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Abstract
Two bis(dithiolato)nickel salts with different flexible ammonium counterions, [Et3MeN][Ni(dmit)2] (1) and [(i-Bu)Et3N]
[Ni(dmit)2] (2) (dmit2− = 2-thioxo-1,3-dithiole-4,5-dithiolate, Et3MeN+ = triethylmethylammonium, (i-Bu)Et3N+ = trieth-
ylisobutylammonium), are prepared and identified by powder X-ray diffraction (PXRD) patterns and single-crystal X-ray 
diffraction. Salt 1 crystallizes in the triclinic space group P − 1 at 293 K. The anions and cations in 1 form alternating layered 
arrangements along the a-axis direction. Salt 2 belongs to the monoclinic crystal system and space group P21/n. The anions 
and cations in 2 form separate columnar stacks along bc-plane direction. The neighboring anions are stacked as dimers in 
the anion columnar stacks of 2. The magnetic features of salts 1 and 2 show 1D alternating spin chain magnetic exchange 
behavior, and the magnetic experimental data are well fitted through a spin chain magnetic model. The difference in the 
crystal structures and magnetic properties between the two new salts 1 and 2 fully demonstrates that the magnetic properties 
are dependent on the alignment of the [Ni(dmit)2]− anions, which are related to the flexible organic cations.

Introduction

Metal bis-1,2-dithiolene complexes have been increasingly 
studied in recent decades [1–7]. In recent years, some novel 
properties, such as ion conductivity and dielectric proper-
ties, have been found in these complexes [8–13]. Planar 
[M(dithiolate)2]− monoanions are easily aligned into colum-
nar stacks to form a 1D magnetic chain with spin–lattice 
interactions between neighboring anions. Therefore, spin-
Peierls-type magnetic behavior is commonly observed and 

has been reported in many bis(dithiolate) metal complexes 
[14–20].

[M(dmit)2]− complexes are well-known metal bis-
1,2-dithiolene complexes with unusual magnetic proper-
ties and conducting properties [21–33]. Investigations on 
[M(dmit)2]− complexes have focused on obtaining unusual 
physicochemical properties by introducing appropriate cati-
ons. First, Nakamura’s group [34–41] reported an interesting 
[Ni(dmit)2]− system by introducing a metal crown ether cat-
ion, with the system showing novel magnetic and conduct-
ing properties and ferroelectricity. Some researchers have 
introduced FeII or MnIII cations with spin crossover behavior 
into the [Ni(dmit)2]− system to obtain novel molecular mag-
nets with spin transition and magnetic bistability [42–51]. 
In addition, ammonium organic cations can be introduced 
into the [M(dmit)2] system to obtain a series of molecu-
lar conductors, and their crystal structures and electrical 
properties have been intensively investigated in reported 
research papers [52–56]. However, the magnetic properties 
of these molecular conductors with ammonium cations as 
counterions have rarely been studied. The [M(dmit)2]− salts 
usually show structural phase transitions in their high-tem-
perature phase (HTP) and in low-temperature phase (LTP) 
due to the disorder–order transitions of ammonium cations, 
accordingly exhibiting magnetic phase transitions due to 
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the disorder–order transitions of the organic cations and the 
structural phase transitions of the complexes.

In previous studies, our group focused on investigating 
[Ni(dmit)2]− salts by incorporating flexible organic cations 
as counterions, such as pyridinium cations [57–59], imida-
zole cations and ammonium cations. Recently, we achieved a 
bis(dithiolate)nickel salt [Et3(n-Pr)N][Ni(dmit)2] [60], which 
showed a magnetic transition with large thermal hysteresis. 
This magnetic transition resulted from a structural phase 
transition with a lattice symmetry increase from HTP to LTP.

To expand the research on [Ni(dmit)2]− salts, we 
chose more flexible organic cations for use with the 
[Ni(dmit)2]− building blocks to obtain novel molecular 
solids with magnetic features. In this paper, we present 
the crystal structures and magnetic features of two new 
salts, [Ni(dmit)2]− with triethylmethylammonium and 
triethylisobutylammonium.

Experimental

Materials

All AR chemicals were used without further purification. 
4,5-Di(thiobenzoyl)-1,3-dithiole-2-thione (dmit(COPh)2) 
[61] and (Et3MeN)Cl, [(i-Bu)Et3N]Br [62] were prepared 
according to the published method.

Preparation of [Et3MeN][Ni(dmit)2] (1)

Sodium methoxide was prepared by placing 210 mg of 
sodium metal in 20 mL of methanol, and then this sodium 
methoxide was dropwise added into a methanol (20 mL) 
solution of dmit(COPh)2 (815 mg, 2 mmol) in a nitrogen 
atmosphere at room temperature. After stirring for 30 min, 
the mixture gradually became a dark red solution. Then, 
NiCl2·6H2O (240  mg, 1  mmol), (Et3MeN)Cl (162  mg, 
1 mmol) and I2 (128 mg, 0.5 mmol) were added to the 
above mixed solution, producing a dark green precipitate 
after approximately 2 h. The dark green precipitate was 
collected by vacuum filtration, washed with methanol and 
dried in vacuum. Yield: 70%. Anal. Calc. for C13H18NNiS10: 
C, 27.51; N, 2.47; H, 3.20%. Found: C, 27.09; N, 2.21; 
H, 3.16%. IR bands (KBr pellet, cm−1) [63]: 1349(νC=C), 
1057(νC=S).

Preparation of [(i‑Bu)Et3N][Ni(dmit)2] (2)

A procedure similar to 1 was used for the preparation of 
[(i-Bu)Et3N][Ni(dmit)2] (2), but instead of [Et3MeN]Cl, 
[(i-Bu)Et3N]Br (152 mg, 1 mmol) was used. Yield: 75%. 
Anal. Calc. for C16H24NNiS10: C, 31.52; N, 2.30; H, 3.97%. 

Found: C, 31.51; N, 2.25; H, 3.93%. IR bands (KBr pellet, 
cm−1) [63]: 1342 (νC=C), 1058(νC=S).

Single crystals were obtained through by slowly evaporat-
ing of the acetone solution of powdered samples of 1 and 2 
at ambient temperature for 7 − 14 days. The phase purities of 
1 and 2 were determined through their PXRD patterns, and 
the experimental and simulated XRD patterns were consist-
ent, as displayed in Figs. S4 and S5.

Physical measurements

C, H and N elemental analyses were performed on a Perki-
nElmer 2400 II Elementar Vario analytic instrument. IR 
spectra of 1 and 2 were recorded from 4000 to 400 cm−1 on 
a Bruker Vertex 80 Fourier Transform Infrared Spectrometer 
after mixing the powdered samples with solid KBr. PXRD 
data were collected on a Bruker D8 diffractometer with a Cu 
Kα radiation source (λ = 1.5418 Å) with a scanning range 
of 5 to 50° and a scanning rate of 2° min−1. Thermogravi-
metric analyses of the powdered samples of 1 and 2 were 
performed on a NETZSCH STA 449F5 thermogravimetric 
analyzer, and the samples (~ 5 mg for 1 and 2) were placed 
in an Al2O3 crucible for heating from 30 to 800 °C. Mag-
netic property measurements of 1 and 2 were collected with 
a Quantum Design MPMS-XL superconducting quantum 
interference device (SQUID) magnetometer using powdered 
samples (~ 60 mg) from 1.8 to 400 K under a magnetic field 
of 10,000 Oe.

Refinement X‑ray crystallography

Single crystals of 1 and 2 were selected and mounted on 
a glass capillary, and diffraction intensity data were col-
lected at 293 and 100 K by a Bruker AXS SMART dif-
fractometer equipped with a CCD area detector and Mo Kα 
(λ = 0.71073 Å) radiation [64, 65]. The structures of 1 and 
2 were solved using the direct method and refined with the 
SHELX-2014 [66] by the full-matrix least-squares proce-
dure on F2. All nonhydrogen atoms were anisotropically 
refined, and hydrogen atoms were introduced at calculated 
positions. The crystallographic details of the data collection 
and structure refinements of 1 and 2 at 293 K and 100 K are 
summarized in Table 1 and Table 2.

Calculation of overlap integral within anion–anion 
pairs

The intermolecular overlap integrals were calculated for 
two neighboring [Ni(dmit)2] anions (considered as a dimer) 
using Multiwfn program [67], and the SOMO of each 
[Ni(dmit)2] anion in the selected dimer was used as the 
basis function for the calculation of intermolecular overlap 
integrals, which is obtained by DFT calculation using the 
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basis set of B3LYP/6-31G* for C, N and S elements, the 
relativistic effective core potential basis set of lanl2dz for 
Ni element by Gaussian 09 program [68], and the default 
values of convergence criteria are set. Each dimer structure 
was extracted from the single crystal structure of 1 and 2 at 
293 and 100 K.

Results and discussion

Crystal structures

1 crystallizes in the triclinic crystal system with space group 
P − 1 at 293 K. As depicted in Fig. 1a, an asymmetric unit of 

1 contains one (Et3MeN)+ cation and one [Ni(dmit)2]− anion. 
The [Ni(dmit)2]− anion is square planar, the Ni–S bond 
length is between 2.1518(6) and 2.1748(6) Å, and the oxi-
dation state of nickel is 3+. The bond distance and bond 
angles in the [Ni(dmit)2]− moieties, listed in Table S1, are 
comparable to those in other reported [Ni(dmit)2]− analogs 
[53–56]. The alkyl chain of (Et3MeN)+ cations is ordered 
at 293 K for 1, and the bond length and angle values in the 
alkyl chains are comparable to those in other ammonium 
cations [48–52]. 

As shown in Fig. 1b, the anions and cations in 1 form 
an alternating chain arrangement along the a axis direc-
tion. The neighboring cations are arranged in centrosym-
metric styles (Fig. 1c); there are only van der Waals forces 

Table 1   Crystallographic data and structural refinement data of 1 and 
2 at 293 K
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Compound 1 2

Temperature (K) 293 293
Chemical formula C13H18NNiS10 C16H24NNiS10

Formula weight 567.59 609.65
Wavelength (Å) 0.71073 0.71073
CCDC numbers 2,023,007 2,023,008
Crystal system Triclinic Monoclinic
Space group P − 1 P21/n
a (Å) 7.4366(8) 8.3368(15)
b (Å) 12.4959(13) 27.159(5)
c (Å) 12.5215(12) 11.782(2)
α (°) 90.255(3) 90
β (°) 98.229(3) 102.293(5)
γ (°) 102.877(3) 90
V (Å3)/Z 1121.8(2)/2 2606.6(8)/4
ρ (g × cm−3) 1.680 1.554
F (000) 582 1682
Abs. coeff. (mm−1) 1.795 1.551
θ Ranges (data collection°) 1.67–27.51 2.84–27.56
Index range − 8 ≤ h ≤ 9 − 10 ≤ h ≤ 10

− 16 ≤ k ≤ 16 − 35 ≤ k ≤ 35
− 14 ≤ l ≤ 16 − 15 ≤ l ≤ 15

Rint 0.0398 0.0331
Independent reflections/

restraints/parameters
5128/0/230 6001/0/258

Refined method Full-matrix least-squares on F2

Goodness of fit on F2 1.099 1.028
R1, wR2 [I > 2σ(I)] R1 = 0.0355 R1 = 0.0379

wR2 = 0.0875 wR2 = 0.0799
R1, wR2 [all data] R1 = 0.0481 R1 = 0.0613

wR2 = 0.0936 wR2 = 0.0888
Residual (e nm−3) 0.508/− 0.749 0.537/− 0.343

Table 2   Crystallographic data and structural refinement data of 1 and 
2 at 100 K
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Compound 1 2

Temperature (K) 100 100
Chemical formula C13H18NNiS10 C16H24NNiS10

Formula weight 567.59 609.65
Wavelength (Å) 0.71073 0.71073
CCDC numbers 2,063,630 2,063,631
Crystal system Triclinic Monoclinic
Space group P − 1 P21/n
a (Å) 7.2683(11) 8.2469(2)
b (Å) 12.3593(19) 27.5517(5)
c (Å) 12.6112(19) 11.3808(2)
α (°) 89.814(4) 90
β (°) 97.765(4) 101.674(2)
γ (°) 103.634(4) 90
V (Å3)/Z 1090.4(3)/2 2532.41(9)/4
ρ (g × cm−3) 1.729 1.599
F (000) 582 1260
Abs. coeff. (mm−1) 1.847 1.597
θ Ranges (data collection°) 2.912–27.635 1.478–30.172
Index range − 9 ≤ h ≤ 9 − 11 ≤ h ≤ 10

− 16 ≤ k ≤ 16 − 37 ≤ k ≤ 36
− 16 ≤ l ≤ 16 − 15 ≤ l ≤ 14

Rint 0.0480 0.0424
Independent reflections/

restraints/parameters
4880/6/230 6544/0/258

Refined method Full-matrix least-squares on F2

Goodness of fit on F2 1.204 1.052
R1, wR2 [I > 2σ(I)] R1 = 0.0758 R1 = 0.0304

wR2 = 0.2106 wR2 = 0.0702
R1, wR2 [all data] R1 = 0.0798 R1 = 0.0407

wR2 = 0.2123 wR2 = 0.0741
Residual (e nm−3) 1.997/− 1.014 0.553/− 0.350
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between the adjacent cations in the a layer. The anionic layer 
is constructed by π-type anion dimers, in which two ani-
ons are related to each other through an inversion center 
and stacked in transverse and longitudinal offset modes. In 
the anion columnar stacks, the Ni…Ni distance between 
the adjacent superimposed anions is irregular, d1 = 4.255 
and d2 = 4.083 Å in an anion stack (ref. Figure 1d). There 
are no obvious S…S contacts between the neighboring 

dimers in the [Ni(dmit)2]− anions. As displayed in Fig. 1e, 
charge-assisted H-bonds are formed between the cations 
and anions, with the distances dC8#1-H8C#1…S1#2 = 2.9658(8), 
dC9#1-H9B#1…S8#4 = 2.9417(7), dC7#1…S1#3 = 3.4767(26), 
dC7#1-H7A#1…S4#5 = 2.9797(7) and the symmetry codes 
#1 = − 1 + x, y, − 1 + z, #2 = 1 − x, 1 − y, − z, #3 = − x, 
1 − y, − z, #4 = − x, 1 − y, 1 − z, #5 = − 1 + x, y, − 1 + z, and 

Fig. 1   a Molecular structure of 1 with displacement ellipsoids at a 
20% probability level at 293 K (hydrogen atoms omitted for clarity); 
b packing diagram showing alternating layered arrangements of the 
anions and cations along the a axis direction (H atoms omitted for 

clarity) for 1 at 293  K; c cation layer; d anion layers, in which the 
Ni…Ni distance between the adjacent superimposed anions is irregu-
lar; and e charge-assisted H-bonds between the cations and anions
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these interatomic distances are less than the sum of the van 
der Waals radii of an H (C) atom and S atom.

1 also crystallizes in the triclinic crystal system with 
space group P − 1 at 100 K in the low-temperature phase. 
As depicted in Fig. 2a, an asymmetric unit of 1 also con-
tains one (Et3MeN)+ cation and one [Ni(dmit)2]− anion. 
The corresponding bond distance and bond angles in the 
[Ni(dmit)2]−moieties, listed in Table S1, are comparable to 
1 at 293 K. As shown in Fig. 2b, the anions and cations in 
1 form an alternating chain arrangement along the a axis 
direction. It is noted that the crystal structure at 100 K in 
the low-temperature phase is nearly similar to that at 293 K 
in the high-temperature phase.

2 crystallizes in the monoclinic crystal system 
with space group P21/n at 293  K. The asymmetric 
unit of 2 is composed of one [(i-Bu)Et3N]+ cation and 
one [Ni(dmit)2]− anion, as depicted in Fig.  3a. The 
[Ni(dmit)2]− anion is square planar, the Ni–S bond length 
is between 2.1576(8) and 2.1719(8) Å, and the oxidation 
state of nickel is 3+. The bond parameters of 2 listed in 
Table S2 are rather similar to those in 1. As displayed in 
Fig. 3b, the anions and cations in 2 are arranged in the 
style of columnar stacks along the a-axis direction. The 
anions are arranged in two different styles, forming a zig-
zag chain arrangement viewed along the a + c direction 
(ref. Figure 4a). As depicted in Fig. 4b, c, the neighboring 

Fig. 2   a Molecular structure of 1 with displacement ellipsoids at a 50% probability level at 100 K (hydrogen atoms omitted for clarity); b pack-
ing diagram showing alternating layered arrangements of the anions and cations along the a axis direction for 1 at 100 K

Fig. 3   a Asymmetric unit with thermal ellipsoids drawn at a 30% probability level for 2 at 293 K; b packing diagram showing the arrangement 
of separated columnar stacks along the c-axis direction of 2 at 293 K
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anions are stacked as dimers in the anion columnar stacks. 
There exist only short interatomic lateral S…S contacts 
between the anion columnar stacks, which are less than the 
sum of the van der Waals radii of two S atoms.

2 also crystallizes in the monoclinic crystal system 
with space group P21/n at 100 K. The asymmetric unit 
of 2 is also composed of one [(i-Bu)Et3N]+ cation and 
one [Ni(dmit)2]− anion, as depicted in Fig. 5a. The bond 

parameters of 2 at 100 K listed in Table S2 are rather similar 
to those in 2 at 293 K. As displayed in Fig. 5b, the anions 
and cations in 2 are arranged in the style of columnar stacks 
along the a-axis direction. It is noted that the crystal struc-
ture of 2 at 100 K in the low-temperature phase is also simi-
lar to that at 293 K in the high-temperature phase. 

Fig. 4   a Anions in the manner of two different styles, forming a zigzag chain arrangement and the b, c neighboring anions stacked as dimers in 
the anion columnar stacks of 2 at 293 K

Fig. 5   a Asymmetric unit with thermal ellipsoids drawn at a 50% probability level for 2 at 100 K; b packing diagram showing the arrangement 
of separated columnar stacks along the c-axis direction of 2 at 100 K
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Magnetic properties

In a spin system in which the magnetic behavior is domi-
nated by AFM coupling, the magnetic exchange constant, 
JAF, between two spins may be described as

where the symbol t is the transfer integral between two spin 
sites, which is proportional to the overlap integral (S) of the 
interacting magnetic orbitals, and Ueff represents the effec-
tive on-site Coulomb repulsion and this is nearly constant for 
a defined magnetic solid. Consequently, the JAF is directly 
proportional to S2 of the interacting magnetic orbitals. As 
described in the section of the crystal structures of 1 and 2 at 
293 K and 100 K, the crystal structures of 1 and 2 at 293 K 
are similar to those at 100 K. Furthermore, the [Ni(dmit)2] 
anions in 1 and 2 form an alternating chain in the stacks, and 
AFM coupling is probably between the neighboring anions 
in the spin chain. Therefore, we calculated the overlap inte-
gral between the neighboring anions of 1 and 2 at 293 and 
100 K. The calculated overlap integrals of anion–anion pairs 
are summarized in Table 3. The calculated overlap integral 
S2 of Pair II at 293 K for 1 is 72.9, which is higher than 
19.3 of Pair I, indicating a stronger AFM coupling between 
the neighboring anions of Pair II than Pair I. However, the 
calculated overlap integral S2 of Pair II at 293 K for 2 is 
99, near to 70.1 of Pair I, showing commensurate AFM 

(1)J
AF

∝
(2t)2

U
eff

coupling between the neighboring anions of Pair I and Pair 
II. Besides, the calculated overlap integral S2 of Pair I and 
Pair II at 293 K is identical to those at 100 K for 1 and 2, 
demonstrating that magnetic exchange interaction between 
the neighboring anions is almost similar in the low-temper-
ature phase and in the high-temperature phase.

On the basis of the crystal structure analysis, a co-facial 
π-type dimer exists with two types of neighboring Ni⋅⋅⋅Ni dis-
tances in the anion column stacks for 1 and 2, as a result, the 
salts 1 and 2 probably show the magnetic behavior of an S = ½ 
alternating spin chain in both phases. Consequently, an S = ½ 
antiferromagnetic (AFM) Heisenberg linear chain model was 
chosen for the analysis of magnetic susceptibility data of 1 and 
2 in both phases. The spin Hamiltonian may be written as that 
in Eq. (2) for the Heisenberg alternating linear chain

where J and αJ represent the exchange constants between a 
spin and its left neighbor, and between a spin and its right 
neighbor, respectively. For an AFM exchange system (J < 0 
and 0 ≤ α ≤ 1), in the exteme, when α = 0, the alternating 
linear chain model is simplified to the dimer model with 
pairwise interactions. When α = 1 the alternating linear chain 
model reduces to the regular linear-chain model [69, 70]. 
Based on Eq. (3), the molar magnetic susceptibility as a 
function of temperature for an S = ½ Heisenberg antiferro-
magnetic linear chain, deduced from the cluster approach, 
can be expressed as

where x =|J|/kBT and J ≤ 0. The Eq.  (3) has two sets of 
parameters A − F for the alternating-exchange linear spin 
chain [70]. The experimental molar magnetic susceptibil-
ity in both phases is given in Eq. (4) if the paramagnetic 
impurity, originating from the lattice defects, molecular dia-
magnetism of atoms core and the possible van Vleck-type 
temperature-independent paramagnetism, arising from the 
coupling of the ground and excited states through a magnetic 
field [69], are further considered.

The temperature-dependent magnetic susceptibility of 1 
measured from 2 to 400 K in the cooling and heating process 
is displayed in Fig. 6, where the molar magnetic suscepti-
bility data are processed through a diamagnetic correction 
using Pascal’s constants [71]. In the χm − T plot of 1, the 
compound shows a simple Curie–Weiss-type paramagnetic 
behavior in the low-temperature region (approximately 

(2)Ĥ = −2J

n∕2∑
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Table 3   The calculated overlap integral (S) and S2 within anion–
anion pairs at 293 and 100 K for 1 and 2 

1

  

Temperature 293 K 100 K

Anion–anion pairs S (10–3) S2 (10–6) S (10–3) S2 (10–6)

Pair I − 4.39 19.3 − 4.60 21.2

Pair II 8.54 72.9 8.96 80.3

2

  
Temperature 293 K 100 K
Anion–anion pairs S (10–3) S2 (10–6) S (10–3) S2 (10–6)
Pair I 8.37 70.1 8.76 76.7
Pair II − 9.95 99.0 − 9.98 99.6
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below 75 K). This type of paramagnetism is due to mag-
netic impurities, which originate from uncoupled spins of 
lattice defects.

As shown in Fig. 6, the χm values gradually increase as 
the temperature increases in the high-temperature region 
(above 150 K), showing the magnetic character of a Heisen-
berg alternating linear chain.

We used a 1D Heisenberg alternating spin chain mag-
netic model [Eq. (4)] to fit the temperature-dependent mag-
netic susceptibility of 1. As displayed in Fig. 7, the variable 
temperature magnetic susceptibility from 1.8 to 400 K was 
fitted to Eq. (4), providing the following parameters for 1: 
α = 0.22394, ∆/kB = 354.3 K, C = 0.03332 emu·K·mol−1, 

θ = − 0.28943 K, and χ0 = − 1.1 × 10–4 emu·mol−1, and the 
square of the correlation coefficient R2 = 0.996 for 1. The 
magnetic impurity from uncoupled [Ni(dmit)2]− anions is 
estimated to be approximately 8.89% based on the fitted C 
value in 1.

The χm − T plot of 2 from 2 to 300 K during the cool-
ing process is displayed in Fig. 8, and the molar magnetic 
susceptibility data were processed similar to 1. In the 
whole temperature region, the χm value reaches a maximum 
at ~ 175 K, and a large Curie–Weiss tail is also observed 
below ~ 50 K, indicating simple Curie–Weiss-type para-
magnetism behavior due to magnetic impurities arising 
from lattice defects. Based on the crystal structure analysis, 
the anions and cations in 2 form columnar stacks along the 
a-axis direction. As a result, we used the 1D Heisenberg 
alternating spin chain magnetic model to analyze the mag-
netic behavior of 2.

As shown in Fig.  8, the best fit is obtained for the 
magnetic susceptibility data from 2 to 300 K, providing 
the following parameters: α = 0.18115, J/kB = 157.5  K, 
g = 1.91, C = 0.02524 emu K mol−1, θ = − 2.9794 K, and 
χ0 = − 5.7 × 10–4 emu·mol−1, and the square of the correla-
tion coefficient R2 = 0.998 for 2. The magnetic impurity from 
uncoupled [Ni(dmit)2]− anions is estimated to be approxi-
mately 6.73% based on the fitted C value in 2.

Conclusions

In summary, two nickel-bis-1,2-dithiolene salts with dif-
ferent flexible ammonium organic cations, [Et3MeN]
[Ni(dmit)2] (1) and [(i-Bu)Et3N][Ni(dmit)2] (2), were 
synthesized and characterized by IR spectroscopy, PXRD 
and single-crystal X-ray diffraction. The two salts showed 

Fig. 6   Plots of χm versus T for 1 (the blue squares: experimental data 
of the magnetic susceptibility during the cooling process; red circles: 
experimental data of the magnetic susceptibility during the heating 
process). (Color figure online)

Fig. 7   Black circles are the experimental data of χm, and the red line 
represents the fit using the 1D Heisenberg alternating spin chain 
equation for 1 

Fig. 8   Temperature-dependent χm of 2 from 2 to 300 K (the black cir-
cles are the experimental data, and the red line represents the fitting 
curve through the spin dimer fitting model). (Color figure online)
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different crystal structures due to the geometric nature of 
the counterions in the crystals. 1 crystallized in the triclinic 
crystal system, and the space group belonged to be P − 1. 
The anions and cations in 1 formed an alternating layered 
arrangement, while 2 crystallized in the monoclinic space 
group P21/n, and the anions and cations were arranged in 
columnar stacks. The temperature-dependent magnetic sus-
ceptibilities of salts 1 and 2 demonstrated spin chain mag-
netic exchange behavior.

Appendix A: Supplementary data

CCDC 2,023,007, 2,023,008, 2,063,630 and 2,063,631 
contain the supplementary crystallographic data of 1 and 2. 
These data can be obtained free of charge via http://​www.​
ccdc.​cam.​ac.​uk/​conts/​retri​eving.​html, or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: (+ 44) 1223-336-033; or e-mail: 
deposit@ccdc.cam.ac.uk. Supplementary data associated 
with this article, including the IR spectra and PXRD results, 
can be found in the Supporting Information.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11243-​021-​00452-w.
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