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a b s t r a c t

Ferroelectric plastic crystals have garnered significant attention in recent years due to their unique

phase-transition behaviors and potential nonlinear optical properties. Nevertheless, most existing ex-

amples encounter challenges, such as inadequate transparency and diminished nonlinear optical signal,

which constrain their broader applicability. In this study, we present a new ferroelectric plastic crystal,

1-azanorbornanium tetrachlorogallate, which crystallizes in the polar space group Pmc21 at room temper-

ature and undergoes plastic phase transition at above 413K. This phase transition endows this compound

with nonlinear optical performance at polar room-temperature phase, while allowing highly-dynamic

molecular rotation to provide excellent mechanical flexibility at high-temperature phase. Through hot-

pressing the powder sample, a pressed tablet with an increased density that is 99.4 % of crystallographic

density (1.70 g/cm3) was obtained. Benefiting from the elimination of crystal grains, such a high-density

tablet has significant improvements in light transmittance and second harmonic generation (SHG). Its

SHG is increased by approximately 20 times and 6 times those of the loose powder form and referenced

KH2PO4, respectively. This work demonstrated the potential of hot-pressing method on enhancing non-

linear optical performance of polar plastic crystals.

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

Medica, Chinese Academy of Medical Sciences.

Second harmonic generation (SHG) is a crucial phenomenon in

nonlinear optics, widely applied in optical communications and

laser technologies [1,2]. However, traditional inorganic SHG ma-

terials face significant challenges, such as high energy consump-

tion for growing large crystals, complex processing, and limita-

tions in strength and thermal stability [3]. To address these is-

sues, researchers are exploring organic-inorganic hybrid crystals

with structural diversity and tunability. These materials show great

potential for SHG and provide more flexibility in design and pro-

cessing, offering new ways to enhance material properties [4–10].

In addition to developing new materials, optimizing processing

techniques is key to improving their nonlinear optical performance.

Recently, researchers have made progress by combining organic-

inorganic hybrid crystals with innovative methods such as facet en-

gineering and rapid thermal annealing [11–14]. We previously used

solid-liquid phase transitions to grain hybrid glass and a further

precise annealing process to create a hybrid glass-ceramic thin film

embedded with uniformly distributed microcrystals [15]. This ma-

terial possesses the processability of glass with the optical proper-

ties of ceramics, and the presence of polar microcrystals enhance
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its SHG intensity without poling treatment, showing the synergy

between materials and processing.

Ferroelectric plastic crystals have drawn many attentions due

to their unique phase transitions and excellent electrical properties

[16–30]. In particular, plastic crystals offer advantages to be shaped

as tablet by hot-pressing processes [20–23]. At high temperatures,

plastic crystals allow molecules or ions to rotate freely, which fa-

cilitates even stress distribution, reduces stress concentration, and

contributes to more uniform structures with fewer defects. As the

material cools, the molecules transition into stable structures with

ordered or partially ordered configurations, further enhancing me-

chanical properties and light transmittance [24,25]. These proper-

ties enable plastic crystals to form high-quality bulk materials with

excellent optical and mechanical performance through hot press-

ing. Nevertheless, while some studies have investigated the hot-

pressing process of plastic crystals, focusing primarily on their fer-

roelectric, piezoelectric, and pyroelectric properties, their nonlin-

ear optical characteristics remain largely unexplored [16–30]. Criti-

cal factors such as transparency and optical signal intensity have

not been systematically examined, underscoring a neglected do-

main that merits further scholarly investigation.

In this study, we selected 1-azanorbornanium cation and

GaCl4
− anion to assemble plastic crystal. The spheroid-like shape

https://doi.org/10.1016/j.cclet.2025.110826
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Scheme 1. Schematic illustration of the material structure and hot-pressing pro-

cess: I: Loose powder sample at room temperature before hot-pressing; II: Pressed

tablet under applied pressure at above the plastic crystal transition temperature;

III: High-density tablet obtained by cooling back to room temperature with main-

taining pressure. The white lines and shapes indicate voids, with their reduction in

III signifying densification after hot-pressing.

and moderate size of the polar 1-azanorbornanium cation opti-

mizes the plastic phase transition and ferroelectric properties [26],

while the GaCl4
− anion exhibits high transparency, excellent ther-

mal stability, and strong SHG effects, showing great potential for

optical applications [27–30]. Our efforts yielded a new ferroelectric

plastic crystal, (C6H12N)[GaCl4] (1), which crystallizes in the po-

lar space group Pmc21 at room temperature and undergoes plastic

phase transition at above 413K. As shown in Scheme 1, we utilized

an improved hot-pressing process, i.e., applying pressure at above

plastic transition temperature and cooling back to room temper-

ature with maintained pressure, to transform the loose powder

sample of 1 into a dense tablet sample with significantly en-

hanced transparency and nonlinear optical performance. The hot-

pressing process optimized densification and grain orientation, im-

proving optical consistency and enhancing nonlinear optical prop-

erties [31–33]. This study highlights the potential of combining

plastic crystal phase transitions with hot-pressing technology, pro-

viding a new approach for developing high-performance SHG ma-

terials.

The polycrystalline sample of 1 was synthesized via slow

evaporation at room temperature. Specifically, GaCl3 and 1-

azanorbornanium chloride were dissolved in deionized water in a

1:1 molar ratio, and the resulting solution was left to slowly evap-

orate over the course of a week. This method yielded colorless and

block-shaped crystals with a high yield of 87%. The phase purity

of the crystalline sample was confirmed by powder X-ray diffrac-

tion (PXRD), which showed sharp diffraction peaks that correspond

to the expected structure of 1 (Fig. S1 in Supporting information),

verifying the high-quality crystalline nature of the product.

To evaluate the thermal properties of 1, thermogravimet-

ric analysis was performed. The results indicated no significant

mass loss below 480K, demonstrating excellent thermal stabil-

ity (Fig. S2 in Supporting information), a crucial characteristic for

high-temperature applications. Additionally, differential scanning

calorimetry (DSC) was employed to investigate the phase transi-

tions of 1. The DSC results revealed two reversible phase transi-

tions occurring at 165 and 413K during heating, and at 157 and

403K during cooling, respectively (Fig. 1). These transitions cor-

respond to the low-temperature phase (LTP), room-temperature

phase (RTP), and high-temperature phase (HTP), respectively. No-

tably, the substantial entropy change of 22.86 J mol−1 K−1 observed

at 413K suggests considerable molecular rotational freedom at el-

evated temperatures. This feature is particularly advantageous for

Fig. 1. DSC results during a heating and cooling cycle for 1.

hot-pressing techniques, where molecular mobility aids in achiev-

ing higher densification.

Variable-temperature single-crystal X-ray diffraction and PXRD

measurements were conducted for thoroughly investigating the

structural phase transitions of 1. As shown in Fig. 2, 1 ex-

hibits typical plastic crystal characteristics, particularly with sig-

nificant molecular rotational freedom at elevated temperatures. In

all phases, 1 maintains a pseudo-cubic CsCl-type structure, where

each GaCl4
− anion is surrounded by eight 1-azanorbornanium

cations and vice versa. The significant entropy change observed at

413K in the DSC analysis indicates that HTP is a plastic crystal

phase, which belongs to space group Pm3̄m. At this phase, both

the 1-azanorbornanium cations and GaCl4
− anions exhibit 48-fold

disorder, reflecting the highly disordered nature of plastic crystals

at elevated temperatures (Fig. 2a). This plastic phase enables ef-

fective molecular reorganization during the hot-pressing process,

contributing to improved material densification and enhanced per-

formance (vide infra).

The RTP becomes orthorhombic space group Pmc21, as shown

in Fig. 2b, in which the 1-azanorbornanium cations exhibit two-

fold disorder, and the molecules align along the c axis, leading to

the emergence of spontaneous polarization. This HTP-RTP phase

transition belongs to a ferroelectric one with Aizu notation of

m3̄mFmm2, implying that RTP is a ferroelectric and nonlinear-

optical material [34]. Upon further cooling to the LTP phase, the

crystal transitions to the orthorhombic space group Pbc21, where

the cations and anions are fully ordered, and the spontaneous po-

larization remains stable along the c axis (Fig. 2c). In short, the

two-step structural phase transitions from HTP to LTP show a

gradual increase in molecular ordering and spontaneous polariza-

tion, indicating that 1 is a new plastic crystal with potential ferro-

electric and nonlinear optical properties.

To understand the electrical and optical behavior of 1, its di-

electric constant and nonlinear optical properties were further

studied [35–38]. Temperature-dependent dielectric measurements

offer valuable insights into the material’s electrical performance.

Fig. S5 (Supporting information) displays the variation in the real

part of the dielectric constant (ε’) of polycrystalline samples of

1 across different frequencies during heating. At a frequency of

1000kHz, the dielectric constant exhibited typical plastic crystal

behavior as a function of temperature (Fig. 3a). In detail, between

130K and 220K, the dielectric constant gradually increased from

3.53 to 4.25. Such a small step-like feature indicates the gradual

transition of the molecular dynamic from an ordered to a 2-fold

disordered state. From 220K to 400K, the dielectric constant re-

mained relatively stable. However, beyond 400K, it rose sharply,

reaching a peak value of 20.18 before decreasing to 16.9, consis-

tent with the phase transition of 1 from a 2-fold ordered phase to

a 48-fold disorder phase. This dielectric behavior correlates closely

with the structural phase transitions of 1, especially as the temper-
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Fig. 2. Crystal structures in (a) HTP, (b) RTP, and (c) LTP of 1. The Ga, Cl, N, and C atoms are presented as taupe, green, blue, and gray, respectively. Hydrogen atoms are

hidden for clarity. The direction of the spontaneous polarization in the ferroelectric crystal in (b) and (c) is indicated by red arrows.

Fig. 3. (a) Temperature-dependent dielectric constants (ε’) for 1 measured at

1000kHz during a heating-cooling cycle. Insets provide magnified views of specific

regions for clarity. (b) The temperature-dependent SHG measurements for 1.

ature approaches 413K. The increase in molecular rotational free-

dom leads to the loss of polarity. During cooling, the dielectric con-

stant rises again, reaching a peak value of 27.38, indicating that the

material regains its polarity during the cooling process. These facts

are consistent with the aforementioned reversible phase transition

of 1 between polar and non-polar phases arising from the molec-

ular orientation adjustments.

The SHG measurements were performed for 1 by the Kurtz-

Perry method [39]. As shown in Fig. 3b, 1 exhibits significant SHG

signals in both the LTP and the RTP, consistent with its non-

centrosymmetric crystal structure (mm2 point group). This indi-

cates that 1 possesses strong nonlinear optical properties at room

temperatures. However, when the temperature rose to 413K, the

SHG intensity dropped sharply, indicating that the material tran-

sitioned into the centrosymmetric HTP, causing the SHG signal to

disappear. This observation aligns with the phase transitions de-

tected by DSC and the crystal structural analyses, showing that 1

loses its polarity and nonlinear optical response due to centrosym-

metric structure with molecular disorder at high temperature.

The polarization-electric field (P-E) hysteresis loop test is a crit-

ical method for evaluating the performance of ferroelectric mate-

Fig. 4. The J-E curve and P-E hysteresis loop along the c axis direction of 1 at 363K.

rials [40–44]. As shown in Fig. 4, at 363K, the P-E hysteresis loop

and current density-electric field (J-E) curve of 1 were measured

using the double-wave method [45,46]. The coercive field (Ec) was

determined to be 20.5 kV/cm, with a remnant polarization (Ps)

of 3.82 μC/cm2, placing 1 among moderately strong ferroelectrics

[47–53]. Due to its mm2 point group symmetry at room temper-

ature, the piezoelectric coefficient d33 along the polar c axis was

measured to be 24 pC/N (Fig. S6 in Supporting information), sur-

passing those of LiNbO3 (8 pC/N) and diisopropylammonium bro-

mide (11 pC/N) [54,55]. The above findings clearly confirmed that 1

is a new ferroelectric plastic crystalline compound with promising

potential for usage in advanced electronic and optical applications.

Given the ferroelectric plastic crystal characteristics of 1, par-

ticularly its molecular rotational freedom at HTP, we employed an

improved hot-pressing technology to shape it for optimizing its op-

tical performance. In the HTP, the high degree of molecular disor-

der provided ideal conditions for molecular reorganization to elim-

inate crystal grains during the hot-pressing process. As the tem-

perature decreased to the RTP, the molecular arrangement became

more ordered, with polarization stabilizing along the c axis, laying

the foundation for the subsequent enhancement of the optical and

electrical properties. Additionally, 1 exhibits minimal absorption in

the visible light region (Fig. S7 in Supporting information), further

contributing to its optimized optical performance.

To make a better comparison, we applied two different press-

ing processes from powder sample of 1: One involved hot-pressing

at 433K (20K above the plastic phase-transition temperature) by

applying a pressure of 1.1MPa for 1h, followed by cooling back to

room temperature naturally with maintaining applied pressure, re-

sulting in a pressed tablet (named 1-HP); the other one involved

pressing at 298K for 5h to obtain another pressed tablet (named

1-RP). The schematic of the equipment and process used for both

1-RP and 1-HP is shown in Fig. S8 (Supporting information). For

comparative analysis, a loose powder sample (named 1-P) was pre-
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Fig. 5. (a) SHG signals of 1 in different forms: 1-HP (hot-pressed at 433K, 1.1MPa,

1 h), 1-RP (pressed at 298K, 5 h), and 1-P (loose powder). (b) Corresponding PXRD

patterns and optical photographs.

pared by lightly pressing the powder in a mold using manual pres-

sure, without additional compression or thermal treatment. The

hot-pressing process leveraged the molecular rotational freedom

at high temperatures and the ordered transition during cooling, so

it could be expected that 1-HP has significantly improved density

and optical properties. Indeed, 1-HP has a density of 1.69 g/cm3,

which is 99.4 % of the crystallographic one (1.70 g/cm3). Moreover,

compared with 1-RP, 1-HP exhibits a transmittance of 76%, signif-

icantly higher than that of 1-RP (36%) and 1-P (only ca. 6 %) (Fig.

S9 in Supporting information).

The improvement in optical consistency of 1-HP indicates bet-

ter grain bonding and reduced light scattering, and brings about

significant improvements in SHG performance for 1-HP. As shown

in Fig. 5a, the SHG intensity of the 1-HP sample was 20 times

higher than that of the 1-P, while the 1-RP sample exhibited a 6

times increase. Compared to the referenced material KDP, the SHG

intensity of 1-HP was 7.07 times higher, and that of 1-RP was 2.34

times higher. Furthermore, the PXRD patterns (Fig. 5b) showed that

the hot-pressing treatment brings about a preferred grain orienta-

tion of planes such as (002) and (004), making an additional con-

tribution for enhancing optical consistency and nonlinear optical

performance. As a “molecular ceramic”, 1-HP demonstrated excel-

lent nonlinear optical performance, indicating its great potential

for applications in advanced optical device. Different from the pre-

vious studies focusing on the ferroelectric, piezoelectric, and pyro-

electric properties of plastic crystals [19–26], this work well com-

bined the plastic phase transition of 1 with hot-pressing technol-

ogy to significantly improve the mechanical strength and optical

properties (such as SHG effect) for hybrid plastic crystalline ma-

terials. In particular, different from the previously reported hot-

pressing methods [24,25], we present an improved hot-pressing

method with the optimized hot-pressing temperature and pres-

sure conditions as well as maintaining pressure during the cooling

process. These improvements significantly enhanced the material’s

transparency and optical consistency, greatly boosting its nonlinear

optical properties, especially SHG signal.

In summary, we designed a new plastic ferroelectric, i.e., 1,

which undergoes a plastic phase transition at 413K and exhibits

polar structural nature at room temperature, leading to its ferro-

electric and nonlinear optical properties. Furthermore, we investi-

gated the potentials of hot-pressing process on shaping the plastic

crystal like 1 to significantly enhance its nonlinear optical proper-

ties. Different from the previous works, we systematically explored

the impact of hot pressing on the nonlinear optical performance of

plastic crystalline materials. Such that, with a light transmittance

of up to 76%, the hot-pressed sample of 1 exhibited a dramatically

enhanced SHG intensity, 20 times that of the loose powder and

6 times greater than that of the referenced KDP. Combined with

its ferroelectric and nonlinear optical properties, 1 has great po-

tential as a "molecular ceramic" material for fabricating advanced

optical devices. This hot-pressing technique offers a new pathway

for enhancing the performance of plastic crystalline materials, and

further optimization of processing conditions and structural design

may expand its application potential.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

CRediT authorship contribution statement

Le Ye: Writing – original draft, Investigation, Formal analysis,

Data curation. Zi-Luo Fang: Investigation, Data curation. Ming-Yu

Guo: Visualization, Data curation. Wei-Xiong Zhang: Writing – re-

view & editing, Supervision, Project administration, Conceptualiza-

tion.

Acknowledgments

This work was supported by the National Natural Science Foun-

dation of China (Nos. 22071273, 21821003, and 22488101), Fun-

damental Research Funds for the Central Universities, Sun Yat-Sen

University (No. 23lgzy001).

Supplementary materials

Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.cclet.2025.110826.

References

[1] N. Bloembergen, Rev. Mod. Phys. 54 (1982) 685–695.

[2] D.A. Kleinman, Phys. Rev. 128 (1962) 1761–1775.
[3] J.I.Jang Chung, C.D. Malliakas, et al., J. Am. Chem. Soc. 132 (2010) 384–389.

[4] W.J. Xu, P.F. Li, Y.Y. Tang, et al., J. Am. Chem. Soc. 139 (2017) 6369–6375.

[5] K. Ding, H. Ye, C. Su, et al., Nat. Commun. 14 (2023) 2863.
[6] Y. Liu, Y.P. Gong, S. Geng, et al., Angew. Chem. Int. Ed. 61 (2022) e202208875.

[7] S. Han, L. Li, C. Ji, et al., J. Am. Chem. Soc. 145 (2023) 12853–12860.
[8] L.P. Miao, N. Ding, N. Wang, et al., Nat. Mater. 21 (2022) 1158–1164.

[9] Y. Zeng, C.L. Hu, W.J. Xu, et al., Angew. Chem. Int. Ed. 61 (2022) e202110082.
[10] W.J. Xu, M.F. Li, A.R. Garcia, et al., J. Am. Chem. Soc. 145 (2023) 13663–13673.

[11] Z. Guo, D. Han, H. Liu, et al., Angew. Chem. Int. Ed. 63 (2024) e202407675.

[12] Y. Liu, Y.P. Gong, S. Geng, et al., Angew. Chem. Int. Ed. 61 (2022) e202208875.
[13] Z.T. Yan, J.B. Fan, S.L. Pan, et al., Chem. Soc. Rev. 53 (2024) 6568–6599.

[14] C. Pang, R. Li, Z. Li, et al., Small 16 (2020) 2070217.
[15] D.X. Liu, H.L. Zhu, W.X. Zhang, Angew. Chem. Int. Ed. 62 (2023) e202218902.

[16] Z.H. Wei, Z.T. Jiang, X.X. Zhang, et al., J. Am. Chem. Soc. 142 (2020) 1995–2000.
[17] H.Y. Ye, J.Z. Ge, Y.Y. Tang, et al., J. Am. Chem. Soc. 138 (2016) 13175–13178.

[18] C.K. Yang, W.N. Chen, Y.T. Ding, et al., J. Am. Chem. Soc. 141 (2019) 1781–1787.

[19] J. Harada, T. Shimojo, H. Oyamaguchi, et al., Nat. Chem. 8 (2016) 946.
[20] J. Harada, N. Yoneyama, S. Yokokura, et al., J. Am. Chem. Soc. 140 (2018)

346–354.
[21] J. Harada, H. Takahashi, R. Notsuka, et al., Angew. Chem. Int. Ed. 62 (2023)

e202215286.

4



L. Ye, Z.-L. Fang, M.-Y. Guo et al. Chinese Chemical Letters 37 (2026) 110826

[22] J. Harada, M. Takehisa, Y. Kawamura, et al., Adv. Electron. Mater. 8 (2022)

2101415.

[23] S. Das, A. Mondal, C.M. Reddy, Chem. Soc. Rev. 49 (2020) 8878.
[24] B. Wang, J. Hong, Y. Yang, et al., Matter 5 (2022) 1296–1304.

[25] H.R. Ji, R.J. Zhou, J. Yao, et al., Mater. Horiz. 10 (2023) 869–874.
[26] J. Harada, Y. Kawamura, Y. Takahashi, et al., J. Am. Chem. Soc. 141 (2019)

9349–9357.
[27] M.A. Bonnin, L. Bayarjargal, V. Milman, et al., Inorg. Chem. Front. 10 (2023)

2636–2644.

[28] D. Li, X.M. Zhao, H.X. Zhao, et al., Phys. Status Solidi RRL 14 (2020) 1900644.
[29] D. Li, X.M. Zhao, H.X. Zhao, et al., Adv. Mater. 30 (2018) 1803716.

[30] Z.J. Xu, W. Luo, H.K. Li, et al., Chem. Mater. 36 (2024) 7595–7603.
[31] W. Wang, S. Li, X. Sun, Materials 16 (2023) 6621.

[32] H.Z. Yu, R.F. Song, C.S. Huo, et al., Appl. Phys. A 4231 (2000) 224–231.
[33] J.J. Petrovic, L.A. Jacobson, P.K. Talty, et al., J. Mater. Sci. 10 (1975) 1375.

[34] T. Aizu, J. Phys. Soc. Jpn. 27 (1969) 387–396.
[35] X.X. Chen, X.Y. Zhang, D.X. Liu, et al., Chem. Sci. 12 (2021) 8713–8721.

[36] W. Yuan, Y. Zeng, Y.Y. Tan, et al., Chem. Commun. 55 (2019) 8983–8986.

[37] H. Ye, X.X. Chen, D.X. Liu, et al., Chem. Sci. 13 (2022) 14124–14131.

[38] Y.A. Xiong, S.S. Duan, H.H. Hu, et al., Nat. Commun. 15 (2024) 4470.

[39] S.K. Kurtz, T.T. Perry, J. Appl. Phys. 39 (1968) 3798–3813.

[40] H.Y. Ye, Y.Y. Tang, P.F. Li, et al., Science 361 (2018) 151–155.
[41] W. Guo, H. Xu, Y. Ma, et al., Angew. Chem. Int. Ed. 62 (2023) e202300028.

[42] Y.Y. Tang, Y. Ai, W.Q. Liao, et al., Adv. Mater. 31 (2019) 1902163.
[43] C. Shi, J.J. Ma, J.Y. Jiang, et al., J. Am. Chem. Soc. 142 (2020) 9634–9641.

[44] Y. Yao, H. Jiang, Y. Peng, et al., J. Am. Chem. Soc. 143 (2021) 15900–15906.
[45] L. Hu, S. Dalgleish, M.M. Matsushita, et al., Nat. Commun. 5 (2014) 3279.

[46] M. Fukunaga, Y. Noda, J. Phys. Soc. Jpn. 77 (2008) 064706.

[47] W.Q. Liao, D. Zhao, Y.Y. Tang, et al., Science 363 (2019) 1206–1210.
[48] Q. Pan, Z.X. Gu, R.J. Zhou, et al., Chem. Soc. Rev. 53 (2024) 5781–5861.

[49] P.P. Shi, Y.Y. Tang, P.F. Li, et al., Chem. Soc. Rev. 45 (2016) 3811–3827.
[50] T. Akutagawa, H. Koshinaka, D. Sato, et al., Nat. Mater. 8 (2009) 342–347.

[51] A.S. Tayi, A. Kaeser, M. Matsumoto, et al., Nat. Chem. 7 (2015) 281–294.
[52] S. Horiuchi, Y. Tokura, Nat. Mater. 7 (2008) 357–366.

[53] A. Katrusiak, M. Szafranski, Phys. Rev. Lett. 82 (1999) 576–579.
[54] W.Q. Liao, Y.Y. Tang, Y.M. You, et al., Mater. Chem. Front. 4 (2020) 2288–2297.

[55] D.W. Fu, H.L. Cai, Y. Liu, et al., Science 339 (2013) 425–428.

5




