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A Bis(maleonitriledithiolato)nickelate Ion-Pair Compound
Exhibiting Dielectric Anomaly and Relaxation

DUAN Hai-Bao™ YU Shan-Shan ZHOU Hong
(School of Biochemical and Environmental Engineering, Nanjing Xiaozhuang University, Nanjing 211171, China)

Abstract: An ion-pair compound, 1,7-bis(1-methylimidazolium)heptane bis(maleonitriodithiolato)nickelate (1), was
synthesized and single crystal structurally characterized. The bis (maleonitriodithiolato)nickelate anions and
dication formed the wave-shape anion chain along c-axis direction, respectively. 1 undergoes a tunable transition
at about 90 “C between high and low dielectric states at variable temperature, which probably arises from the
order-to-disorder transformation of alkyl chains. The dielectric relaxation process in low-frequency region,
attributed to the orientation polarization of the molecules dipoles, was observed and discussed. Furthermore, 1
exhibits cold crystallization around 66 °C and 130 °C during the second heating scan, and originated from fast
cooling rate and the large viscosity. Such study provides a possible strategy to explore switchable dielectric

material. CCDC: 1015809.
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0 Introduction example, a low-k dielectric is generally used to
separate the conducting parts (such as the wire

Dielectric materials are fundamental components interconnects and transistors) from one another in

of modern electrical and electric device!"™”. Some  digital circuits, reduces parasitic capacitance, enables
special solid dielectrics have been widely used in  faster switching speeds, decreases cross-talk noise and
microelectronic  and electrical ~ engineering.  For lowers heat dissipation in a microelectronic device!*.
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At present, a lot of progress has been achieved
in designing solid state dielectrics”. However, it
still remains a challenge to design the crystalline

solids possessing tunable dielectric states. Such

dielectric behavior between high and low dielectric

states, have been playing a momentous role in photo-

[14-16]

electronic fields One of the most promising

strategies to assemble such functional material,
usually, is to design and synthesize molecule
compounds with order-disorder structural

transformations which can generally induces dielectric
phase transition. Recently, some dielectrics with
tunable dielectric states can be found in metal-organic
frameworks (MOFs) in which the rigid cavities are
generally filled by the guest molecules, such as lattice
solvents or counterions. The order-disorder transition
of the polar guest molecule in the rigid cavities leaded
to striking dielectric anomalies!™. Furthermore, some
molecular motion associated rotational can induce the

of the

molecules, the motion phase has been well recognized

variation dielectric  states. Among such

in plastic crystalline states such as hexamethylethane,
(Cq), where

the structural flexible and spherical molecules have a

cyclohexane, adamantane, and fullerene

tendency to form the motion phase™. In our and other
groups previous study, bis-1,2-dithiolene complexes of
transition metals have been widely studied due to
their novel properties and application in the areas of

conducting and magnetic materials, dyes, non-linear

[21-23]

optics, catalysis and others Recently, we further

designed and assembled some phase transition

compounds by introducing molecular motion in such

51 Encouraged by our previous study and

system
above-mentioned findings, in this paper, we present a
new compound [1,7-bis (1-methylimidazolium)heptane]
[Ni(mnt),] (1), which exhibits novel dielectric anomaly

and relaxation.
1 Experimental

1.1 Chemicals and reagents
All reagents and chemicals were purchased from

commercial sources and used without further

purification. ~ The  starting materials  disodium

maleonitriledithiolate (Na,mnt) and 1,7-bis(1-methyli-
midazolium)heptane  dibromide  were synthesized
following the published procedures®.
1.2 Physical measurements

Elemental analyses for G, H and N were
performed with an Elementar Vario EL III analytic
(PXRD) data
were collected on a Bruker D8 diffractometer with
Cu Ka radiation  (A=0.154 18 nm). FT-IR spectra were
recorded on an IF66V FT-IR (4 000~400 cm™) spec-
trophotometer with KBr pellets. Thermogravimetric

(TG) experiments were performed with a TA2000/2960

thermogravimetric analyzer from 38 to 800 C at a

instrument. Powder X-ray diffraction

warming rate of 10 K+min™ under a nitrogen atmosphere,
and the polycrystalline samples were placed in an
aluminum crucible. Differential scanning calorimetry
(DSC) was carried out on Pyris 1 power-compensation
differential scanning calorimeter in the range -85~
230 °C for 1 and the warming/cooling rate is 10 K-
min 7' during two thermal cycles. Temperature and
frequency dependent dielectric constant, &', and
dielectric loss, tand, measurements were carried out
employing Concept 80 system (Novocontrol, Germany);
the powdered pellet, with a thickness of ca. 0.50 mm
and 78.5 mm? in the area, was coated by gold films on
the opposite surfaces and sandwiched by the copper
electrodes and the ac frequencies span from 1 to 10’
Hz.

1.3 Preparations for 1

(456 mg, 2.5 mmol) and NiCl, -6H,0

(297 mg, 1.25 mmol) were mixed under stirring in

Na,mnt

MeOH (30 mL) at room temperature. Subsequently, a
1,7-bis (1-methylimidazolium)heptane
dibromide (2.5 mmol) in MeOH (15 mL) was added to
the mixture, and the red precipitate was immediately
formed, and washed with MeOH. The crude product
was recrystallized in DMF (20 mL) to give dark-red

solution of

crystals. Elemental analysis: Caled. for Cy;HpNgNiS,
(%): C, 45.93; H, 4.36; N, 18.63. Found(%): C, 45.72;
H, 4.54; N, 18.39. IR spectrum (KBr disc, cm™): 3 113
m, 2 926m, 2 196s, 1 569m, 1 474s, 1 145m, 830m.

1.4 X-ray crystallography

Selected crystals of 1 were centered on a Bruker
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SMART APEX CCD-based diffractometer with graphite
(A=0.071 073 nm).
Measurements were performed at 296 K. The data

-monochromatic Mo Ka radiation

collection routine, unit cell refinement, and data
processing were carried out with the program CrysAlis!®.
Structures were solved by the direct method and
refined by the full-matrix least-squares procedure on

F? using SHELXL-97 program™. The non-Hydrogen

atoms were anisotropically refined using the full-
matrix least-squares method on F2 All H atoms were
placed at calculated positions and refined riding on
the parent atoms. Details of the crystallographic
parameters, data collection, and refinements for 1 are
summarized in Table 1. Selected bond lengths and
angles are listed in Table 2

CCDC: 1015809.

Table 1 Crystal data and structural refinements of 1 at 296 K

Temperature 296 K v/ () 90

Empirical formula CosHasNgNiS, V [/ nm® 2.811 2(7)

Formula weight 601.49 A 4

Crystal system Monoclinic w/ mm™ 1.015

Space group P2/c F(000) 1248

a/ nm 0.856 26(13) Limiting indices -llsh< 37<k<38,-15=<!<15
b/ nm 2.977 0(4) 0 range of collection data / (°) 0.993~27.55

¢/ nm 1.180 00(18) Goodness of fit on F* 1.045

al () 90 R, wRy" (all data) 0.085 4, 0.108 6

B/ 110.839(2) R, wR (I>20(I)) 0.041 4, 0.091 2

*R=SNFI-EINE) " wR=[ Sw( S F~F3Y Sw(F2?

Table 2 Selected bond lengths (nm) and angles (°) for 1

Ni(1)-(1) 0.217 88(8) Ni(1)-S(2)
Ni(1)-S(4) 0.217 68(8) S(1)-C(2)
S(3)-C(7) 0.174 1(3) S(4)-C(6)
N(2)-C(@4) 0.113 7(3) NG3)-C(5)
S(2)-Ni(1)-(3) 88.30(3) S(2)-Ni(1)-(4)
S(2)-Ni(1)-8(1) 92.46(3) S(3)-Ni(1)-8(1)
C(2)-S(1)-Ni(1) 102.33(10) C(3)-8(2)-Ni(1)
C(6)-S(4)-Ni(1) 102.68(10) C(12)-N(5)-C(10)
C(12)-N(6)-C(11) 107.7(2) C(12)-N(©6)-C(13)

0.217 30(9) Ni(1)-S(3) 0.217 54(8)
0.173 7(3) S(2)-C(3) 0.173 7(3)
0.174 0(3) N(1)-C(1) 0.114 1(4)
0.114 7(4) N(4)-C(8) 0.114 1(4)
173.87(4) S(3)-Ni(1)-S(4) 92.47(3)
175.43(3) S()-Ni(1)-8(1) 88.25(3)
102.84(11) C(7)-S(3)-Ni(1) 102.67(10)
107.733) C(12)-N(5)-C(9) 126.1(3)
126.8(3)

2 Results and discussion

2.1 Crystal structure

Crystal of 1 at 23 °C belongs to monoclinic space
group P2)/c. As shown in Fig.la, an asymmetric unit
consists of one anion together with one dication. The

2-

mean-molecule plane of [Ni(mnt),]>~ anion, defined by

four coordination sulfur atoms, is approximately
parallel to the two 1-methyl-imidazolyl rings of the
dication with the dihedral angle of 23.3° in the
imidazolyl rings containing Ns atom versus 21.7°

containing N; atom. The bond lengths and angles in

the planar [Ni(mnt),]*~ anion, listed in Table 2, are in

good agreement with the reported [Ni(mnt),]>~ comp-
ounds”". The hydrocarbon chain of the dication adopts
the completely trans-planar conformation, and two 1-
methyl-imidazolyl rings of the dication are arranged in
the opposite orientation. The mean molecular planes
of two imidazolyl rings of the dication make a dihedral
angle of 67.1°.

As displayed in Fig.1b, the [Ni(mnt),]* anions and
cations are aligned into segregated columnar stacks
Ni and

S---S distances between the adjacent [Ni(mnt),]*"

along c-axis direction with the very longer Ni---
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Fig.1 (a) Thermal ellipsoid plots of a single structure at 30% probability level (b) packing diagram viewed along

c-axis and (c) charge-assisted H---N interactions between the adjacent anion and cation in the crystal of 1

=1.180 0 nm (Symmetry

anions, for instance, d ., ..

code: "1—x, —0.5+y, z). It is noted that the existence of
only one type of intermolecular overlap manner in the
anion and cation stacks because there are one anion
and cation in per repeat unit along stack direction,
respectively. Parallel to the ab-plane, wave-shape
anion chain was formed by neighboring anion column,
and anion and cation chains are further aligned into
layer structure. In cation layer, two neighboring
cations adopt antiparallel arrangement and their 1-
methyl-imidazolyl rings are exactly parallel to each
other. The relative slippage along the long molecule
axis are observed within cation stacks, this kind of
overlap pattern minimize the repulsion between the
neighboring cation.

It is worth noting that there are charge-assisted
H --- N interactions between the adjacent anion and
cation stacks, as demonstrated in Fig.le. The shorter

interatomic contacts are found with the distances of

d =0.240 4 nm, d :=0.254 3 nm, d W=

N4---H10 N3---HI18A

0.270 0 nm, d,_, -=0.22.698 nm, d, . .=0.273 3

nm and dy,..11;=0.256 nm  (Symmetry code: ¥ 3—x, —
—1+z; ™ 3—x, 0.5+y, 1.5-2).

N3--H20"

0.5+y, 1.5-z;  1+x, v,

Substantial amounts of chain-chain interactions are
observed in the cation layer. These charge-assisted H
--N interactions and chain-chain interactions are very
important in the stabilization of crystal 1.
2.2 Dielectric properties

Frequency dependences of ¢” and tand=¢g"/e’ are
shown in Fig.2 for 1 in the temperature range of 25~
95 C. Both dielectric constant and dielectric loss
decrease with increase in frequency. The decrease is
significant especially at low frequency, which may be
electrode polarization and space charge effects. On
the other hand, at high frequency, periodic reversal of
the electric field occurs so that there is no excess ion
diffusion in the direction of electric field. Polarization
due to charge accumulation decreases, leading to the
observed decrease in dielectric constant and dielectric
loss™. When the temperature increase, the dispersion
region shifts towards higher frequencies due to
thermal activation of charge carriers and the &' value
rise rapidly, indicating the existence of thermally
assisted dynamical dipole motion under ac electrical
field in 1, and this is a typical dielectric relaxation
behavior.

In general, the global polarization of a

dielectric material is consisted upon by four different
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Fig.2 Frequency dependences of (a) &" and (b) tan (6) for 1 in the range of 25~95 °C

dielectric mechanisms (electronic, atomic, orientation
or dipolar, and ionic polarization). At below 10" Hz,
the dielectric relaxation spectra prevail relating to the
behavior of dipole motion or ionic polarization.
Therefore, the relaxation that appears in 1~10° Hz
could be attributed to dipole or molecular motion in 1.
The variation of the dielectric loss with the
frequency at different temperature is shown in Fig.2b,
and a broad peak appears in the tand-f plot,
indicating that the dielectric relaxation process was
observed in the measured frequency windows. It is
noted that the peak maximum of dielectric loss shifts
towards the high frequency side with the temperature
increase from 25 to 95 °C.
The relaxation process exhibit Arrhenius-type
(Fig.3)
the

temperature  dependence and is further

analyzed according to empirical  Arrhenius

relation:

E‘d
T:TOexp(ﬁ) 1)

10

—a . .

310 320 330 340 350 360 370
Temperature / K

290 300

Fig.3  Plots of 7 versus T for 1 at selected temperature

Where 7=1/f,., and f,. is the frequency at maximum
in the plot of tand-f under a selected temperature; 7
represents the characteristic macroscopic relation
time, K, is the activation energy or potential barrier,
kyis Boltzmann's constant. The best fits, using Eq.1,
gave parameters 7,=6.188(6)x10™ s and E,=57.98(3)
kJ -mol 7.
segmental motion and local molecular oscillation of

the alkyl chain.

The relaxation might be attributed to

Fig.4 shows the temperature dependent of the
real part of the complex dielectric permittivity & of 1.
As it can be seen, dielectric constant &’ goes through
a broad and pronounced maximum close to 90 C at
low measuring frequency. For example, dielectric
constant &’ value is very small (&'=8.8) at 25 °C for
/=1 000 Hz, where thermal motion of the dipole units
should be almost suppressed. The &' value at 90 °C
(e' =76.1) for the same frequency measurement was

about ten times larger than &’ value at 25 °C, which

180
1309 e 2x10°H
3
1204 —e— 1x10°* Hz
—a— 5102 Hz
w 904 —v— 3x10? Hz
—<— 1x10? Hz
60 4
304
04

T T T T
30 60 90 120

Temperature / 'C

o4

-30

Fig.4 Temperature dependences of &' in the selected

frequency range of 1
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can be ascribed to the dipole polarization is better
able to align in phase with the temperature increase.
The large dipole moment, contributed to the dielectric
constant &’ value enhancements in the low-frequency
and high-temperature regions, and generated the
peak. The

temperature have the centrosymmetrical space group

dielectric crystal  structure at room
P2,/c, and no obvious structure phase transition was
observed by DSC measurement (see next section).
Therefore, a ferroelectric state at high temperature
was not expected in the dielectric ground state. As a
consequence, the dielectric phase transition probably
arises from the disorder-to-order transformation of
alkyl chains in the cation moieties. Unfortunately, we
failed to obtain the details of the crystal structure in

the high temperature phase owing to the bad single

crystal X-ray diffraction data above the phase
transition.
2.3 Thermal properties

The differential scanning calorimetry (DSC)

measurements in the range —85~230 C for 1 were
further carried out for the investigation of the thermal
(Fig.5).

However, no anomaly is detected near at dielectric

behavior of dielectric phase transition
phase transition temperature, which indicated such
dielectric anomaly shows the second-order phase
transition. Only one endothermic event appear in the
plots of DSC traces for 1 during the first heating run,

and endothermic event occurred around 191 °C ,

corresponds to the samples melting. A  broad
exothermic peak was appeared in the first cooling
2_

1 IR

3

2 o]

g

2 -1

g
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3 —2nd

5 5]

5 3

S

& 4

2100 -50 0 50 100 150 200 250
Temperature / 'C
Fig.5 Plots of DSC curves for 1 over the temperature of

—-85~230 C in the two heating-cooling runs

process, such thermal anomaly may be correspond to
the crystallization of 1, and obvious supercooling
behavior with the thermal hysteresis of about 109 °C
was observed. Such a type of thermal behavior
hysteresis often appears in a crystal-to-liquid crystal
based
compounds, which is thought to be related to the

transformation system and similar [Ni(mnt),]*~
release of structural strain in the heating procedure®.

It is worthy mentioning that 1 exhibits cold
crystallization around 66 °C and 130 °C during the
second heating scan, and may be originated from fast
cooling rate and the large viscosity. The comparable
situation has been seen in polymer systemsP, and

is very rare in small molecule compounds system.
3 Conclusions

In summary, we have present an ion-pair
compound 1 comprised of bis (maleonitriodithiolato)
nickelate with flexible dication. The packing of bis
(maleonitriodithiolato)nickelate anions and dication
forms the wave-shape anion chain along c-axis
direction, respectively. 1 exhibiting remarkable
dielectric anomaly, which is probably arise from the
disorder-to-order transformation of alkyl chains. The
dielectric relaxation process in low-frequency region
could be attributed to dipole motion in 1. Such study
provides a possible strategy to explore switchable

dielectric material.
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