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a b s t r a c t

The application of multifunctional materials in various fields such as electronics and signal processors has

attracted massive attention. Herein, a new organic-inorganic hybrid material [Et3NCH2Cl]2[MnBr4] (1) is

reported, which contains two organic amines cations and one [MnBr4] tetrahedral ion. Compound 1 has

a dielectric anomaly signal at 338 K, which proves its thermodynamic phase transition. The single crys-

tal measurements at 200 K and 380 K show that the phase transition of compound 1 is caused by the

thermal vibration of organic amine cations in the lattice. Moreover, compound 1 shows yellow-green lu-

minescence under UV light irradiation. The magnetism measurements indicate that compound 1 shows

switchable magnetic properties. This organic–inorganic material is a multifunctional material with di-

electric, optical, and magnetic synergetic switchable effects, which expands a new direction for designing

multifunctional materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a new class of revolutionary materials, organic–inorganic hy-

brid multifunctional materials have attracted tremendous attention

due to their potential application in fields of integrated optical

sensors, signal processors, organic light-emitting diodes, magnetic

materials, etc. [1–5]. It is well known that the structure of a ma-

terial determines its properties, therefore, the work-configuration

relationship between its structure and properties is explored us-

ing the principles of crystal engineering [6–9]. The structure of

multifunctional materials could change significantly with external

stimuli such as temperature, light, electric field, magnetic field and

pressure, resulting in properties such as electrical properties, mag-

netic properties, and luminescence [10–15]. However, integrating
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these independent properties in a compound is quite a challenge

[6,16-20].

Using the principle of coordination chemistry to direction-

ally synthesize compounds with specific structures is a promis-

ing method to obtain multifunctional materials [21–24]. Organic-

inorganic hybrid materials with general formula of A2BX4 (A: or-

ganic amine cation, B: metal ion, X: halide ion) with different com-

ponents can show different properties, such as luminescence, di-

electric, ferroelectric, magnetic [25–31]. Among them, the phase

transition is mainly derived from the order and disorder of the or-

ganic amine cation at the A position [26,32-34]. As shown in pre-

vious reports, Fu and co-workers reported two organic–inorganic

hybrids (IPTMA)2CdBr4 and (IPTMA)2MnBr4 (IPTMA) = isopropy-

ltrimethylammonium) [29]. Both compounds have phase transi-

tions, and the mechanism of the phase transitions can be at-

tributed to the synergistic effect of order–disorder transitions in

organic cations and metal frameworks. Their unique switchable

of the dielectric properties make it an excellent dielectric switch.

Furthermore, the d-d transition of the transition metal ion at B

site makes the compound have luminescent properties, and at the

same time, the unpaired electrons in the orbitals are beneficial
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to the compound to achieve magnetic properties [35–37]. There-

fore, organic-inorganic hybrid materials are a potential candidate

for multifunctional molecular materials showing luminescence, di-

electric and magnetic synergetic switchable effects [33,35-38].

Based on the above description, a compound

[Et3NCH2Cl]2[MnBr4] (1) by reaction between chloromethyl-

triethylammonium chloride and manganese bromide was syn-

thesized. The single-crystal structure measurements at 200 K

and 380 K show that the organic cations in the lattice transform

disorder at high temperature. The dielectric anomaly of compound

1 is verified by dielectric measurements, and its dielectric life-

time was further characterized, manifesting that compound 1 is

dielectric switching properties. Compound 1 exhibits yellow–green

luminescence under UV light irradiation due to the d-d transition

of Mn(II). Magnetic measurements show that the compound is

paramagnetic. Therefore, compound 1 is rare example showing

luminescence, dielectric and magnetic synergetic switchable ef-

fects in a molecular compound, which provides a new idea for

designing multifunctional materials.

The infrared (IR) spectra (Fig. S1 in Supporting information) of

1 was recorded from KBr pellets in the range of 400–4000 cm−1.

The thermogravimetric analysis (TGA) curve of the compound 1 is

shown in Fig. S2 (Supporting information). It can be seen from the

figure that compound 1 is decomposed at about 475 K, which in-

dicates that it has excellent thermal stability.

Single crystal data of compound 1 was collected with X-ray

single crystal diffractometer at 200 K and 380 K according to

DSC data. For the convenience of analysis, the fraction below

320 K is defined as low temperature phase (LTP) and the frac-

tion above 340 K is defined as high temperature phase (HTP). At

200 K, compound 1 crystallizes in the monoclinic space group

P21/n. The asymmetric unit of compound 1 consists of two inde-

pendent Et3NCH2Cl cations and one [MnBr4]
2− anion. Mn(II) ion

is located at the center of the tetrahedron, which is coordinated

by four Br ions. The unit cell parameters of compound 1 are,

a = 16.6699 Å, b = 9.8056 Å, c = 16.7496 Å, α = 90°, β = 116.471°,
γ = 90°, V = 2450.82 Å3. The Mn-Br bond lengths are in range

of 2.4964(3)−2.5216(3) Å, and the Br-Mn-Br angles are in range

of 105.98° to 111.88°. While at 380 K, it crystallizes in tetragonal

space group P42/nmc with unit cell parameters of a = 9.1959 Å,

b = 9.1959 Å, c = 15.738 Å, α = 90°, β = 90°, γ = 90°, V = 1330.8

Å3. The bond lengths and bond angles of [MnBr4]
2− are almost the

same as those at 200 K. But, as the temperature rises from 200 K

to 380 K, the organic cations of compound 1 transform from an or-

der state to a highly disorder state, which can be seen by the sig-

nificant enhancement of the thermal ellipsoid model of compound

1 at 380 K.

At 200 K, all Br atoms in [MnBr4]
2− structure have hydro-

gen bonds with the H of the adjacent Et3NCH2Cl, and also have

weak bonds with Cl (Fig. S3 in Supporting information). These

weak bonds lead to an ordered arrangement of [MnBr4]
2− and

[Et3NCH2Cl]
+ in the stacked arrangement. The movement of the

molecules is restricted by the rigid structure in an order state.

Whereas at 380 K, disorder cations have higher kinetic degrees

of freedom in the lattice because of thermal molecular motions.

In addition to the significant change in cations, the corresponding

distances of the nearest neighbor manganese ions increase slightly

from 8.80 Å and 9.81 Å to 9.20 Å and 10.21 Å when the tempera-

ture increases from 200 K to 380 K (Fig. 1). This indicates a slight

cooperative shift between the Mn2+ ions. From the detail struc-

tural comparison mentioned above, it is suggested that the order-

disorder transition of the Et3NCH2Cl cations, as well as the rel-

ative shift of the tetrahedral [MnCl4]
2− are the driving force for

structural phase transition of the organic-inorganic hybrid com-

pound from low temperature to high temperature [39]. Compared

with the literature, it is found that the distance between adjacent

Fig. 1. Molecular structure of compound 1 at (a) 200 K and (b) 380 K.

Fig. 2. (a) Temperature dependence of χMT and χM for 1. (b) Field dependence of

magnetization curves for 1, collected from 1.8 K to 2.5 K. Temperature dependence

of χMT during heating/cooling for 1.

nearest Mn ions change with the difference of NR4 (R = CH3CH2,

CH3CH2CH2 and CH3CH2CH2CH2) amine. With the increase of C

atom of R, the intermolecular hydrogen bond and inversion barrier

increase for NR4, which may increase the phase transition temper-

ature of the compound.

To better understand the structural change of the compound,

temperature-variable PXRD was measured. As shown in Fig. S4

(Supporting information), the PXRD patterns of compound 1 does

not change at 303 K and 323 K, but when the temperature is

353 K, there are some changes in the PXRD curve. The appearance

of new peaks, as well as the change of the diffraction peaks indi-

cate that the structure of compound 1 has changed.

DC magnetic measurements of compound 1 were performed in

temperature range of 2–300 K under a DC field of 1000 Oe. As

shown in Fig. 2, the χMT value is 4.46 cm3 K/mol at 300 K, which

is slightly greater than the expected value of 4.375 cm3 K/mol for

one isolated high spin Mn2+ ion. Upon cooling, the χMT value de-

creases slowly and reaches a minimum value of 3.77 cm3 K/mol at

2 K. The drop in χMT at the low temperature range is caused by

weak antiferromagnetic interactions occurring among Mn2+ ions.

The graph on the right shows the magnetization (M) versus mag-

netic field strength (H) at 1.8 K and 2.5 K. Within 2.5 T, the mag-

netization increases rapidly at 1.8 K, after which the magnetiza-

tion curve flattens, reaching a maximum value of 4.68 NμB at 7 T.

The curve at 2.5 K follows the same trend and its magnetization

reaches a maximum of 4.65 NμB, which is below the expected sat-

uration magnetization value of 5 NμB for mononuclear Mn2+. In or-

der to understand the magnetic behavior better, DC susceptibilities

plots were fitted using PHI program with Hamiltonian equation as

follows:

Ĥ = D

[
Ŝ2z − s(s + 1)

3

]
+ gμBSH (1)

The best fitting gave parameters of D = 0.09 cm−1, g = 2.03

and TIP = 1.23 × 10−5 cm3/mol as shown by the curves in Fig. 2.

Since a phase transition happens in temperature range of 300–

370 K, thus high temperature χMT vs. T during heating/cooling for

compound 1 were measured to study the magnetic phase tran-

sition. As shown Fig. 2b, upon heating, the χMT value increases

slowly before a fast increase at 336 K, reaches the maximum value
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Fig. 3. Reversible ε’ switching of (a) dielectric curve and (b) DSC curve of com-

pound 1.

of 4.3785 cm3 K/mol at 346 K. Then the χMT value decreases fast

to 4.3777 cm3 K/mol between 346 K to 352 K with the increase

of temperature. When the temperature is above 353 K, the χMT

value remains unchange. While for cooling, the χMT value de-

creases slowly before a fast decrease at 338 K, reaches the mini-

mum value of 4.374 cm3 K/mol at 326 K. Then the χMT value in-

creases fast, reaches the maximum value of 4.375 cm3 K/mol at

318 K with the decrease of the temperature. Next, the value of

χMT unchange with decreasing temperature. The magnetic transi-

tion temperatures of compound 1 are 346 K and 326 K, leading to

a thermal hysteresis loop width of 20 K, which is due to the order-

disorder transition of the cation, originated from the coordination

geometry change of Mn ion.

During the phase transition, the permittivity changes obviously

happen around the phase transition temperature. The permittiv-

ity of powder polycrystalline was measured (ε = ε’ − iε", where

ε’ and ε" represent the real and imaginary parts, respectively) at

different frequencies in temperature range of 320–400 K [40]. As

shown in Fig. S5 (Supporting information), compound 1 exhibits

a distinct reversible dielectric anomaly during the heating-cooling

process. During the heating-cooling cycle, the dielectric constant

of compound 1 decreases rapidly around 400 K, and then keep a

steady. The contrast ratio between the high dielectric state and the

low dielectric state of compound 1 is 1.81. The switching of the di-

electric response verifies the thermal stability of compound 1. Ac-

cording to the Langevin Debye formula, below the phase transition

temperature, the dielectric constant is equal to C0, and its dielec-

tric state belongs to LTP. In the LTP state, the structure of the crys-

tal is completely ordered, thus the dielectric constant value is only

related to ionic and electronic displacements. Near the phase tran-

sition temperature, compound 1 begins to undergo order-disorder

transition, and the anion skeleton also begins to change disorderly.

Thus, the sharp change near the phase transition may be due to

the change in the orientation of its dipole moment. The sharp

change of the phase transition temperature illustrates its poten-

tial application in dielectric switches. With the periodic change of

temperature, the dielectric signal intensity after 5 cycles hardly

changes from the initial value (Fig. 3), indicating that compound

1 possesses reversible dielectric switching properties. This phe-

nomenon makes compound 1 an excellent candidate for dielectric

switching materials.

Differential scanning calorimetry measurements are conven-

tional method for detecting phase transitions. The DSC curve

shows a pair of thermal anomalies for compound 1 (Fig. 3).

During the heating-cooling cycle, compound 1 exhibits endother-

mic/exothermic peaks at 339.19 K and 327.98 K with a thermal

hysteresis wide of 11.21 K. These sharp peaks with large thermal

hysteresis indicate that compound 1 undergoes a reversible first-

order phase transition. The entropy change (�S) corresponding to

compound 1 is 12.15 J mol−1 K−1. According to the Boltzmann

equation �S = Rln(N), R is the gas constant, N is the ratio of

the number of the respective geometrically resolvable orientations,

Fig. 4. (a) The photograph of compound 1 powder under ambient light (left) and

UV light irradiation (right). (b) The luminescence intensity of compound 1 at tem-

perature increase and decrease versus temperature.

which manifests the feature of the order-disorder phase transition

of compound 1.

Excitation and emission spectra at room temperature were

measured to study the optical properties of compound 1. The ex-

citation (PLE) spectrum of the sample is between 300 nm and

425 nm. Two continuous strong peaks of 363 nm and 376 nm be-

long to 6A1g(S) → 4E1g(D) and 6A1g(S) → 4T2g(D) transitions, re-

spectively, which are due to the d-d electronic transition of Mn2+

ion. The emission spectrum of compound 1 is shown in Fig. S6a

(Supporting information). Under the irradiation of UV light, the

emission peak of compound 1 appears at 518 nm, which indicates

that compound 1 emits yellow green light under UV light (Fig. 4a).

The absolute quantum yield (QY) is 69.34% for 1 at room tempera-

ture [41].

In order to understand the optical, dielectric and magnetic syn-

ergistic effect, the luminescence spectra of 1 were performed by

heating and cooling between 290 K and 400 K with interval of

10 K. As shown in Fig. S6b (Supporting information), when heating

the luminescence intensity decreases. While for cooling, the inten-

sity increases, which makes the luminescence intensity versus tem-

perature plots for a clear hysteresis loop (Fig. 4b) during the phase

transition temperature. The hysteresis loop is not wide because the

d-d transfer of Mn2+ ions have a weak effect on structure change.

The phase transition caused by order–disorder change in cations

does not cause a large change in the ligand-field splitting energy

of Mn2+ ions in anions. Therefore, the phase transition provides a

small effect on luminescence. However, the observed phenomenon

shows a good synergistic effect of magnetic dielectric and lumines-

cence within this compound.

In summary, a new compound [Et3NCH2Cl]2[MnBr4] was syn-

thesized and characterized, which exhibits an ordered–disordered

structural phase transition in different states at high and low tem-

perature, and the structural phase transition leads to its dielectric

anomaly. It is the dielectric signal intensity has almost no change

after 5 cycles that with the phase transition changing periodically

with temperature. This manifests that the compound has reversible

dielectric switching properties. It also exhibits photoluminescence

properties, with it being yellow transparent crystals under ambient

light, and a bright yellow–green glow under ultraviolet light. Fur-

thermore, compound 1 exhibits paramagnetic behavior. Compound

1 is luminescence, dielectric and magnetic synergetic switchable

effects in a molecular compound, which provides new ideas for de-

signing multifunctional materials.
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