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a b s t r a c t

Owing to the diversity of structure and potential applications in the field of electrics, sensors, and

light-emitting diodes, lead halide perovskites have attracted great attention in recent years. Especially

those lead halide perovskites with non-centrosymmetric crystal structures usually exhibit nonlinear op-

tical (NLO) characteristics, which may endow them photoelectricity switching functionality. In this work,

a lead-based hybrid organic-inorganic perovskite (HOIP) material, trimethyliodomethylammonium lead

trichloride (TMIM·PbCl3), is obtained on the basis of tetramethylammonium lead chloride through halo-

gen substitution on the cation part. It shows dual-phase-transition behavior around 345 and 358 K, which

is significantly improved. TMIM·PbCl3 crystallizes in the chiral space group, P212121, and shows a well-

defined second harmonic generation (SHG) response, and good switching endurance, which makes it an

excellent candidate for SHG switching material. This work highlights the importance of halogen substitu-

tion for crystal engineering and may pave way for the further exploration of the optoelectronic devices.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The perovskite with typical ABX3 structures (A and B repre-

sent two different metal ions, and X represents an anion), espe-

cially hybrid organic-inorganic perovskites (HOIPs), have attracted

widespread attention in the field of photoelectric devices due

to their special optical and electric properties [1–6]. Lead halide

HOIPs (e.g., MAPbI3) have been the most intensively investigated

optoelectronic materials with their excellent advantages of tun-

able bandgap, facile synthesis method, and high absorption coefi-

cient [7,8]. However, the increasingly serious concerns of environ-

ment toxicity force researchers to explore the future environment

friendly lead-free perovskites [9–11]. Nevertheless, the lead halide

HOIPs are sometimes the prior options for the research of switch-

able optoelectronic materials, sensors, solar cells, etc. because their

properties can be tuned by external stimuli such as temperature,

light, and electric [12–15]. The HOIPs who crystallize in one of the

18 non-centrosymmetric point groups are second harmonic gener-

ation (SHG) active [16,17]. For example, (DFCHA)2PbI4, and (4,4-

DFHHA)2PbI4 which crystallized in space group Cmc21 and P21,

respectively, exhibited strong SHG response [18,19]. Materials for

which the SHG signal could be switched between different states

reversibly under external stimulation have been widely investi-

gated for the application in the fields of photo-switching, electro-

optical modulators [20–23]. For instance, [NH3(CH2)5NH3]SbCl5
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and NH2-MIL-53(Al) have been reported with a well-defined SHG

switching property [24,25].

Solid state materials with phase transition provide opportu-

nities and possibilities to explore novel SHG switch materials

based on structural phase transition with symmetry breaking

[26,27]. Reducing the symmetry of the crystals is an efficient way

to obtain the non-centrosymmetric structures for crystal design-

ing [28]. The organic cationic part in the HOIP molecules is of

great interest thanks to their particular nature that can be favor-

able to design the polar structure. Chemically modifying the or-

ganic moieties of the crystal could lead to the generation of the

polarity. It was reported that, for many typical globular shape

molecules like tetramethylammonium, quinine and DABCO (1,4-

diazabicyclo[2,2,2]octane), the halogen substitution could induce

to crystalize in lower symmetry space group and enhance the

phase transition point [29,30]. By precise molecular modifications

on such molecules, polar crystals and high phase transition tem-

perature materials could be obtained. For example, polar crystals

of (TMXM) FeBr3 (X = F, Cl, Br, I) could be acquired through halo-

gen substitution on the cation of the parent crystal (TM)FeBr3 (TM,

tetramethylammonium) [31]. Again, halogen substitution leads to

the non-centrosymmetric structures of (TMXM)MnX3 (X = Cl, Br)

[32], and (TMCM)CdX3 (X = Cl, Br) [33,34]. In addition, halo-

gen substitution can effectively increase the phase transition point.

Such as (TMXM)2PtCl6 (X = F, Cl, Br, I) [35].

Inspired by those works in designing polar crystal materials,

we hereby report a lead-based 1D chain HOIP trimethyliodomethy-

lammonium lead trichloride (TMIM·PbCl3). Thanks to the
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Fig. 1. (a) DSC curves acquired in a heating-cooling cycle of TMIM·PbCl3. (b)

Temperature-dependence of the real part (ε′) of the dielectric constant of

TMIM·PbCl3 at 1 MHz in heating-cooling run. (c) The dielectric constant (ε′) of

TMIM·PbCl3 under different frequencies from 500 Hz to 1 MHz in heating run. (d)

The switching cycles of the dielectric measurement for the TMIM·PbCl3.

halogen-halogen interaction, TMIM·PbCl3 crystalizes in a non-

centrosymmetric space group, P212121, and has two solid-state

phase transitions at 345 K (Tc1) and 358 K (Tc2), respectively.

Compared with the 225 K and 328 K of [(CH3)4N]4Pb3Cl10 in

Xue’s work [36], the halogen substitution induces a significant

increase in the phase transition temperature. TMIM·PbCl3 shows

a strong SHG response that is comparable to potassium dihy-

drogen phosphate (KDP) at room temperature. The SHG signal

vanished immediately at temperature above Tc2, which indicates

a centrosymmetric feature of TMIM·PbCl3 at its high-temperature

phase. Moreover, TMIM·PbCl3 shows good switching endurance,

with switching contrast of ∼2500, which makes it an excellent

candidate for SHG switching material. This work will broaden the

lead halide organic-inorganic hybrid SHG switches family.

The colorless neddle crystals of TMIM·PbCl3 (Fig. S1 in Support-

ing information) were collected by evaporating the mixed clear so-

lution of the trimethyliodomethylammonium chloride ([TMIM]·Cl)
and PbCl2. The phase transition behavior of TMIM·PbCl3 was

firstly studied by differential scanning calorimetry (DSC) with the

PerkinElmer Diamond DSC instrument. As shown in Fig. 1a, the

endothermic peaks during the heating process and corresponding

exothermic peaks in the cooling process suggest two reversible

temperature-dependent thermal phase transitions. The transition

temperatures are deduced as 345 K (Tc1) and 358 K (Tc2) from the

heating peaks. For convenience, we name the phase below 345 K

as low-temperature phase (LTP), the phase above 358 K as high-

temperature phase (HTP), and the phase between the two as in-

termediate temperature phase (ITP). According to the formula �S

= �H/T, the entropy change �S of the two endothermic peaks is

calculated as 0.46 and 6.79 J mol−1 K−1, respectively. The calcu-

lated N values are 1.16 (Tc1) and 2.24 (Tc2) based on the Boltz-

mann equation �S = R ln(N), where R represents the gas constant

and N stands for the possible orientations number. Such large N

values reveal that the compound has a reversible transition be-

tween ordered and disordered states [37]. Structural changes are

usually accompanied by a variation on calorific value during the

heating/cooling progress. The endothermic and exothermic behav-

iors of phase transition materials endow them a wide range of ap-

plications in thermal storage devices [38,39]. In order to explore

the thermal stability of TMIM·PbCl3, we conducted a thermogravi-

metric (TGA) analysis [40,41]. The weight percent versus tempera-

ture curve indicates that TMIM·PbCl3 can bear the high tempera-

ture up to 520 K, which is 160 K higher than Tc2 (Fig. S2 in Sup-

Fig. 2. (a) Packing structures of TMIM·PbCl3 from b-axis in 293 K (LTP) and (b)

348 K (ITP), showing the similarities of the crystal structures and the differences

of ordered states of the organic TMIM cations. The dashed lines stand for the Cl···I
edge interactions. (c) Distorted PbCl6 octahedron with inhomogeneous Pb–Cl bond

lengths in 293 K and (d) in 348 K. H atoms were omitted for clarity.

porting information). The reversible thermal phase transition and

thermal stability make it a potential heat storage material.

To further explore the phase transition, we used the Tong

hui TH2828A instrument to measure the compound dielectric ε
(ε = ε’-i-ε’’). Fig. 1b shows the temperature-dependent dielectric

constant of the real part of the complex permittivity (ε′) at 1 MHz.

There are two reversible dielectric anomalies, which matched well

with the phase transition temperature in DSC. The step-shaped di-

electric anomalies from ITP to HTP indicates the mutation of di-

electric constant in a narrow temperature range. Fig. 1c shows the

variation dielectric constant under different frequencies from 500

Hz to 1 MHz in heating run. There are obvious dielectric anoma-

lies at low frequencies around Tc2, and as the frequency increases,

the amplitude of the change gradually decreases, which means that

the crystal is sensitive to external frequencies. Since the dielec-

tric properties are related to temperature, the temperature can be

used as a control variable to switch the TMIM·PbCl3 between ITP

and HTP. To check the dielectric switching endurance, we carried

out the switching of the capacitor by controlling the temperature

around Tc2. Fig. 1d shows the dielectric constant of TMIM·PbCl3
at 1 MHz under the heating-cooling cycles. The higher dielectric

constant region with a temperature above 358 K (HTP) was de-

fined as ‘Switch ON’, and the area between 346 and 358 K (ITP)

as ‘Switch OFF’. It shows excellent reversibility and endurance. The

on/off conversion by receiving and decoding thermal enables its

potential applications for sensor devices. In addition, no obvious

dielectric decay was observed during the cycles.

High-quality single crystals were selected for the X-ray Diffrac-

tion (XRD) measurement. Rigaku Oxford Diffraction was used to

collect variable temperature Single-crystal XRD data with MoKα
radiation (λ = 0.71073 Å) at 293 K (LTP), 348 K (ITP), and 383 K

(HTP). TMIM·PbCl3 was refined as the non-centrosymmetric space

group P212121 (No. 19) at LTP. It has a typical ABX3 perovskite

structure. The asymmetric unit consists of one TMIM cation, six

Cl− ligands and one Pb2+ atom (Fig. S3 in Supporting informa-

tion). The unit cell parameters are a = 7.7839(6) Å, b = 9.2515(8)

Å, c = 16.1914(14) Å, α = β = γ = 90°, and V = 1165.99(17) Å3

(Table S1 in Supporting information). As shown in Fig. 2a, the an-

ionic part [PbCl3]
−
n has a typical one-dimensional chain structure

that grows along the a-axis. TMIM cations are in the ordered state

at room temperature and occupy the cavities in between adjacent

[PbCl3]
−
n chains with the face-sharing PbCl6 octahedra structures.

At 348 K, it still crystallizes in the P212121 space group with cell

parameters of a = 7.7947(7) Å, b = 9.2974(11) Å, c = 16.1305(17)
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Å, and V = 1169.0(2) Å3, (Table S1). Although the unit cell param-

eters of TMIM·PbCl3 in LTP and ITP are very similar, there are ob-

vious changes in structure. The organic cations of the mesophase

become disordered from LTP to ITP is shown in Fig. S4 (Support-

ing information). From the point of view of crystal engineering,

hydrogen bonding and halogen bonding is vital for crystal growth

[33,42,43]. According to the geometric model established by Desir-

aju, the halogen···halogen interaction X1 = X2 (X1 �= X2) can be

divided into two possible types based on the different θ1 and θ2

values, where θ1 = C − X heavy···X light, and θ2 = C − X light···Xheavy.

For the type I, θ1 = θ2, while for the type II, θ1 ≈ 180° and θ2

≈ 90° [44]. TMIM·PbCl3 should be treated as the type II with θ1

and θ2 values of 153.7°and 75°, respectively (Fig. S5 in Supporting

information). The halogen···halogen interaction between the TMIM

cations and the [PbCl3]
−
n chains form the C-I···Cl-Pb bond with a

bond length of 3.303(7) Å at room temperature, as shown in Fig.

S2. It was reported that the strength of halogen bonds as the halo-

gen varied from F, Cl to Br [30,33]. The I···Cl halogen bond in the

crystal of TMIM·PbCl3 is considerably strong for crystal packing.

Such halogen bonds cause the inhomogeneous Pb-Cl bond lengths

(Figs. 2c and d, Table S2 in Supporting information) and the strong

distortion in the octahedra of PbCl6. The octahedral distortion pa-

rameter (�d) was described by the formula as following [45,46]:

�d = 1

6

∑[
dn − d

d

]2

(1)

Where dn represents the Pb-Cl bond length, and d represents the

average Pb-Cl bond length, the calculated �d is 4.05 × 10−3, which

is much greater than those reported lead halide perovskites, such

as (C5H13N2)PbCl4·H2O (�d = 2.031 × 10−3) [47], (DMEN)PbBr4
(�d = 1.74 × 10−3), (C6H13N3)PbBr4 (�d = 2.6 × 10−3) [48]. Be-

cause of the ‘stretching’ of the I···Cl halogen bond interaction, the

[PbCl3]
−
n chains are no longer straightforward along a-axis. In-

stead, as shown in Figs. 2a and b, they show a zigzag confor-

mation, which leads TMIM·PbCl3 to crystallize in the chiral space

group, P212121. This phenomenon is very different from the typi-

cal one-dimensional transition metal halogen chains formed per-

ovskites, such as TMBM-MnBr3 [32], (3-pyrrolinium)-CdBr3 [49],

R/S-CYHEAPbI3 [50] and C4N2H14PbCl4 [51].

We further measured the crystal structures of TMIM·PbCl3 in

the HTP, but it failed because of the weak diffraction. Fortunately,

the unit cell parameters were obtained and the hexagonal or trig-

onal crystal system with cell parameters of a = 9.3601(11) Å,

b = 9.3601(11) Å, c = 7.8947(11) Å, α = β = 90°, γ = 120° were

collected. In order to explore the structure at HTP, variable temper-

ature powder X-ray diffraction (PXRD) was carried out by Rigaku

D/MAX 2000 PC X-ray diffractometer. The simulated and the mea-

sured PXRD at room temperature matched well with each other,

which supports the purity of the TMIM·PbCl3 (Fig. S6 in Supporting

information). The PXRD patterns of TMIM·PbCl3 are quite similar in

the LTP (i.e., 293 K, 313 K, 333 K), which indicates that the same

phase and no phase change occurs. When the temperature rises

between Tc1 and Tc2 (i.e., 348 K, 353 K), the PXRD pattern changes

significantly. As depicted in region B of Fig. 3a, the intensity of the

diffraction peak at 19.1° increases. In region D, the two diffraction

peaks at 29.2° and 29.34° merge into a new peak at 29.18°. When

the temperature goes to HTP (363 K, 383 K), the diffraction peak at

12.54° in area A and the diffraction peak at 22.9° in area C disap-

pear. The absence of peaks under heating indicates that the crystal

has undergone a phase transition from a low symmetry phase to a

high symmetry phase.

As shown in Fig. 3c, the SHG intensity of TMIM·PbCl3 is com-

parable with that of the potassium dihydrogen phosphate (KDP) at

room temperature. The strong nonlinear optical (NLO) characteris-

tic of TMIM·PbCl3 can be attributed to its chiral nature (P212121

Fig. 3. (a) Variable-temperature PXRD pattern of TMIM·PbCl3 obtained in the tem-

perature range 293–383K. (b) Switchable conversion of SHG signals between high-

NLO and low-NLO states. (c) Oscilloscope traces of the SHG signals of TMIM·PbCl3
and KDP at room-temperature. (d) Completely reversible and recoverable switching

of NLO effects.

space group), which is originated from I···Cl halogen···halogen in-

teraction. According to the variable temperature-dependent SHG

measurement in Fig. 3b, the SHG signal starts to drop dramat-

ically at 350 K until the background value at 355 K. The tran-

sition temperature (Tc2) deduced from SHG versus temperature

curve matched well with that obtained from DSC and the dielectric

measurements. The weakening of the signal from 350 K is due to

the cations disorder in the crystal structure under heating. Above

355 K, the vanishing of the SHG signal reveals the centrosymmetric

crystal feature of TMIM·PbCl3.
SHG switching property was then investigated. Fig. 3d shows

the SHG switching cycles of TMIM·PbCl3. For convenience, we la-

bel the high NLO state as ‘On’ and the low NLO state as ‘Off’. The

SHG switching maintains the excellent stability. It shows a strong

endurance for the fact that it maintains its intensity without sig-

nificant attenuation during the cycles. Besides, the SHG switcing

contrast (the ratio of the on/off intensity) is as large as ∼2500,

which is higher than those known NLO materials (∼150 for single-

component plastic crystal [27]; ∼40 for organic NLO material [23];

∼38 for metal-organic framework [24]), indicating its good SHG

switching performance. The bistable SHG feature of TMIM·PbCl3
makes it an excellent candidate as SHG-switching lead-based per-

ovskites material.

In summary, the ABX3 type perovskite material TMIM·PbCl3
undergoes two phase transitions around 345 and 358 K. The

dual phase transition behavior was carefully investigated by DSC,

temperature-dependent dielectric, single-crystal XRD, and variable

temperature PXRD. The structural phase transitions are mainly due

to the order to disorder change of organic cations under heating.

Thanks to the halogen-halogen interaction of C-I···Cl-Pb between

the organic cations and anionic [PbCl3]
−
n chains, TMIM·PbCl3 crys-

tallizes in the non-centrosymmetric space group, P212121 at room

temperature. TMIM·PbCl3 shows a strong SHG signal and robust

switching endurance. Therefore, the halogen substitution on globu-

lar shape molecules assists the exploration of the lead halide HOIPs

type optoelectronic devices.
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