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emission in continuous dielectric
phase transition materials: [Me3NVinyl]2[MnX4] (X ¼
Cl, Br)†

Yanyan Li,a Liting Lin,a Jie Yang,a Kun Qian, *a Tao Jianga and Hong Li*b

The luminescence of dielectric phase transition materials is one important property for technological

applications, such as low-energy electron excitation. The combination of dielectric phase transitions and

luminescence within organic–inorganic hybrids would lead to a new type of luminescent dielectric

phase transition multifunctional material. Here, we report two novel A2BX4 organic–inorganic hybrid

complexes [Me3NVinyl]2[MnCl4] 1 and [Me3NVinyl]2[MnBr4] 2, ([Me3NVinyl] ¼ trimethylvinyl ammonium

cation). The complexes 1 and 2 were found to undergo continuous reversible phase transitions as well as

switch dielectric phase transitions. Strikingly, intensive red luminescence and green luminescence were

obtained under UV excitation respectively to reveal potential application of the two complexes in multi-

functional materials along with dielectric switches and so on.
1. Introduction

Triggered by external stimuli like temperature, pressure and
light, solid-state phase transitions are usually accompanied by
dramatic variations in crystal structures and some physical
properties, such as the thermal, optical, dielectric, magnetic
and even ferroelectric properties.1–9 Consequently, phase tran-
sition materials have recently attracted a great deal of attention
owing to their wide applications in data storage, signal pro-
cessing, switchable dielectric devices and so on.10–14 Among
these promising materials, dielectric materials with lumines-
cence properties are unique, and can be applied to low-energy
electron excitation. For example, the Al3+-added SrTiO3 : Pr

3+

with a perovskite structure shows red cathodoluminescence,
which can be excited at a low anode voltage; even below 10 V.
The cathodoluminescence at such a low accelerating anode
voltage makes this material attractive for potential applications
in at-panel display, eld emission display (FED) and vacuum
uorescent displays.15–17

Along with the development and applications of organic–
inorganic hybrid complexes in various elds in the past decade,
a large number of luminescent materials based on hybrid
organic–inorganic hybrid complexes have been developed
raditional Chinese Medicine, Nanchang,
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because they combine facile synthesis with intriguing and
tunable optical properties.18 These advantages make them
suitable for a variety of low-cost optoelectronic devices, such as
light emitting diodes19–22 and solar cells.23–25 Meanwhile, much
progress has been achieved in ferroelectricity in organic–inorganic
hybrid complexes.26–40 Our group reported a series of AMnX3-type
luminescent ferroelectrics with excellent performances, including
(pyrrolidinium)MnCl3, (pyrrolidinium)MnBr3, (3-pyrrolinium)
MnCl3, and trimethylchloromethylammonium tri-
chloromanganese(II) (TMCM–MnCl3).41–44 Among them, TMCM–

MnCl3 has shown a large piezoelectric coefficient d33 of up to 185
pC/N, which is comparable with that of classical piezoceramics,
such as barium titanate (BTO; 190 pC/N).44 Their photo-
luminescence (PL) can be attributed to the 4T1–

6A1 electronic
transition of the octahedrally coordinated Mn2+ ions, which typi-
cally produces a red emission.45 Additionally, several luminescent
molecular ferroelectrics based on lanthanide ions have been re-
ported recently.46–48

In the search for new phase transition materials with excel-
lent dielectric properties, quasi-spherical organic cations are
usually selected as the building block for organic–inorganic
hybrid complexes because they could trigger ordered-
disordered phase transition and thus exhibit desired proper-
ties.49–51 The construction of molecular compounds with quasi-
spherical organic cations has become a universal method for
designing phase transition materials.52 Hybrid metal halide
perovskite-type complex with general formula of A2BX4 was
a good case (A¼ organic ammonium cation, B¼ divalent metal,
X ¼ halogen). Such hexagonal stacking perovskites involve
a large class of complexes (M¼Mn, Fe, Co, Ni, Cu, Cr, or V; X ¼
Cl or Br).53 Among them, the Mn-complexes have been discov-
ered to uoresce brightly due to the existence of the luminous
RSC Adv., 2021, 11, 2329–2336 | 2329

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra08795e&domain=pdf&date_stamp=2021-01-08
http://orcid.org/0000-0002-4915-6466
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08795e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011004


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 1

1:
30

:5
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
activator Mn2+ ion.54 Therefore, we tried to design A2BX4-type
complexes, and found two new phase transition materials:
[Me3NVinyl]2[MnX4] (X ¼ Cl, Br), which exhibit intense lumi-
nescence respectively under an UV excitation. Here, their
synthesis, structural phase transitions, and photoluminescence
properties are described as follows.

2. Experimental
2.1 Synthesis

All reagents and solvents were commercially available without
further purication. Trimethylvinyl ammonium chloride was
synthesized according to the literature.55 Trimethylvinyl
ammonium bromine was purchased from Sigma Aldrich with
a purity of 99%. Complex 1 was obtained as block-shaped green
crystals by slow evaporation of the mixture solution of manga-
nese chloride and trimethylvinyl ammonium chloride in
a molar ratio of 1 : 1 in methanol solution at room temperature,
mp � 230 �C. Complex 2 was synthesized as block-shaped
orange single crystal by slow evaporation of the mixture solu-
tion of manganese bromide and trimethylvinyl ammonium
bromide in a 40% hydrobromic acid solution, mp � 250 �C.
Single crystal suitable for X-ray diffraction analysis was selected
and studied. Polycrystalline samples were prepared by grinding
the air-dried crystals into ne powder. The exposure to air for
complexes 1 and 2 is not good for testing due to hygroscopicity.

2.2 Single crystal structure determination

X-ray data for the title complex 1 was collected on a Bruker
Smart APEX II diffractometer with Mo Ka radiation (l ¼ 0.71073
Å) by using an4–u scanmode at 200 K, 303 K and at 348 K. X-ray
data for complex 2 was collected at 173 K and at 223 K. Data
processing including empirical absorption corrections was
performed using the Crystal Clear soware package (Rigaku,
2005). Absorption corrections were applied using the Sadabs
program.56 The structures were solved by direct methods57 with
the Shelxtl program and rened by full matrix least-squares
techniques on F2 with the Shelxtl program.57–59 Non-H atoms
were rened anisotropically using all reections with I > 2s(I).
All H atoms were generated geometrically and rened using
a “riding” model with Uiso ¼ 1.2 Ueq (C and N). The asymmetric
units and the packing views were drawn with DIAMOND
(Brandenburg and Putz, 2005). The angles and distances
between some atoms were calculated using DIAMOND, and
other calculations were carried out using SHELXLTL. For
complex 1, a summary of the crystallographic data and detailed
structure renements at 200 K, 303 K and at 348 K are given in
Table S1.† As for complex 2, crystallographic data and structure
renements at 173 K and at 223 K are listed in Table S5.†
Selected bond lengths and bond angles were listed in Tables S2–
S4† for complex 1. Selected bond lengths and bond angles were
listed in Tables S6 and S7† for complex 2, respectively.

2.3 DSC measurements

Differential scanning calorimetry (DSC) experiments were per-
formed on a Perkin-Elmer Diamond DSC instrument. The
2330 | RSC Adv., 2021, 11, 2329–2336
polycrystalline samples of complexes 1 and 2 were heated and
cooled in aluminium crucibles with a rate of 20 K min�1 over
the temperature ranges of 150–355 K and 160–240 K,
respectively.

2.4 Dielectric measurements

The polycrystalline samples were pressed into pellets. The
pressed-powder pellets deposited with silver conducting glue
were used as electrodes in the dielectric measurements under
an applied AC electric eld of 1 V. For complex 1, the real parts
(30) of the complex dielectric constants (3 ¼ 30 � i300, where 300

represents the imaginary part) were measured on a Tonghui
TH2828A impedance at various frequencies and within the
temperature range of 180–280 K, 305–350 K, respectively. As for
complex 2, the real parts (30) of the complex dielectric constants
were measured at the respective frequencies of 1 kHz, 100 kHz
and 1 MHz in the temperature range from 170 to 230 K.

2.5 Photoluminescence measurements

The ultraviolet spectra of powder samples for complexes 1 and 2
were obtained using UV-3600 plus spectrometer, within
measurement range of 200 to 800 nm. And the uorescence
spectra for complexes 1 and 2 in solid states were measured on
Shimadzu uorescence spectrophotometer, recorded with
excitation wavelength based on one of the strongest absorption
band in the ultraviolet spectra. The quantum yield at room
temperature was measured by Hamamatsu c9920-02G, Japan.

3. Results and discussion
3.1 Thermal properties

Generally, DSC measurement is an effective and useful way to
detect whether a crystal displays a reversible phase transition
triggered by the external temperature. For the purpose of
examining the phase transition characteristics of complexes 1
and 2, DSC measurements were carried out on them. As pre-
sented in Fig. 1a and b, DSC curves of complexes 1 and 2 were
obtained for the heating and cooling cycles respectively. Despite
the similar chemical formulas of [Me3NVinyl]2[MnCl4] (1) and
[Me3NVinyl]2[MnBr4] (2), they displayed distinct phase transi-
tion temperatures (Tc). For [Me3NVinyl]2[MnCl4] (1), complex 1
shows a small endothermic peak in the heating run at 334 K and
a small exothermic peak in the cooling run at 316 K, indicating
a reversible structural phase transition. Meanwhile, a couple of
continuous reversible phase transitions below room tempera-
ture 254/224 K and 237/212 K were also observed in the DSC
curve. For convenience, we take the transition temperature in
the heating run as different phases, the temperature above 334
K as a phase, the temperature ranging from 254 to 334 K as
b phase, the temperature ranging from 237 to 254 K as g phase
and the temperature below 237 K as d phase.

For the complex 2, interestingly, and different from complex
1, [Me3NVinyl]2[MnBr4] (2) was found to only undergo two
continuous reversible phase transitions below room tempera-
ture. A couple of continuous reversible phase transitions
around the temperature 213/194 K and 199/179 K were observed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) DSC curves of complex 1 shown in the temperature range
from 150 to 355 K. (b) DSC curves of complex 2 shown in the
temperature range from 160 to 240 K.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 1

1:
30

:5
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in the DSC curve (Fig. 1b). For above room temperature, DSC
measurements were carried out on them again with a rate of 3
K min�1. No phase transition was discovered above room
temperature (Fig. S3†). For convenience, the phase above the
temperature 213 K is designated as a phase, the phase between
the temperature 199 and 213 K as b phase, and the phase below
the temperature 199 K as g phase.
Fig. 2 (a) Pack diagrams of complex 1 (200 K). (b) Pack diagrams of
complex 1 (303 K). (c) Pack diagrams of complex 1 (348 K). Hydrogen
atoms bonded to the C atoms were omitted for clarity.
3.2 Crystal structures discussion

To gain further insight into the details of the structural phase
transitions of two complexes, variable-temperature X-ray struc-
tures of complex 1 were performed at 200, 303, and 348 K, and
crystal structures of complex 2 were measured at 173 and 223 K,
respectively. At 200 K (corresponding to d phase), complex 1
crystallizes monoclinic crystal system P21/c (no. 14), with cell
parameters of a ¼ 18.23(10) Å, b ¼ 12.60 (4) Å, c ¼ 18.13 (10) Å,
b ¼ 119.22(7)�, and V ¼ 3637.2(4) Å3 (Table S1†). Each asym-
metric unit consists of two [MnCl4]

2� anion and four trime-
thylvinyl ammonium cations, forming an organic–inorganic
hybrid structure with a formula of [A2BX4]2 (Fig. S4a†). Each Mn
atom is tetrahedrally coordinated by four bridged Cl atoms with
Mn–Cl bond distances at the range from 2.344(19) to 2.375(2) Å
© 2021 The Author(s). Published by the Royal Society of Chemistry
and Cl–Mn–Cl angles of adjacent Cl atoms vary from 107.54(7)
to 112.97(9)�. Moreover, the C]C bond distances are essentially
identical, which are 1.281(9), 1.294(8), 1.299(9) and 1.304(7)
respectively as shown in Table S2.† In the pack structure along
plane ab, each Mn atom situates at 21 axis, and the four
symmetric operations (1, 2, i, c) in the d phase could be
observed, as shown in Fig. 2a.

When the temperature rises to 303 K (b phase), the structure
parameters are remarkably dissimilar to those found in the d-
phase. At 303 K, complex 1 crystallizes in the orthorhombic
system space group Pnma (no. 62). It is noteworthy that the
molecular component in the b-phase is the same as that at 200
K in the d-phase, while the basic unit of the crystal structure at
303 K has halved the content compared to that of the d-phase at
200 K, with cell parameters of a ¼ 13.13(9) Å, b ¼ 8.89(10) Å, c ¼
16.20(14) Å, b ¼ 90�, Z ¼ 8 and the volume reducing twice from
3637.2(4) Å3 to 1889.5(3) Å3 (Table S1†). Each asymmetric unit
consists of one [MnCl4]

2� anion and two trimethylvinyl
ammonium cations, with a formula of [A2BX4] (Fig. S4b†). The
rising in temperature gives rise to the change of b angle from
119.22(7)� to 90�, accompanied by the transition of crystal
system from monoclinic to orthorhombic. In the b phase, the
thermal ellipsoids of most atoms are accordingly larger than
those in the d phase, corresponding to a denitely disordered
RSC Adv., 2021, 11, 2329–2336 | 2331
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Fig. 3 (a) Pack diagrams of complex 2 in the g phase at 173 K. (b)
Packing structure of complex 2 in the a phase at 223 K. All H atoms
were omitted for clarity.
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phase. With the temperature increasing from 200 K to 303 K, the
swayingmotions of the three chloride atoms are activated, while
the ordered chloride atoms become disordered and occupy two
positions, respectively (Fig. S4b†). The Mn–Cl bond distances at
the range are from 2.303(10) to 2.342(4) Å and Cl–Mn–Cl angles
of adjacent Cl atoms vary from 107.6(3) to 115.0(15)�. In the
pack structure, all atoms are situated in a mirror plane along
a axis as illustrated in Fig. 2b. During the transition from
d phase to b phase, the symmetry elements of the crystallo-
graphic symmetric operations (1, 2, i, c) have doubled to eight
symmetric operations (1, 2, 2, 2, i, a, m, n) (Fig. S4b†).

Interestingly, with the rise of temperature, the structure at
348 K (a phase) still adopts the same orthorhombic system and
the same space group Pnma with cell parameters of a ¼
13.10(14) Å, b ¼ 9.04(12) Å, c ¼ 16.18(19) Å, b ¼ 90� and the
volume expanding from 1889.5(3) Å3 to 1916.4(4) Å3. The
asymmetric unit remains the same as that at 303 K in the
b phase, consisting of one [MnCl4]

2� anion and two organic
ammonium cations, with the same formula of A2BX4, as shown
in Fig. S4c.†With the temperature increasing from 303 K to 348
K, the swaying motions of two trimethylvinyl ammonium
cations are activated, while the ordered ammonium cations
become disordered and occupy two positions, respectively
(Fig. S4c†). The Mn–Cl bond distances are in the range of
2.325(3) to 2.353(4) Å and the angles Cl–Mn–Cl of adjacent Cl
atoms vary from 107.94(10) to 111.62(16)�, as shown in Table
S4.† Moreover, the C]C bond distances are larger than that in
the b phase and d phase, which are 1.342(9) and 1.337(9) Å.
Compared with the b phase, the Mn–Cl bond distances and the
Cl–Mn–Cl bond angles change slightly, resulting in the struc-
ture phase change, also conrmed by the DSC results. Although
space group does not change from b phase to a phase, the
structural phase transition of complex 1 belongs to isomorphic
phase transition.

With the temperature rising from d phase to a phase, the
hydrogen bond networks of complex 1 changed, as shown in
Fig. S5–S7.† At d phase, each Cl atom was connected with
hydrogen atom through H/Cl non-covalent interactions,
forming rich hydrogen networks (Fig. S5†). When the temper-
ature rising to 303 K (b phase), the H/Cl hydrogen bond shi
between the order-disorder Cl atom. And only three Cl atoms
are connected with hydrogen atoms through H/Cl hydrogen
bond due to the vibration of Cl atom when the temperature
rising (Fig. S6†). With the temperature rising to 348 K (a phase),
the H/Cl hydrogen bond begins to shi among the trime-
thylvinyl ammonium cations (Fig. S7†).

Similarly, the variable-temperature X-ray structures of
complex 2 were performed at 173 and 223 K. At 173 K (g phase),
complex 2 crystallizes in the monoclinic crystal system the
space group P21/c (no. 14), with cell parameters of a ¼ 9.23(6) Å,
b ¼ 15.19(10) Å, c ¼ 13.74 (8) Å, b ¼ 91.49(6)�, and V ¼ 1926.2(2)
Å3 (Table S5†). As shown in Fig. S8a,† each asymmetric unit is
comprised of one [MnBr4]

2� anion and two trimethylvinyl
ammonium cations. Each Mn atom is coordinated by four
bridged Br atoms, forming a slightly distorted tetrahedral. The
Mn–Br bond distances are at the range from 2.500(3) to 2.535(3)
Å and Br–Mn–Br angles of adjacent Br atoms vary from
2332 | RSC Adv., 2021, 11, 2329–2336
105.50(11) to 118.26(12)� (Table S6†). The four symmetric
operations (1, 2, i, c) can be observed in the pack structure, as
shown in Fig. 3a.

When the temperature rises to 223 K (a phase), complex 2
crystallizes in the orthorhombic system space group Pnma (no.
62), with cell parameters of a ¼ 13.45(3) Å, b ¼ 9.114(2) Å, c ¼
16.42(5) Å, b ¼ 90�, and V ¼ 2012.4(9) Å3 (Table S5†). Similarly,
each asymmetric unit is comprised of one [MnBr4]

2� anion and
two trimethylvinyl ammonium cations (Fig. S8b†). Each Mn
atom is coordinated by four bridged Br atoms, forming
a slightly distorted tetrahedral. Dissimilarly, all atoms are sit-
uated in a mirror plane along a axis in the pack diagram.
(Fig. 3b) And the Mn–Br bond distances are at the range from
2.472(2) to 2.502(4) Å and Br–Mn–Br angles of adjacent Br atoms
vary from 107.50(10) to 113.60(15)� (Table S7†). And the C]C
bond distances decrease from 1.29(3) and 1.26(3) Å in the g

phase to 1.263(17) and 1.221(18) Å in the a phase. During the
transition from g phase to a phase, the symmetry elements of
the crystallographic symmetric operations (1, 2, i, c) have
doubled to eight symmetric operations (1, 2, 2, 2, i, a,m, n). Rich
hydrogen bond networks of complex 2 are also observed in
Fig. S9 and S10.†

3.3 Dielectric properties

Usually, the dielectric properties of crystalline materials exhibit
distinctive anomalous changes of temperature-dependent
dielectric constants in the vicinity of Tc, while the magnitude
of the variations is related to the characteristics of the phase
transition. In consideration of the above-mentioned reversible
phase transitions conrmed by the DSC and single crystal X-ray
diffraction results, complexes 1 and 2 are expected to display
interesting dielectric responses triggered by temperature.

In order to reect the phase transitions more evidently, the
dielectric properties of complex 1 were measured in the
temperature range 180–280 K, 305–350 K at different
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The dielectric responses of the polycrystalline samples of
complexes 1 and 2 at various frequencies with variation of the
temperature. (a) Temperature-dependence of the real part (30) of
complex 1 at 10 kHz, 100 kHz and 1 MHz from b phase to a phase upon
heating. (b) The real part (30) of complex 1 at 1 MHz from d phase to
b phase upon heating and cooling. Inset: the dielectric permittivity (30)
of complex 1 at 10 kHz, 100 kHz, and 1 MHz upon heating. (c) The real
part (30) of complex 2 at 1 MHz upon a heating–cooling cycle. Inset: the
dielectric constant (30) of complex 2 at 1 kHz, 100 kHz and 1 MHz upon
cooling.
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frequencies, respectively (Fig. 4a and b). As illustrated in Fig. 4a,
during the heating process at 1 MHz, the real part (30) has
a value of about 5.9 when the temperature is ranging from 305
to 330 K, which is corresponded to b phase. At 334 K, the
dielectric constant value (30) sharply increases. When the
© 2021 The Author(s). Published by the Royal Society of Chemistry
temperature is ranging from 340 to 350 K, the dielectric
constant value (30) has a value of about 9.8, which is corre-
sponded to a phase. That is, the magnitude of 30 aer phase
transition is almost 1.6 times that before phase transition,
demonstrating a noticeable step-like anomaly at around 334 K.
Furthermore, the changes of 30 at lower frequencies are more
pronounced than those at higher frequencies, revealing that the
dielectric constant is very sensitive to the external frequencies
(Fig. 4a). The dielectric losses of complex 1 demonstrate
a noticeable step-like anomaly at 334 K at various frequencies
are also observed in Fig. S11.†

In case of the phase below room temperature, two pair of
remarkable dielectric anomalies can be observed near the phase
transition temperature. As displayed in Fig. 4b, upon heating
the 30 at 1 MHz remains about 7.6–7.9 from 180 to 231 K which is
corresponded to d phase, and then it increases to 8.4 at 237 K,
seen as an apparent step-like anomaly around 237 K. The
change of dielectric constant means the structural phase tran-
sition from d phase to g phase. With the temperature further
increasing, the 30 value increases slightly from 8.4 to 8.7 near
254 K, and the change of dielectric constant means the struc-
tural phase transition from g phase to b phase. Furthermore, at
10 kHz and 100 kHz upon heating, the dielectric constant is
sensitive to the external frequencies, consistent with the results
recorded in Fig. 4b inset. Comparatively speaking, it is found
that the dielectric response in the high temperature part is more
sensitive to the change in frequency.

As for complex 2, the real part (30) at different frequencies
upon a heating–cooling cycle shown in Fig. 4c further conrms
the phase transition behaviours. Upon cooling, the 30 kept
stable with a value of about 9.6 when the temperature was
decreasing from 227 to 196 K at 1 MHz, which corresponds to
a high dielectric state. When further cooling, the 30 value rapidly
decreases to reach a value of about 6.9 at 186 K, transferring to
a medium dielectric state with a step-like anomaly around the
194 K. Correspondingly, the change of dielectric constant
means the structural phase transition from b phase to a phase
in the heating process. The 30 value at the high dielectric state is
approximately 1.4 times as high as that at the medium dielectric
state. Immediately, as temperature further declines, it displayed
an abrupt decrease down to about 6.3 at 176 K, which corre-
sponds to a low dielectric state. The change of dielectric
constant equally means the structural phase transition from g

phase to b phase when heating. Furthermore, at 1 kHz, 100 kHz
and 1 MHz upon cooling, the dielectric constant is sensitive to
the external frequencies, consistent with the results recorded in
Fig. 4c inset.

Overall, for complexes 1 and 2, the dielectric anomaly curves
of the temperature-dependent 30 obtained in the cooling modes
match well with those recorded during the heating processes,
strongly supporting the existence of reversible phase transi-
tions, in good agreement with the DSC results mentioned
above. Moreover, it is worth mentioning that the prominent
step-like dielectric anomalies of the halogen substituted
complexes also indicate the potential application prospects of
dielectric switches in a tunable temperature range.
RSC Adv., 2021, 11, 2329–2336 | 2333
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Fig. 6 Photoluminescence properties of complex 2. (a) Image of the
crystals of 2 under ambient light. (b) Image of the crystals of 2 under UV
light. (c) Absorption (inset) and emission spectra of 2.
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3.4 Photoluminescent properties

In addition to the dielectric properties, the optical absorption
properties of complexes 1 and 2 were investigated by obtaining
a solid state UV-vis transmission spectrum at room tempera-
ture. As shown in Fig. 5a, the crystals of complex 1 are pale
green and somewhat transparent under ambient light. When
subjected to UV lamp (365 nm), it shows intense red light as
seen in Fig. 5b. In order to better characterize the luminescence
property of complex 1, the absorption and emission spectra are
as follows Fig. 5c. The absorption spectrum of the powder
sample includes two strong absorption peaks (358 and 450 nm)
in the ultraviolet region, which are related to the 6A1–

4T1 elec-
tronic transition of Mn2+. Firstly, we measured the emission
spectra at 296 K, and the emission spectra were recorded with
excitation wavelength of 450 nm. The red phosphorescence at
about 527 nm is produced by tetrahedrally coordinated
manganese, which is attributable to the (e)2(t2)

3–(e)1(t2)
4 elec-

tronic transition.60

Then by quenching the heated components, the lumines-
cence data were collected at 80, 185, 200, 300 and 344 K,
respectively. As shown in Fig. 5c, the complex 1 exhibited the
strongest emission at 80 K. However, the emission intensity
decreased sharply with the temperature rising from 80 to 344 K,
which might be ascribed to the non-radiation relaxation
increased at high temperature. It should be noted that the
luminescence peaks were also different with different symme-
tries. When the temperature was rose slowly from 80 to 185 and
200 K (d phase), the emission peak was slightly shied from 534
to 532 nm. Interesting, when the temperature rising to 300 K (b
phase) and 344 K (a phase), the emission maximum was
hypsochromic-shi by 10 nm to 524 nm. This may be ascribed
to the changed intermolecular stacking mode, owning to the
molecular of complex 1 was more and more disorder when the
temperature increased from 80 to 300 K. By exciting the sample
at 450 nm, the quantum yield at room temperature is 2%.

For complex 2, when subjected to a UV lamp at 365 nm, the
orange crystals emit intense green light, as shown in Fig. 6a and
b. The absorption spectrum consists of several bands ranging
from visible to UV, as shown in the UV-vis result in Fig. 6c. By
resonantly exciting the sample at 460 nm (on one of the stron-
gest absorption band in visible range), the photoluminescence
Fig. 5 Photoluminescence properties of complex 1. (a) Image of the
crystals of complex 1 under ambient light. (b) Image of the crystals of
complex 1 under UV light. (c) Absorption (inset) and emission spectra
of complex 1.

2334 | RSC Adv., 2021, 11, 2329–2336
(PL) spectra at room temperature was exhibited in Fig. 6c. In the
PL spectra, a strong emission can be observed at about 530 nm
at 295 K. Such emission originates from the tetrahedrally
coordinated manganese, where the detailed discussion can be
found in Orgel's work in 1958.60

Then by quenching the heated components, the lumines-
cence data of complex 2were collected at 80, 160, 223 and 310 K,
respectively. As shown in Fig. 6c, the complex 2 exhibited the
strongest emission at 80 K. When the temperature was rising
from 80 to 160 K (g phase), the strongest uorescence peak
shied from 539 to 537 nm.When the temperature was rising to
223 K (a phase), the strongest uorescence peak shied from
537 to 536 nm. Interesting, when the temperature was rising to
310 K (a phase), the emission maximum was shi to 530 nm
again. With the temperature rising from 80 to 300 K, intermo-
lecular stacking mode changed, lead to the emission maximum
hypsochromic-shi. By exciting the sample at 460 nm, the
quantum yield at room temperature is 4.2%.

In addition, we noticed that the point group changes from
point group 2/m (P21/c) to point group mmm (Pnma) belonging
to the 94 species of ferroelastic phase transitions with an Aizu
notation of mmm F2/m in complexes 1 and 2, corresponding to
one ferroelastic–paraelastic phase transitions. The ortho-
rhombic–monoclinic transition lowers the symmetry from the
mmm to the 2/m. Eight symmetry elements in mmm decrease to
four in 2/m. Hence the possible domain number is 8/4, that is,
two. The Curie symmetry principle tells us that the space group
at the ferroelastic phase should be the subspace group at the
Fig. 7 Symmetric breaking diagram of complexes 1 and 2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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paraelastic phase. The number of spatial symmetry operations
decreases from 8 to 4 during the symmetry breaking process, as
shown in Fig. 7. The explore of ferroelastic domain will be
carried out in next step.
4. Conclusions

In summary, the present work has successfully demonstrated
two A2BX4 novel organic–inorganic hybrid complexes: [Me3-
NVinyl]2[MnX4] (X ¼ Cl, Br), which exhibit multiple structural
phase transitions along with photoluminescent properties.
Complexes 1 and 2 underwent continuous reversible phase
transitions, which were conrmed by the DSC results, variable-
temperature structural analyses and dielectric measurements.
The results indicate that the dielectric phase transitions are
related to the motion of ions under the stimuli of variable
temperature. It is worth mentioning that accompanying the
phase transitions, complex 1 and 2 also display notable step-like
dielectric anomalies, which are characteristics of switchable
dielectrics. Additionally, the two complexes reveal striking
intensive uorescence properties with strong emissions
observed in the vicinity of 540 nm. Combining the photo-
luminescent property, structural exibility and dielectric prop-
erties, it is expected that our ndings will not only throw light
on the search for new dielectric photoluminescent materials but
also accelerate their potential practical applications such as
dielectric switch, etc.
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