consistent with

the DSC measurements. Moreover, the complex dielectric constant

sustains a high state beyond 372K. The agreement between the

DSC and dielectric constant measurements clearly illustrates the

phase transition behavior of NMPTPC.

To assess the applicability of NMPTPC in optical applications,

UV–visible diffuse reflectance spectrum was performed on crys-

talline NMPTPC powders at room temperature. The absorption

spectrum of NMPTPC was obtained through the Kubelka−Munk

function (Fig. S4 in Supporting information). The optical band gap

of NMPTPC is approximately 3.75 eV (inset of Fig. S4). From the ab-

sorption spectrum analysis, the absorption cutoff edge of NMPTPC

occurs at 320nm. Analyzing the absorption at the edge of the

absorption spectrum suggests that NMPTPC exhibits exceptional

transparency beyond 320nm.

Based on the foregoing analyses, NMPTPC exhibits exceptional

properties, including a reversible solid-state phase transition and a

non-centrosymmetric structure, both of which are crucial for elic-

iting the SHG response. Following the approach of Kurtz and Perry

[44], with KH2PO4 (KDP) as the reference sample, the SHG re-

sponse of NMPTPC crystal samples was measured under 1064nm

laser irradiation. Comparing the SHG signals of NMPTPC, NMAPC

and KDP, NMAPC shows equivalent to KDP, while the SHG signal

of NMPTPC is approximately 2.6 times that of KDP (Fig. 3a). The

introduction of a larger dipole moment has been proven to be an

effective method for enhancing the SHG signal strength. This is pri-

marily because the increase in the dipole moment enhances the

Fig. 4. Birefringence measurement of NMPTPC: (a) The original interference color

and (b) the interference color when the crystal is completely extinguished.

material’s nonlinear polarization response, significantly amplifying

the generation of the second harmonic [45,46]. The organic com-

ponent is responsible for the difference in SHG response, while the

inorganic framework remains unchanged. N-Methyl p-toluidine has

additional methyl groups compared with N-methylaniline, which

also causes the dipole moments [47] of the two to be different

(7.13 Debye for the former and 5.80 Debye for the latter, Fig. 1).

Therefore, the NLO signal can be enhanced by modifying their op-

tical properties through molecular engineering [48]. Fig. 3b shows

the temperature dependence of the SHG signal for NMPTPC, indi-

cating a heightened SHG response, referred to as the SHG-ON state.

The SHG signal rapidly weakens and approaches zero as the tem-

perature increases near 372K, which is referred to as the SHG-OFF

state. As the temperature continues to rise, the SHG signal remains

at a low level in the SHG-OFF state (noise error). The switching

contrast of NMPTPC is estimated to be around 70, which is sig-

nificantly higher than that of similar such as (BA)2(EA)2Sn3Br10
(35), tellurates α- and β-Li2HfTeO6 (13.5), the organic crystal

2-methylpropan-2-aminium 2,2-dimethylpropanoate (19) and the

MOF material NH2-MIL-53(Al) (38) [41,49–51]. Additionally, its ef-

ficient frequency-doubling switching capability holds great poten-

tial for applications in NLO switching.

For ideal NLO materials, moderate birefringence is necessary.

Therefore, the NMPTPC crystal (transparent) was selected and

cross-polarization microscopy was used to measure and record rel-

evant data for calculating birefringence. The original interference

color observed under cross-polarized light was green (Fig. 4a). The

extinction of the NMPTPC crystal was achieved by rotating the cal-

ibrated quartz wedge compensator (Fig. 4b). The distance rotated

through the compensator was compared with the Michal-Levy plot

and the delay value (R) was about 1885nm. Next, the crystal was

positioned upright to directly measure the thickness (d=17 μm,

Fig. S5 in Supporting information). According to the previously

measured values of R and d, the formula 	n=R/d was used to cal-

culate the birefringence index of 0.109 at a wavelength of 546nm,

which is comparable to that of some reported inorganic NLO

materials such as Ca3(BO3)2 (0.097@589nm) [52], (C9H14N)SbCl4
(0.095@546nm) [35] and even exceeds that of others, such as

La(PO3)3 (0.040@1064nm) and β-Cd(PO3)2 (0.059@1064nm) [53].

The moderate birefringence indicates that NMPTPC is an excellent

NLO material.

To investigate the underlying reasons for its outstanding op-

tical properties, the density functional theory (DFT) computa-

tional method is frequently employed [54]. The band gap value

of NMPTPC is calculated to be 3.63 eV (Fig. 5), which is consis-

tent with the experimental results obtained from the UV–vis dif-

fuse reflectance spectra (inset of Fig. S3, band gap=3.75 eV). The

maximum valence band (VBM) and the minimum conduction band

(CBM), as shown in the band structure (Fig. 5a), do not appear

on the same ordinate, indicating that the compound is an indirect

semiconductor. As is well known, electronic transitions near the

Fermi energy level govern the optical properties of crystalline ma-
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Fig. 5. Electronic characteristics of NMPTPC: (a) Band structure (b) PDOS spectra

around the Fermi level.

terials. Therefore, the partial density of states (PDOS) of NMPTPC

was analyzed. The covalent interaction between Pb and Cl, forming

an octahedron, can be observed through the overlap between Pb

and Cl orbitals (Fig. 5b), where the 6s and 6p orbitals of Pb over-

lap with the 3s 3p orbitals of Cl in the energy range of −20∼10eV.

It can be observed that the C 2p and Cl 3p orbitals primarily ap-

pear near the upper limit of the VB, with a small number of N 2p

and Pb 6s and 6p orbitals also present nearby. The C 2p, Cl 3p and

Pb 6p orbitals are primarily located near the bottom of the CB. At

the base of the CB, the orbitals are mainly occupied by the C 2p, Cl

3p and Pb 6p orbitals. The calculation of PDOS and the contribu-

tion of each atomic orbital to the density of states provide valuable

insights into the optical properties of the crystalline NMPTPC.

Herein, through molecular engineering via methyl substitution,

we developed a novel lead hybrid perovskite NLO switching ma-

terial, NMPTPC, with an enhanced NLO response (SHG, 2.6×KDP)

and “ON/OFF” switch ratio of approximately 70. The interaction be-

tween Pb²+ and the lone pair electrons, combined with the larger

dipole moment of the aromatic amine, enhances the SHG signal.

These remarkable NLO switching properties render it a promising

material for future NLO applications in memory devices and sen-

sors. This work provides a valuable approach for the further ex-

ploration of organic-inorganic hybrid metal halides with superior

nonlinear optical properties above room temperature.
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