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Molecular motion of halogenated ethylammonium / [18]crown-6 

supramolecular ions in nickel dithiolate magnetic crystals 

Naohiro Hasuo,a Kiyonori Takahashi,*a,b Ichiro Hisaki,c Kenta Kokado,a,b,d Takayoshi Nakamura*a,b   

Supramolecular cations, consisting of ethylammonium derivatives (X-CH2CH2-NH3+) complexed with [18]crown-6, were 

incorporated into [Ni(dmit)2]– crystals in order to promote molecular motion. Crystals of (X-CH2CH2-NH3+)([18]crown-

6)[Ni(dmit)2]– (1: X=H,  2: X=F, 3: X=Cl and 4: X=Br) were prepared for this purpose. Although large amplitude molecular 

motions do not occur in crystal 1, dynamic disorder of F-CH2 groups takes place between two sites in crystal 2. Similar 

disorder of Cl-CH2 groups along with rotation of [18]crown-6 molecules also exists in crystal 3. Crystal 4 exhibits dynamic 

disorder of Br-CH2-CH2 groups between four sites. This is especially the case for crystal 4 which undergoes a distinct 

dielectric response with relaxer-like behavior in the temperature dependence of the dielectric loss tangent. Interactions 

between [Ni(dmit)2]– ions in all crystals are antiferromagnetic, and the magnitudes of the interactions are qualitatively 

consistent with the strength of intermolecular interactions estimated from transfer integrals, where interactions within 

[Ni(dmit)2]– dimers are the larger than the others in all crystals.  

Introduction 

Although rare, order-disorder type molecular motion of alkyl 
chains has been observed to take place in closely packed 
crystals, and to play an important role in governing unique 
functions such as ferroelectricity.1-13 For example, ethyl groups 
in C2H5NH3+ moieties in (C2H5NH3+)2[BiBr5] crystals at room 
temperature11 display orientational disorder between two 
sites. In the frozen state at 160 K, the crystals undergo a phase 
transition associated with a change of the crystal space group 
from non-polar Aeam to polar Pca21. Moreover, in the low-
temperature phase, the ethyl groups in (C2H5NH3+)2[BiBr5] are 
uniformly oriented, and can be altered by applying an external 
electric field in association with a ferroelectric hysteresis with 
a polarization of 0.01 μC cm–1 at 156 K. Thus, ferroelectricity is 
generated by controlling the orientation of the ethyl groups.11  
Introduction of dipole moments in mobile groups is an 
effective approach to create materials that display efficient 

ferroelectric, piezoelectric and pyroelectric responses. One 
strategy to accomplish this goal involves the introduction polar 
groups into alkyl chains.7,14–18 For example, the (TMA+)(FeBr4–) 
(TMA = tetramethylammonium+) crystal belongs to the highly 
symmetric space group of Pbcm. Introduction of a halogen into 
one of the methyl groups creates [(Me)3N+(CH2-X)](FeBr4–) (X = 
F, Cl, Br, and I) crystals that are polar and display spontaneous 
polarization at room temperature.18 The dipole moments in 
these crystals do not cancel each other, which results in 
multiaxial ferroelectric ordering. The (TMA+)(FeBr4–) and 
[(Me)3N+(CH2-X)](FeBr4–) crystals at higher temperatures 
display plastic crystalline phases. Both the cations and the 
anions in the crystals possess pseudo spherical structures, 
which enables them to rotate freely. In the case of 
[(Me)3N+(CH2-X)](FeBr4–), this leads to multi-directional 
polarization. However, while effective, it is generally quite 
difficult to create systems in which molecular motion takes 
place in closely-packed crystals. 
In past efforts, we utilized supramolecular cation structures to 
introduce spaces in crystals that enable molecular motion to 
occur.19–23 One strategy of creating space in crystals is to utilize 
a cage structure composed of covalent and/or coordination 
bonds. However, this protocol usually requires multistep 
synthetic schemes.24–33 In contrast, supramolecular structures 
formed by self-assembly in crystals are sufficiently flexible to 
create the space required for molecular motion.34–42 For 
example, in the crystal of (m-FAni+)(dibenzo[18]crown-
6)[Ni(dmit)2]– (m-FAni+ = m-fluoroanilinium+, dmit2– = 1,3-



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

dithio-2-thione-4,5-dithiolate2–), the m-FAni+ and 
dibenzo[18]crown-6 moieties form a supramolecular rotor 
structure through hydrogen bonding interactions.42 In the 
rotor, m-FAni+ displays flip-flop type rotational motion around 
the CN bond, enabling inversion of the dipole moment to take 
place by applying an external electric field with a ferroelectric 
transition occurring at 346 K. This example demonstrates the 
great potential of employing the supramolecular approach 
using crown ethers to enable molecular motion within tightly 
packed crystals.43  
In the study described below, we applied the supramolecular 
approach to design crystals of (X-CH2CH2-NH3+)([18]crown-
6)[Ni(dmit)2]– (1: X = H,  2: X = F, 3: X = Cl, and 4: X = Br), which 
contain alkylammonium halide chains (X-CH2CH2-NH3+). As in 
the case of (m-FAni+)(dibenzo[18]crown-6)[Ni(dmit)2]–, crystals 
1-4 contain [Ni(dmit)2]– with S = 1/2 spin as the counter anion. 
An investigation of the physical properties clearly showed the 
effectiveness of the supramolecular approach in that the 
halogenated alkyl chains in 2-4 display motional freedom 
within the crystals. Especially noteworthy was the observation 
that Br-CH2CH2-NH3+ exhibits dynamic disorder between four 
sites. In addition, the results showed that morphology and size 
of supramolecular cations have significant effects on the 
arrangement and magnetic behavior of [Ni(dmit)2]–. 

Experimental 

General 

All reagents were used without further purification. Elemental 
analyses were carried out by using a CHN analyzer (CE440, 
Exeter Analytical, Inc.) at the Instrumental Analysis Division, 
Equipped Management Center, Creative Research Institution, 
Hokkaido University. 
Crystal Preparation 

Precursor of (TBA+)[Ni(dmit)2]– (TBA+ = tetra-n-
butylammonium+) was prepared using a literature procedure.44 
Single crystals of (H-CH2CH2-NH3+)([18]crown-6)[Ni(dmit)2]– (1), 
(F-CH2CH2-NH3+)([18]crown-6)[Ni(dmit)2]– (2), (Cl-CH2CH2-
NH3+)([18]crown-6)[Ni(dmit)2]– (3) and (Br-CH2CH2-
NH3+)([18]crown-6)[Ni(dmit)2]– (4) were prepared by slow 
evaporation from a mixture of acetonitrile and methanol at 
room temperature. Specifically, a green solution of 
(TBA)[Ni(dmit)2] (0.050 mol) in acetonitrile (40 mL) was slowly 
added to a colorless solution of each X-CH2CH2-NH3+Cl– salt 
(0.10 mol) in methanol (5 mL). After several days, block-
shaped black single crystals were produced (yields: 43.5 mg, 
78.0% for crystal 1, 30.0 mg, 52.6% for crystal 2, 27.3 mg, 
48.5% for crystal 3, and 23.2 mg, 37.3% for crystal 4). Anal. 
Calcd (%) for C20H32NO6NiS10 (M.W. 761.77): C, 31.53; H, 4.23 N, 
1.84. Found: C, 31.37; H, 4.08; N, 1.76 (crystal 1), for 
C20H31NO6FNiS10 (M.W. 779.77): C, 30.80; H, 4.01 N, 1.80. 

Found: C, 30.78; H, 3.89; N, 1.73 (crystal 2), for 
C20H31NO6ClNiS10 (M.W. 796.22): C, 30.17; H, 4.01 N, 1.80. 
Found: C, 30.00; H, 3.83; N, 1.81 (crystal 3), and for 
C20H31NO6BrNiS10 (M.W. 840.73): C, 28.55; H, 3.62 N, 1.61. 
Found: C, 28.57; H, 3.72; N, 1.67 (crystal 4). 
Crystal Structure Determination 

Temperature-dependent X-ray crystallographic analysis of 
single crystals 1, 2, 3 and 4 was performed using a Rigaku 
XtaLab Synergy diffractometer with a single microfocus Mo Kα 
X-ray radiation source (PhotonJet-S), equipped with a Hybrid 
Pixel (HyPix) Array detector (HyPix-6000HE). Multi-scan 
absorption corrections were applied to the reflection data. A 
single crystal was mounted on Mounted CryoLoop (Hampton 
Research) with Paratone® 8277 (Hampton Research). Data 
collection, cell refinement, and data reduction were carried 
out with CrysalisPRO (Rigaku Oxford Diffraction, 2017). In each 
case, the initial structure was solved by using SHELXT,45 and 
structural refinement was performed by using full-matrix least-
squares techniques on F2 using OLEX2 package. 46 Anisotropic 
refinement was applied to all atoms except for hydrogens. 
CCDC deposition numbers are summarized in Tables S1 ~ S5.  
Dielectric Measurement 

Temperature- and frequency-dependent dielectric constants 
(ε1) and dielectric loss tangents (tan δ) were measured using 
an impedance analyzer 4294A (Agilent) with the four-probe AC 
impedance method at a frequency range from 103.5 to 106 Hz 
with 100.5 Hz increments. Each crystalline sample was 
powdered with agate milk stick and pelletized with a shaper. 
Gold paste (No. 8556, Tokuriki Chemical Research Co., Ltd.) 
and 10 µm ɸ gold wires (Nilaco Corp.) were used for electrical 
contacts between sample and electrical wire from the device. 
Temperature was controlled using a cryostat with a 
temperature controller model 331 (Lake Shore Cryotronics 
Inc.). 
Magnetic Measurements 

The temperature dependence of the magnetic susceptibility 
(χm) was measured in the range of 2 to 300 K under a constant 
magnetic field of 1 T using a MPMS 3 SQUID magnetometer 
(Quantum Design). Before the measurement, the diamagnetic 
susceptibility of the sample holder (plastic wrap) was 
measured under the same conditions, and the diamagnetic 
component of the sample holder was subtracted from value 
obtained including the sample. Moreover, the diamagnetic 
component (–0.000399, –0.000429, –0.000416, and –0.000427 
cm3 mol–1 for crystals 1, 2, 3, and 4, respectively) were 
subtracted from the obtained data. Paramagnetic impurities 
which obey the Curie–Weiss law (0.00182, 0.00324, 0.0110, 
and 0.00211 of Curie constant for crystals 1, 2, 3, and 4, and 
Weiss temperature of 0 K) were subtracted from obtained 
data for Figure 6. 
Calculation of Transfer Integrals 
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The extended Hückel molecular orbital method along with the 
tight binding approximation was applied to calculate the 
transfer integral (t) between [Ni(dmit)2]– anions. The lowest 
unoccupied molecular orbital of [Ni(dmit)2]– molecule was 
used as the basic function.47 According to the literature, semi-
empirical parameters of Slater-type atomic orbitals were 
obtained.47 It was assumed that the t values between each pair 
of molecules are proportional to the overlap integrals (S) 
according to the equation t = –10 S eV. 

Results and discussion 

Crystal structure 

The results of crystallographic analysis show that crystals 1-4 
have the same crystal system (triclinic) and space group (P-1). 
The crystal structure of 1 at 113 K is displayed in Figure 1.  
Each molecule of X-CH2CH2-NH3+, [18]crown-6, and [Ni(dmit)2]- 
is crystallographically independent in the crystal. In each 
crystal, [Ni(dmit)2]– exists as dimers that are arranged one-
dimensionally along the c-axis. The [Ni(dmit)2]– one-
dimensional arrays are aligned in the ac plane to form two-
dimensional layers. The X-CH2CH2-NH3+ and [18]crown-6 
components create a 1:1 supermolecule through hydrogen 
bonding interactions between the  NH3 group of X-CH2CH2-
NH3+ and oxygen atoms of [18]crown-6. Each supramolecular 
cation has contacts that are shorter than the sum of van der 
Walls radii with the adjacent supramolecular cation, leading to 
generation of cation pairs. The supramolecular cation pairs in 
crystal 1 are arranged one-dimensionally along the c axis and 
aligned between the [Ni(dmit)2]– layers.  
Although the overall crystal structures of crystals 1-4 are 
similar (Figure S5 in electronic supplementary information 
(ESI)), interactions between the supermolecules within the 
supramolecular pairs are significantly different especially in 
crystal 3. In crystals 1, 2 and 4, adjacent [18]crown-6 molecules 
in each pair are arranged in a gear-like manner through C-

H•••O interactions (Figure 2 and for detail see Table S6 in SI). 
On the other hand, in crystal 3, [18]crown-6 is disordered 
between two sites with an occupancy ratio of 0.405(2): 
0.505(2). The occupancy ratio is temperature dependent 
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above 200 K (Figure 3 (d)), strongly suggesting that molecular 
rotation of [18]crown-6 occurs at the higher temperatures like 
it does in the cases of (Cs+)2([18]crown-6)3[Ni(dmit)2]–2, (p-
ammonium benzene formamide)2(18-crown-6)3[PF6]−2 and 
other systems.20,41,48 Owing to the freedom of motion of the 
[18]crown-6 moieties, the distance (3.782 Å) between 
averaged planes of adjacent [18]crown-6 is longer in crystal 3 
than it is in crystals 1 (3.726 Å), 2 (3.745 Å) and 4 (3.635 Å). 
Moreover, the halogen containing alkyl chains in crystals 2-4 
display large degrees of disorder. 
Although crystal 1 does not display any significant changes 
with increasing temperature, other than an increase in 
anisotropic temperature factor, disorder between two sites 
exists in crystals 2 and 3. In Figure 3 are summarized the 
structural changes taking place in crystals 2 and 3, in which X-
CH2 group in X-CH2CH2-NH3+ are ordered below 93 K. In crystal 
2 at 133 K, the F-CH2 group is disordered between two sites 
with an occupancy ratio of 0.925(6): 0.075(6). The occupancy 
level at the latter site increases with increasing temperature, 
approaching 0.4 at 293 K (Figure 3c) and then decreasing to 0.3 
at 373 K. In crystal 3, the Cl-CH2 groups are disordered 
between two sites at 133 K with an occupancy ratio of 
0.842(6): 0.158(6), which gradually approaches ca. 0.6:0.4 at 
higher temperatures. On the other hand, the occupancy ratio 
of 0.5:0.5 for two [18]crown-6 sites in the crystal 3 changes 
only slightly from 0.55 to 0.45 above 200 K. No relationship 
was observed between the temperature-dependent 
occupancy change of the Cl-CH2 group and [18]crown-6, 
suggesting that molecular motions in the supermolecule are 
independent. Because of the large motional freedom of both 
the [18]crown-6 and Cl-CH2CH2-NH3+ molecules, crystal 3 has a 
lower density than crystal 2 despite the fact that it contains a 
heavy Cl compared F atom. 
Disorder of the methylene group adjacent to the amine 
nitrogen in addition to that of the Br-CH2 group exist in crystal 
4. The structural changes of supramolecular cations in crystal 4 
is displayed in Figure 4. The ethyl carbons are disordered 
between two sites (C1-C2 and C1A-C2A), and Br atoms are 

disordered between three sites (Br1, Br1A and Br1B). The 
occupancies at 106 K are 0.949(5) and 0.051(5) for C1-C2 and 
C1A-C2A, respectively, and 0.9342(17): 0.0364(15): 0.0294(18) 
for Br1, Br1A, and Br1B, respectively. Based on the covalent 
bond distances, at 106 K the Br-CH2-CH2 groups are disordered 
between four sites, C1-C2-Br1 (A), C1-C2-Br1A (B), C1A-C2A-
Br1A (C), and C1A-C2A-Br1B (D) with occupancy ratios of 
0.934: 0.015: 0.015: 0.036, respectively. The position of the Br 
atom is the same as that in Br2 for B and C. The C1-C2, C1A-
C2A, Br1 and Br1B moieties are located in nearly the same 
plane, while Br1A is located out of this plane and away from 
the NH3+ group. Inspection of Figure 4c, which contains a 
summary of the temperature dependence of the occupancies 
of A-D, shows that A is the most stable orientation at lower 
temperatures. In addition, the occupancy of B-D increases with 
increasing temperature and the population of each orientation 
becomes nearly the same above room temperature.  
The rather complex disorder existing in crystal 4 is a 
consequence of the greater number of different arrangements 
of the supramolecular structure compared to those crystals 2 
and 3. In crystals 2 and 3, the X-CH2 groups in two 
supramolecular units are oriented so as to face one other. In 
crystal 4, the Br-CH2 groups do not directly interact but are 
located in a space consisting of four [18]crown-6 and two 
[Ni(dmit)2] moieties, and where Br-CH2-CH2 groups have 
motional freedom.  
To evaluate the magnitudes of the spaces that are available for 
molecular motion of X-CH2-CH2 groups in the crystals, the 
molecular volumes of X-CH2-CH2 groups (VvdW) were calculated 
using van der Waals radii and compared with the volumes 
occupied by X-CH2-CH2 groups (VX-C2), calculated from the 
internal space surrounded by the Hirshfeld surface.49–51 While, 
the ratios of VX-C2 / VvdW for crystals 1 and 2 are almost the 
same, the ratio in crystal 3 is larger than that in crystal 2, 
which may be caused by molecular motion of the [18]crown-6 
moiety and the Cl-CH2 group. Crystal 4 has the largest VX-C2 / 
VvdW ratio among the four crystals, which is in good agreement 
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with the large disorder of Br-CH2-CH2 groups between four 
sites. 
 

Table 1. The volume occupied by the X-CH2-CH2 group in the crystals. 

Crystal VvdW / Å3 a VX-C2 / Å3  b VX-C2 / VvdW 

1 18.83 53.94 2.86 

2 20.77 54.53 2.63 

3 23.68 71.53 3.02 

4 24.98 80.53 3.22 

a Calculated volume for one X-CH2-CH2 group based of van der Waals radii. 
b Internal space of Hirshfeld surface for X-CH2-CH2 groups. 

Temperature- and Frequency-Dependent Dielectric constant 

To evaluate molecular motion occurring within crystals 1-4, 
the temperature and frequency dependencies of the dielectric 
constants were determined. The temperature profiles of the 
real part of the dielectric constants (ε1) and the dielectric loss 
tangents (tan δ) of crystal 4 are given in Figure 5 (see Figure S6, 

S7, and S8 for dielectric properties of crystals 1, 2, and 3 in SI, 
respectively). 
Inspection of the plots show that the ε1 of crystal 4 increases 
almost monotonically as the temperature is raised from 100 to 
400 K. Corresponding changes are reflected in plots of 
temperature vs. tan δ, which display peaks at 189, 245, 300, 
341 and 395 K for the measurement frequencies 103.5, 104, 
104.5, 105 and 105.5 Hz, respectively. The responses are typical 
of those associated with dielectric relaxation originating from 
molecular motion, where the temperature corresponding to a 
maximum value of tan δ increases with increasing frequency. 
The relatively slow motion of Br-CH2-CH2 groups associated 
with changing the direction of the dipole moment of crystal 4 
was detected by using a low-frequency AC electric field. The 
occupancy rate averages as the temperature increases from 
106 K. The activation energy (Ea) for dielectric relaxation is 
13.1 kJ mol–1, which is comparable to those for molecular 
motion of ethyl groups in (CH3CH2NH3+)[CuCl2] (21.13 kJ mol–1) 
and (CH3CH2NH3+)[ZnCl2] (21.35 kJ mol–1), estimated by 
utilizing relaxation times in the solid-state 13C NMR.52,53 Similar 
responses of tan δ to temperature arising from X-CH2 motion 
occur in crystals 2 and 3. However, because the responses in 
crystals 2 and 3 are one or two orders of magnitude smaller 
than those in crystal 4, it was difficult to discuss relative Ea 
values in detail. No dielectric relaxation takes place in crystal 1. 
The dielectric responses in crystals 2-4 are a result of changes 
in the direction of dipole-moments brought promoted by 
molecular motion. In crystal 4, Br-CH2-CH2 group showed 
disordering, while in crystals 2 and 3, only X-CH2 group was 
disordered. Larger amplitude of molecular motion in crystal 4 
should result in obvious dielectric relaxation than those in 
crystals 2 and 3. 
Magnetic properties 

The temperature-dependencies of magnetic susceptibilities 
(χm) were measured for crystals 1-4. The χmT versus T plots, 
arrived at after subtracting a contribution from a paramagnetic 
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impurity, are shown in Figure 6. All crystals display relatively 
strong antiferromagnetic interactions. Because the magnitude 
of the magnetic exchange interaction (|J|) is proportional to 
the square of transfer integral (t2),54–56 it is useful to consider 
these values in gaining an understanding of the relationship 
between magnetic behavior and structure. The transfer 
integrals (t) between [Ni(dmit)2]– are given in Fig. S9. Based on 
the χmT versus T plots, [Ni(dmit)2]– anions in the crystals likely 
interact antiferromagnetically with each other. The strongest 
interactions take place within the [Ni(dmit)2]– dimers with t1 = 
110, 180, 185, and 151 meV, for crystals 1, 2, 3 and 4, 
respectively. Relatively strong interdimer interactions occur at 
t3 in crystals 1 and 2, with 15.2 and 35.8 meV respectively, 
which are much smaller than those in crystals 3 and 4 (4.04 
and 0.09 meV, respectively). Dimer formation is the origin of 
the strong antiferromagnetic interactions. The magnitudes of t 
values are qualitatively consistent with the degree of 
antiferromagnetic interactions in the crystals, where the χmT of 
crystals 1, 2, 3 and 4 at 300 K are 0.380, 0.130, 0.214 and 0.290 
cm3 K mol-1, respectively. The temperature dependence of χm 
of crystals could not be reproduced by the singlet-triplet 
thermal excitation model57 even for crystals 3 and 4 in which 
the interdimer interactions were relatively small compared to 
crystals 1 and 2. 

Conclusion 

Molecular motions of halogen-substituted alkylammonium 
moieties in crystals of (X-CH2CH2-NH3+)([18]crown-
6)[Ni(dmit)2]– (X = F, Cl, and Br) were assessed in the 
investigation summarized above. Although the ethyl groups of 
unsubstituted crystal 1 (X = H) do not display large amplitude 
motion, the corresponding haloethyl groups in crystals of 2, 3, 
and 4 exhibit distinct molecular motions associated with 
disorder between sites. The X-CH2 moieties in crystals 2 and 3 
display dynamic disorder between two sites at high 
temperatures. In addition, the rotational motion of [18]crown-
6 occurs in crystal 3. In crystal 4, the Br-CH2-CH2 group is 
disordered between four sites. Antiferromagnetic interactions 
between [Ni(dmit)2]– were observed to be present in all 
crystals. No correlation was observed to exist between 
molecular motions and magnetism. However, the morphology 
and size of supramolecular cations have significant effects on 
the arrangement and magnetic behavior of [Ni(dmit)2]– ions. 
A change in the orientation of the dipole moment in crystals is 
important for attaining ferroelectric, piezoelectric and 
pyroelectric behaviors. Results arising in this effort 
demonstrate the potential utility of using a supramolecular 
approach with crown ethers to enable molecular motion 
within tightly packed crystals. For example, remarkably large 
dielectric relaxation occurs in crystal 4 due to a change in the 
direction of the dipole moment promoted by molecular 
motion. By optimizing the crown ether and substituted 
alkylammonium components of supramolecular structures, it 
should be possible to design crystals that display unique 
dielectric responses including ferroelectrics. Our continuing 

studies in this area are aimed at utilizing this strategy to design 
novel multifunctional systems that advantageously utilize the 
relationship that exists between molecular motion and 
magnetism. 
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