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Multi-step phase transition crystal with dielectric
constant bistability and temperature-dependent
conductivityt

W. B. Feng, 2 12 W. Xu,1° H. B. Duan®*2 and H. Zhang (22

Here, we report the crystal structures, phase transitions, and thermal, dielectric, and conducting properties
of an ion-pair compound [C4-bmim][Ni(mnt),] (1). 1 undergoes a three-step phase transition with four
phases before melting. A two-step dielectric constant bistability is also realized by the structural phase
transition in 1 occurring among phases |, I, and Ill, which is due to the in-plane oscillations of the alkyl
chain and crystal-to-mesophase transition, respectively. Moreover, 1 exhibits rare temperature-
dependent conducting properties accompanying structural phase transitions, and conductivity is very

high with 0.00186 S cm™! at 413 K. The conduction properties of phase Il (mesophase) arise from the

rsc.li/rsc-advances dipole molecular motion.

Over the past decade, there has been considerable interest in
the development of tunable stimuli-responsive materials that
exhibit bistability in their properties, namely optical, magnetic,
and electrical, by applying an external perturbation (tempera-
ture, pressure, or light irradiation).* The bistable performance
between different states can be used in sensors, switches,
memory devices, etc.> Magnetic bistability is usually observed in
spin-crossover (SCO) compounds, valence tautomeric
compounds, organic radicals, and one-dimensional § = 1/2
spin-Peierls-type transition compounds.®*® In our previous
studies, we have designed and achieved a series of compounds
with magnetic bistability based on the one-dimensional (1D)
[Ni(mnt),]” (mnt>~ = maleonitriledithiolate) spin system.’
However, dielectric bistability and temperature-dependent
conductivity in a dithiolene spin system have not been
observed experimentally.

When the cooperativity of dielectric phase transition
compounds is sufficient, the hysteretic behavior is present,
conferring dielectric bistability and memory function to the
compounds, similar to magnetic bistability.” The dielectric
constant is usually related to the electric polarizability of
a material and is microscopically associated with dipolar
motions. Dielectric bistability can be found in some
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amphidynamic crystals built with a combination of static
(stator) and dynamic (rotator) elements in which the motion of
molecular orientations throughout the crystal are accompanied
by a significant dielectric response. For example, the super-
molecular rotor [(cyclohexylammonium)(18-crown-6)]FSO; with
stator-rotator structure displays a noteworthy dielectric relaxa-
tion behavior and excellent pyroelectric switching characteris-
tics.” The dielectric relaxation and rotation dynamics of
diazabicyclo[2.2.2]Joctane hydrogen-bonded molecular rotors
were investigated by our group.'> The molecular rotation or
translational motion can be easily realized in plastic and liquid
crystals systems by simple molecular designs. The long alkyl
chain, spherical or cylindrical in shape can be used to construct
a rotational component. Recently, rotatable structural compo-
nents were introduced into the [Ni(mnt),]” spin system. Such
moieties can easily inspire structural changes upon thermal
stimuli, and it has been proved that spin transition occurs at
a much higher temperature than the common spin-Peierls
transitions by lattice softness.”” Furthermore, molecular
motions of small organic cations such as pyridinium or imi-
dazolium ions also gave rise to ferroelectric properties.
Methyl-imidazolium salts are room-temperature ionic liquids
and provided little hindrance for the reorientational process.®
Thus, the incorporation of a rotatable ionic component (methyl-
imidazolium) into rigid [Ni(mnt),]” systems may construct the
expected stator-rotator structure.

Encouraged by this strategy, we successfully synthesized the
ion-pair compound [C,-bmim][Ni(mnt),], (1) (C;-bmim = 1-
butyl-3-methylimidazolium) (Scheme 1), which undergoes the
three-step structural phase transition before melting accom-
panying the two-step dielectric constant bistability. Further-
more, 1 is a rare example of materials showing temperature-
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Scheme 1 The molecular structures of 1.

dependent conductivity properties. At 413 K, it has a very high
conductivity of 0.00186 S cm ™.

The black needle crystals of 1 were prepared by a solution
method (Experimental details in the ESIt). The powder X-ray
diffraction (PXRD) measurements and elemental analysis (for
C, H, and N) demonstrated that 1 shows high phase purity. The
thermogravimetric (TG) plot is shown in Fig. S1,T indicating
that 1 starts thermal decomposition at ~580 K.

Differential Scanning Calorimetry (DSC) measurements were
performed both in heating and cooling runs in the temperature
range of 223-441 K (before melting point) and 223-473 K (after
melting point), as shown in Fig. 1 and S2,} respectively. Fig. 1
illustrates that during the heating process, 1 displays three
endothermic events at peak temperatures of ~364 K, 389 K, and
435 K. In the cooling process, three exothermal events occurred
at ~363 K, 388 K, and 430 K. Thus, 1 shows a three-step phase
transition in the temperature range of 223-441 K. To investigate
the phase transition feature, several crystals were selected and
were heated from room temperature to 500 K. The crystal began
to melt at ~446 K. Combined with variable-temperature (VT)
PXRD results (discussion in the next section), the phase tran-
sition at 389 and 435 K may be ascribed to the crystal-to-
mesophase transition. In addition, the thermotropic liquid
crystal behavior was not observed at 440 K by polarized optical
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Fig. 1 DSC curves for 1 in the heating/cooling cycle before melting,
showing the three-step heat anomaly.
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microscopy (POM). According to DSC results, the phases of 1 are
named phase I (~223-363 K), II (~363-389 K), III (~389-435 K),
and IV (~435-446 K). When the sample was heated to melting
and cooled to 223 K, four endothermic and five exothermal
events were observed in the DSC curves (Fig. S21).

The phase transition process of 1 is further demonstrated by
VTPXRD (Fig. 2). The sharp Bragg reflections at 303 K, corre-
spond to the reflections of (1 0 2) with 26 = 10.37° and (1 1 1)
with 26 = 15.24°. No structural phase transition took place
between 303 and 353 K. The crystal packing structures of 1 in
phases I and II are similar, as evidenced by the similarities
between the diffraction patterns of 1 at 353 and 383 K. The only
very slight difference is that the strong diffraction peak at 26 =
15.1° at 383 K disappears. Very low values of enthalpy (DCS
results) from phase I to phase II also support the same crystal
packing structure. The single crystal structure of phases I and II
will also be investigated in the next section. The PXRD pattern
of 1 at 403 K differs significantly from that at 383 K upon
heating, confirming the phase transition of the structure from
phase II to phase III. The significant changes in phase transi-
tion, enthalpy, and entropy occur between phases II and III.
When the temperature reaches 433 K, the sharpest reflection
peak on the high-angle side disappeared, indicating the third
step of phase transition. In phases III and IV, diffuse wide-angle
scattering is observed, which indicates the coexistence of
amorphous domains. It is speculated that phases III and IV
represent mesophase as a result of alkyl-chain melting.

The crystal structure of 1 at 298 K (phase I) fits the mono-
clinic system, space group P2;/c. An asymmetric unit of 1
comprises one [Ni(mnt),]” anion and one C,-bmim" cation, as
shown in Fig. 3a. The hydrocarbon chain exhibits a mixed trans-
cis conformation with C(13), C(15), and C(16) atoms displaying
trans-conformation and C(14) atoms exhibiting cis conforma-
tion. The hydrocarbon chain orientation in the cation is
approximately perpendicular to the long molecular axis of the
[Ni(mnt),]” anion. The mean-molecule-planes of C(13)C(14)
C(15)C(16) and imidazole ring make a dihedral angle of 83.6°.
In an anion stack of phase I, two neighboring anions form
a cofacial m-type dimer, and there is slippage between two
anions along the short molecular axis. The shorter interatomic

ptoAaantan, 433 K

b Asmnneie. 403 K

383K

T
10 20 30 40 50
20/ degree

Fig. 2 Temperature-dependent PXRD of 1, showing temperature-
driven phase transition.
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Fig. 3 (a) ORTEP view for an asymmetric unit of 1 at 298 K; the
ellipsoids of non-hydrogen atoms are drawn at 50% probability level,
(b) the hydrophobic layer arrangement formed by hydrocarbon chain
along b-axis, and (c) [C4-bmim]* cation conformation of 1 at 363 K; the
ellipsoids of non-hydrogen atoms are drawn at 50% probability level,
showing thermal movement of the alkyl chain.

separations between the neighboring anions, ie., 3.662 A of
Ni(1)---Ni(1)}, 3.590 A of S(2)---S(3)', and 3.895 A of S(2)---S(4)' in
the intra-dimer and 4.684 A of Ni(1)---Ni(1)", 4.742 A of S(2)-+-
S(3)", and 4.462 A of S(2)---S(4)%, in the inter-dimer were
observed (symmetric code (i) =1+x,1 —y, —z; (ii))=1—x, —y, 1
— 2). Along the ag-axis direction, the hydrocarbon chain of the
cations formed a hydrophobic layer (Fig. 3b).

From 298 to 363 K (phase II), the space group and packing
structure of 1 does not change; the unit-cell parameters are
analogous to those at 298 K (Table S17). However, to investigate
the difference between phases I and II, we carefully examined
the atomic thermal displacement parameters (Fig. 3c); the
values of Ueq for C(15) and C(16) increase rapidly as the
temperature rises from 298 K to 363 K, which indicates that
there exists a thermally activated rapid in-plane oscillatory
fluctuation for the alkyl chain of the [C,-bmim]’ cation. On the
other hand, the corresponding Ueq values for carbon and
nitrogen atoms of the imidazole ring showed a gradual increase
at these temperature ranges. It is worth noting that the bond
length of C(14)---C(15) decreases abnormally from 1.517 A at
298 K to 1.475 A at 363 K. In addition, as the temperature
increased, an obvious slippage between two anions along the
long molecular axis was observed. The interatomic separations
between the neighboring anions i.e., 3.736 A of Ni(1)---Ni(1)',
3.779 A of S(2)-+-5(3) and large length 5.603 A of S(2)---S(4)" in
the intra-dimer occurred at 363 K (symmetric code (iii) = 2 — x,
-y, 1+2).

The temperature-dependent dielectric permittivity was per-
formed for 1 on polycrystalline samples at 1-10” Hz from 223 to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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413 K (Fig. 4). Because of the partial melting of the sample at
433 K, the dielectric properties of the sample were investigated
before 413 K (including phase I, II, and III). The plots of &-T
display weak temperature-dependence dielectric permittivity
when the temperature is below 270 K (Fig. 4a and S31), indi-
cating that the thermally activated dipole motion is suppressed
at low temperatures. A broad peak was observed in the
temperature range of 300-360 K, and as the temperature
increased to 383 K, the ¢ value abruptly increased, depending
strongly on frequency. It is interesting to note that during the
subsequent cooling process, two hysteresis loops with unusual
shapes appeared in the temperature range of 223-413 K, indi-
cating the existence of two-step dielectric bistability for 1
(Fig. 4b), which corresponds to two-step thermal anomalies
occurring in the DSC plot at 364 K and 389 K, respectively. To
date, compounds with magnetic or optical bistability nature via
thermally induced structural changes have been widely
studied” ™ and accordingly hysteresis loops have also been
reported in some spin-crossover mesophase systems and were
interpreted to be caused by the supercooling of mesophase
(where a crystalline-to-mesophase transformation and a spin-
crossover process occur in the same temperature interval).®
However, 1 is a rare example showing two-step dielectric bist-
ability. Moreover, as shown in Fig. 4c, the plots of tan(¢)-T
(dielectric loss) also exhibit two-step bistability similar to that
depicted in Fig. 4b. The values of dielectric loss rapidly increase
as the temperature is raised to 383 K and tan(¢) is 9.6 at 403 K
and f = 1 MHz, which demonstrates that the direct current
conduction of the sample increased sharply. To reduce the

influence of direct current conduction and electrode
(a) (b)
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Fig. 4 (a) Temperature-dependent dielectric constant real part at
selected frequency in the heating process, (b) temperature-dependent
dielectric constant real part in the heating/cooling process, showing
two-step dielectric bistability, (c) temperature-dependent dielectric
loss, and (d) temperature-dependent dielectric modulus imaginary
part at selected frequency showing dielectric transition.
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polarization, dielectric modulus was used to analyze the
dielectric transition of 1. Dielectric modulus is calculated as
follows:

U .
1 e +je’
8/2 +€//2

=M +jM"

where M and M” are the real and imaginary parts of the complex
modulus M*, respectively. The plots of M"-T for 1 are shown in
Fig. 4d. It is clear that two-step dielectric transitions were
observed in the first heating process in the temperature range of
320-413 K, and the position of the modulus peak shows
frequency independence (similar to the dielectric constant real
part, ref. Fig. 4a).

The two-step dielectric transitions observed in the tempera-
ture range of 223-413 K can be discussed as follows: (1)
dielectric anomaly is usually caused by structural phase tran-
sition. From phase I to II, combined with temperature-
dependent single crystal results, it can be seen that the space
group of crystal 1 does not change; however, the thermal
displacement parameters of C(14) and C(15) of the alkyl chain
rapidly increases, and the bond length of C(4)---C(15) showed
an abnormal decrease from room temperature to 353 K, indi-
cating the rapid in-plane oscillatory fluctuation of the alkyl
chain. Thus, the first step dielectric anomaly of 1 could be
attributed to the disorder of the Cy-bmim' cation. (2) The
second dielectric transition is relevant to the crystal-mesophase
transition. A pair of larger endothermic and exothermic peaks
occurred in the DSC curve compared to the first step order to
disorder transition (ref. Fig. 1). It is not feasible to get the single
crystal structure of phase III after the second phase transition
because of poor crystallinity. Furthermore, the obvious diffuse
wide-angle scattering occurred in phase III in the VTPXRD plots,
indicating the occurrence of phase transition from the crystal to
mesophase (ref. Fig. 2).

To better understand the two-step dielectric transition
process, we further analyzed the ionic conduction behavior of 1.
Fig. 5 shows the variation of the imaginary part of impedance
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Fig. 5 Typical Nyquist plots at (a) 313-353 K (phase 1), (b) 358-383 K
(phase 1), (c) 388-413 K (phase Ill), and (d) the fitting result for In(oyc)
versus 1000/T; the red solid lines were fitted by Arrhenius equation.
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(—=Z") with the real part (Z") from 313 to 413 K. Interestingly, 1
exhibits three types of different conducting behaviors in phases
I, II, and III. From 313 to 353 K (phase I), as temperature
increases, the radius of the arc corresponding to the bulk
resistance decreases, indicating an activated thermal conduc-
tion mechanism (Fig. 5a). From 353 to 363 K, the radius of the
arc increased abnormally, which corresponds to the decrease in
conductivity (Fig. S41). In the temperature range of 363-383 K
(phase II), resistance also decreases with increased temperature
(Fig. 5b). From 388 to 413 K (phase III), the resistance abruptly
decreases and the thermal conduction mechanism occurs
(Fig. 5¢). The impedance plots were fitted using the equivalent
circuit. The temperature-dependent conductivities are plotted
in the form of In o4, versus 1000/T (Fig. 5d). The plots can be
divided into three parts corresponding to phase I, II, and III,
and each part shows a linear relationship. From phase I to II,
the conductivity of 1 decreased. The value of conductivity at 353
Kof1is1.41 x 107> S cm™; however, it reached a minimum of
2.47 x 1077 S em ' at 363 K, which can be ascribed to the
increase in the disorder of the C,-bmim" cations with the
increase in temperature, and the concentration of the C,-bmim*
cation charges decreased. A similar example was reported in
MOF compounds containing ionic liquid in the channel.”* From
phase II to III, the conductivity of 1 sharply increased. The value
of conductivity was 6.56 x 10°* $ cm " at 388 K and 0.086 S
cm~ ' at 413 K. Combined with the second dielectric transition
discussion, the occurrence of mesophase in phase III means
rapid mobility of cations, leading to the increase in the
conductivity of phase III. Furthermore, the dielectric constant ¢’
at 393 K was ten times larger than that at 378 K and f= 10 KHz,
which indicated that its conduction arises from the dipole
molecular motion rather than a fast electronic motion under
the ac electric field.”»*

In summary, the crystal structures, DSC, VIPXRD, and
dielectric and conducting properties have been investigated for
the ion pair compound [C,-bmim][Ni(mnt),] (1). 1 undergoes
a three-step phase transition with four phases before melting
accompanied by the dielectric transition. To the best of our
knowledge, 1 is a rare example showing two-step dielectric
constant bistability, which can be ascribed to the in-plane
oscillation of the alkyl chain and crystal-to-mesophase transi-
tion. Another striking feature is that phases I-III exhibit
different conducting behaviors and the conductivity of phase IIT
is very high with 0.00186 S cm ™" at 413 K. Phase III conduction
arises from the dipole molecular motion. This work indicates
a new type of multi-step phase transition material with inter-
esting dielectric and conducting properties.
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