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Stimulus responsivematerials canprovide a variety of desirable properties in one equipment unit, such as
optoelectronic devices, data communications, actuators, memories, sensors and capacitors. However, it
remains a large challenge to design such stimulus responsive materials, especially functional materials
having both dielectric switch and second harmonic generation (SHG). Here, a new stimuli-responsive
switchable material [(CH3)3N(CH2)2Cl]2[Mn(SCN)4(H2O)2] was discovered as a potential second-
harmonic generation (SHG) dielectric switch. It is worth noting that it has SHG characteristics before
and after undergoing reversible high-temperature phase transitions. In thiswork, we successfully refined
the tetramethylammonium cation to obtain a quasi-spherical cation, which is tetramethylchloroethyl-
amine (TMCEM) cation. By substituting Hwith a halogen, the increased steric hindrance of themolecular
makes energy barrier increased, resulting in the reversible high-temperature phase transition. At the
same time, the interactions of quasi-spherical cations and [Mn(SCN)4(H2O)2]2� anions affect a non-
centrosymmetric structure to induce the SHG effect. These findings provide a new approach to design
novel functional switch materials.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Smart response and information processing have been an
important issue related to the living and daily production of human
being [1–3]. Stimulus responsive materials that can make
corresponding signal actions in response to external stimuli have
recently attracted much attention, especially dielectric switch and
nonlinear optical effects [4–7]. Such materials have widespread
applications such as optoelectronic devices, data communications,
actuators, memories, sensors and capacitors, etc. [8–13]. For these
materials, it is crucial to explore the relationship between
properties and structure, and various methods have been used
to design these functional materials [14–18]. From the perspective
of crystallographic engineering analysis, the slightly changes in
microstructure of the crystal can make the variation of the
physical/chemical properties in different conditions, and thereby
resulting in some desired performances such as switchable,
magnetic, optoelectronic and ferroelectricity [19–22]. However,
it remains a large challenge to design such stimulus responsive
materials, especially functional materials having both dielectric
switch and second harmonic generation (SHG).
ei@seu.edu.cn (D. Fu).
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Exploring reasonable methods to design responsive switch-
able materials have always been intriguing and urgent. Con-
structing inorganic�organic hybrid materials afford an important
opportunity to integrate phase transition with SHG effect,
because hybrids can combine the advantages of both inorganic
frameworks and organic molecules to achieve multifunctional
characteristics, compared to some pure organic or inorganic
compounds [23–27]. Our colleagues discovered an inorga-
nic�organic hybrid perovskite ferroelectric [(CH3)3NCH2Cl]MnCl3
[28], which experienced a reversible phase transition that caused
by the order-disorder transition of [(CH3)3NCH2Cl]+ cation,
exhibiting large piezoelectric response comparable with piezo-
ceramics such as barium titanate. The [(CH3)3NCH2Cl]+ cation is
obtained by modifying the tetramethylamine cation, which is
based on the "quasi-spherical theory" recently proposed by our
group: the modification of spherical cations into a quasi-spherical
cation [29]. Specifically, a specific chemical group is introduced
into the spherical tetramethylamine cation to construct a quasi-
spherical cation, thereby causing a change in molecular symmetry
and dipole moment. By reducing its symmetry and increasing its
kinetic energy barrier, high temperature phase transition, large
piezoelectric, ferroelectric and other excellent properties are
obtained. Based on this theory, there are many excellent stimuli-
responsive solid materials that we get: [Me3NOH]2[KFe(CN)6] [27],
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



540 Y. Xue et al. / Chinese Chemical Letters 32 (2021) 539–542
[Me3NCH2X]MnX3 (X = Cl�, Br�) [28,30], [Me3NCH2I]PbI3 [31],
[Mdabco]NH4X3 (X = Br�, I�) (Mdabco = N-methyl-N0-1,4-diazo-
niabicyclo[2.2.2]octonium) [6], [Mdabco]RbI3 [32], and [Odabco]
NH4X3 (X = Cl�, Br�) (Odabco = N-hydroxy-N0-1,4-diazoniabicyclo
[2.2.2]octonium) [6]. Reducing its symmetry can change the dipole
moment to obtain SHG. Replacing H with halogens increases the
kinetic energy barrier and may be an excellent way to increase/get
high phase transition temperatures. In addition, we have found a
dielectric switch functional material [(CH3)4P]4[Mn(SCN)6], which
has two consecutive phase transitions which are related to the
motion of [Mn(SCN)6]4� anion and [(CH3)4P]+ cations [33–35]. By
summarizing the previous work, we noticed that the configuration
changes and the motion of the thiocyanate anion are prone to
phase transitions, which is related to the momentum matching
theory. The intermolecular interactions of the cation and anion are
particularly crucial for affecting the crystal structure to reasonably
induce phase transition and SHG effect.

Inspired by this strategy, we successfully refined the tetramethy-
lammonium cation to obtain a quasi-spherical cation, that is
tetramethylchloroethylamine (TMCEM) cation. We assembled
(2-chloroethyl) trimethylammonium chloride, potassium thiocya-
nate, and manganese(II) nitrate hexahydrate to design a new
responsive switchable material [(CH3)3N(CH2)2Cl]2[Mn
(SCN)4(H2O)2] (compound 1), which exhibits a high-temperature
phase transition at 371 K with SHG effect. By substituting H with a
halogen, the increased steric hindrance of the molecular make
energy barrier increased, resulting in the reversible high-tempera-
ture phase transition. At the same time, the interactions of quasi-
spherical cations and [Mn(SCN)4(H2O)2]2� anions affect a non-
centrosymmetric structure to induce the SHG effect.

It is well known that there are a number of characterization
methods that can be used as evidence of phase change because
physical properties such as magnetic properties and dielectric
propertiesmay change. In thesemeasurements, DSCmeasurement
is one of the most effective methods to determine whether this
compound goes through a reversible phase transition triggered by
thermal stimulate (Fig. 1 and Fig. S1 in Supporting information). In
addition, thermogravimetric (TG) analysis indicate that the
compound shows good thermal stability (Fig. S2 in Supporting
information). As show in Fig. 1, DSC measurements were
performed at a temperature range of 313–385 K. Underneath a
liquid nitrogen atmosphere, the crystalline samples (9.1mg) were
heated and cooledwith a rate of 10 [20_TD$DIFF]K/min. One pair of endothermic
and exothermic peaks were detected at 347.8/371.0 K in the
heating and cooling runs, respectively, indicative of a reversible
structural phase transition. The sharp shape of these peaks and the
[(Fig._1)TD$FIG]

Fig. 1. DSC curves of 1 in the heating and cooling runs at the first cycle. Insert:
Single-crystal samples of 1.
thermal hysteresis reveal a first-order phase transition. On the
basis of DSC curves, the average entropy change (D [21_TD$DIFF]S) was
calculated to be �18.32 J mol�1 K�1. In the Boltzmann equation
D [22_TD$DIFF]S = R ln(N), R is the gas constant, N is the ratio of the quantity of
individual geometrically distinguishable orientations, and the
value of N is calculated to be 9.06. For the purposes of the following
explanation, the phase below Tc is labeled as the low temperature
phase (LTP) and the phase above [23_TD$DIFF]Tc is labeled the high temperature
phase (HTP).

For analysis of the microscopic mechanism of the reversible
phase transition, Single-crystal X-ray structure determinations
were performed on compound 1. At 293 K, compound 1 crystal-
lized in themonoclinic space group Cc (No. 9), with cell parameters
of a = 26.0997(12) Å, b = 7.4703(4) Å, c = 14.3438(8) Å, β[24_TD$DIFF] = 102.290
(5) � and V = 2732.6(2) Å3. In the LTP, the asymmetric unit contains
two TMCEM cations and a [Mn(SCN)4(H2O)2]2� anion (Fig. 2a). For
metal skeleton anions, the coordination geometry of the central
Mn atom consists of two coordinating H2Omolecule and four SCN�

[25_TD$DIFF]

anions inwhich the N atoms are linked toMn atom. Symmetry site
of each Mn atom lies in the glide plane with the Mn–N bond
distances varied from 2.153(9) Å to 2.234(8) Å, and theMn–O bond
distances are 2.211(6) and 2.200(7) Å (Table S1 in Supporting
information). The O–Mn–O bond angle is 178.2(4)� and the
O–Mn–N bond angles are in range from 88.7(3)� to 92.9(3)�. The
vertical N–Mn–N bond angles are varied from 89.0(3)� to 91.9�

while the opposite N–Mn–N bond angles are 177.3(5)� and 179.2
(5)�, respectively. From above bond distances and angles, N and O
atoms are coordinated with central Mn atom to form a slightly
distorted octahedron configuration. There are four [26_TD$DIFF]Mn–N–C–S
torsion angles range from 121(15)� to 163(17)�. Notably, different
from common Mn(SCN)3, the coordination environment of Mn
atom changed to construct a raremetal skeleton structure inwhich
water molecules participate in coordination, owing to the
influence of quasi-spherical cations formed by introducing
chloromethyl group into tetramethylamine cation.

From packing structure, TMCEM cations are loosely connected to
the Mn-based anionic framework by weak forces to form a zero-
dimensional topological structure ([27_TD$DIFF]Figs. 2b and Fig. S4 in Supporting
information). Interestingly, [Mn(SCN)4(H2O)2]2� anions are also
loosely connected to each other by intermolecular hydrogen bond
([28_TD$DIFF]O–H� � �S, distances from 2.44Å to 2.75 Å) parallel to the bc plane,
resulting in a two-dimensional-like crystal structure (Fig. 2c). The
TMCEM cations are located in the cavities between the two-
dimensional-like metal skeletons that joined by hydrogen bonds.
The cavities provide spaces of cationic motion, offering the
opportunity for possibility of reversible phase transition.

The single-crystal structure in HTP has not been successfully
determined due to few or even indistinguishable peaks with
relativelyweak intensity, especially for those in the relatively high-
angle region. Even so, variable-temperature powder X-ray
diffraction (PXRD) measurements can be further confirm and
provide some information about the phase transition of [(CH3)3N
(CH2)2Cl]2[Mn(SCN)4(H2O)2]. To further confirm the existence of
the reversible phase transition at HTP, compound 1 was subjected
to variable temperature PXRD measurement. As shown in Fig. S5
(Supporting information), the PXRD pattern obtained at 293 K
exactly matches the corresponding simulation result (bottom line)
recorded from the single crystal structure. When the temperature
increased to 363 K, however, obvious changes have been recorded
in comparisonwith the patterns at LTP. For instance, the diffraction
peaks at 12.31�, 12.62�, 13.49�, 13.87�, 14.19�, 16.16�, 16.67�, 17.81�,
18.20� and 18.79� disappeared in the LTP, while five newdiffraction
peaks were observed at 7.91�, 8.85�, 11.31�, 14.83� and 17.97� in the
HTP. Compared with 5�–20�, there are more obvious diffraction
peaks between 20�–30�, and the four distinct diffraction peaks of
21.56�, 22.08�, 23.02� and 23.76� have not changed. However, the
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Fig. 2. (a) The asymmetric unit structure of compound 1. (b) Packing view of compound 1 along b axis. (c) The schematic diagram of two-dimensional-like structure.
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five diffraction peaks at 24.64�, 24.85�, 25.25�, 25.40� and 25.85�

disappeared, and the two diffraction peaks at 26.49� and 26.72�

became a diffraction peak of 26.68�. In addition, the three
diffraction peaks of 27.23�, 27.78�, and 28.15� emerged in LTP,
and two new diffraction peaks appeared in the corresponding HTP
at 27.38� and 28.72�. There are some minor diffraction peaks
around 32� and 35�, the small diffraction peak around 40�

increased to a more obvious large diffraction peak. In addition,
to further explore the structural changes of 1, the PXRD data at 363,
378 and 388 K were simulated with the Materials Studio program
(Fig. S7 in Supporting information). The indexing of the PXRD
patterns reveal a tetragonal unit cell and the Pawley refinements
reveal a possible point group 4/mmm, among which, the most
possible space group is the I4/mmm. In general, significant changes
in the PXRD pattern strongly confirm the existence of phase
transitions, and the sharp decrease in diffraction peaks is relevant
to the transition from low symmetry to high symmetry.

We further confirm the non-centrosymmetric nature of the
crystal structures of compound 1 by the second harmonic
generation (SHG) measurements. As shown in Fig. 3, compound
1 exhibits obvious SHG responses with non-zero SHG intensities
at room temperature, revealing the crystal symmetry of
[(Fig._3)TD$FIG]

Fig. 3. Oscilloscope traces of SHG signals for 1 (l = 1064 nm). Inset: the curve of
variable temperature SHG.
compound 1 is non-centrosymmetric. With the temperature
increased, the SHG intensities of compound 1 keep stable from
LTP to HTP, which indicates compound 1 also locates in a non-
centrosymmetric point group in HTP, consistent with the crystal
analysis and PXRD results. Due to the unique crystal structure, the
nature of non-centrosymmetric structure can be maintained in
both LTP and HTP.

The dielectric constant e is an important physical property of
materials, which can act as a signal to sensitively detect structural
phase transitions as a result of local polarization changes. There is a
dielectric constant formula e = e0 � ie0 0, where e0 is the real part and
e0 0 is the imaginary part. The temperature-dependent dielectric
properties were measured on polycrystalline sample of compound
1 in the temperature range of 320–380 K at 1MHz. The
temperature-dependent dielectric constant of compound 1 is
shown in Fig. 4. During the heating-cooling process, the exother-
mic and endothermic peaks emerge at 355 K and 370 K,
respectively, which is consistent with the DSC results and conform
to phase transition of the crystal. The real part of the dielectric
constant e' ismaintained at about 10 at room temperature and then
rapidly increases to 22 at around 365 K. The value of e' in the high
temperature state rises to more than twice that in the low

[(Fig._4)TD$FIG]

Fig. 4. Temperature-dependent dielectric constant of the polycrystalline sample of
compound 1 at 1MHz in the heating–cooling cycle.
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temperature state, showing a significant change. It is obvious that
the dielectric constant of 1 is always significantly changed near the
phase transition temperature, which indicates that the dielectric
measurement is a simple and effective method for detecting the
occurrence of a phase transition. In addition, the dielectric loss can
be compared with the dielectric constant to further verify
the reversible phase transition. As shown in Fig. S8 (Supporting
information), the dielectric loss (tand) displayed abnormal
behavior with increasing temperature, corresponding to e0,
confirmed the reversible phase transition.

In addition, the e' curve shows a dielectric switch whose
position is at the high temperature (Fig. 4). Around Tc, as the
crystals undergo a high-temperature phase transition, e' jumps
into the range of 21.8–22.5, which corresponds to the dielectric
switching behavior. As the temperature changes periodically, the
intensity of the dielectric signal remains almost constant after nine
cycles (Fig. S9 in Supporting information). These key results
illustrate that the switch made of compound 1 has higher stability
than other switching systems. It is worth mentioning that this
switch further ascertains the occurrence of reversible phase
transition. Provided that the low dielectric state at normal
temperature is expressed as "off" and the high dielectric state at
high temperature is indicated as "on", then when T > Tc (phase
transition temperature), the device is turned on, when T < Tc, the
machine is turned off. Therefore, an excellent switch is formed
between high temperature and normal temperature.

In summary, we have reported a new stimulus responsive
switchable material, [(CH3)3N(CH2)2Cl]2[Mn(SCN)4(H2O)2], which
exhibits a high-temperature phase transition at 371 K with SHG
effect. By substituting H with a halogen, the increased steric
hindrance of the molecular make energy barrier increased,
resulting in the reversible high-temperature phase transition. At
the same time, the interactions of quasi-spherical cations and
[Mn(SCN)4(H2O)2]2� anions affect a non-centrosymmetric struc-
ture to induce the SHG effect. These findings throw light on the
search for functional materials having both dielectric switch and
second harmonic generation (SHG). Given that intelligent response
and information processing have become crucial issues related to
humankind life and daily production, there is no doubt that the
stimulus response material [(CH3)3N(CH2)2Cl]2[Mn(SCN)4(H2O)2]
may be a potential candidate that could find applications in various
fields such as optoelectronic equipment, data communications,
actuators, memories, sensors and capacitors.
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