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Slavomíra Šterbinská a, Mariia Holub b, Michal Hegedüs a,1, Ján Titǐs c, Erik Čižmár b, 
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A B S T R A C T   

The crystal structure of [Ni(bpy)3]2(TCNQ–TCNQ)(TCNQ)2⋅6H2O (1) was studied by X-ray single-crystal struc
ture analysis at 145 K and 100 K. The crystal structures of 1 at these two temperatures are essentially the same as 
the crystal structure studied previously at 200 K: the structure is built up of [Ni(bpy)3]2+ complex cations, two 
centrosymmetric crystallographically independent TCNQ⋅- anion-radicals, disordered σ- and π-dimerized 
(TCNQ)2 units, and water molecules of crystallization. Lowering the temperature from 200 K, via 145 K–100 K 
has shown that at lower temperatures the proportions of σ- and π-dimerization in the disordered (TCNQ)2 unit 
are shifted in favor of σ-dimerization; moreover, variation of the weaker C–C σ-bond formed upon dimerization 
was observed. In addition, lowering the temperature led to a shortening of the distance between the two crys
tallographically independent anion-radicals which are stacked along the b-axis with overlapped exo groups. The 
σ- and π-dimerization in the disordered (TCNQ)2 unit was studied by quantum chemical calculations which 
showed smallest energy difference for σ and π-dimer at 200 K with respect to 145 K and 100 K in line with a 
lowest proportion of the dimerization observed experimentally. Temperature-dependent (1.8–270 K) magnetic 
study of 1 has shown the contribution of Ni(II) ions (S = 1) and the contribution of four S = 1/2 species carried 
by TCNQ radicals at higher temperatures, strongly coupled by antiferromagnetic (AFM) exchange interaction at 
270 K while at low temperature a negligible contribution of TNCQ radical spins was observed.   

1. Introduction 

TCNQ (7,7,8,8-tetracyanoquinodimethane) is a planar molecule (see 
Scheme 1) that can be easily reduced to form anion-radical TCNQ− ⋅ but 
for which its partial reduction is also possible; in this case usually an 
enhanced conductivity is observed [1–8]. TCNQ− ⋅ anion-radical (AR) in 
its reduced form has an unpaired electron and thus is magnetically 
active; this property is explored in the design of various magnetically 
active heterospin complexes mainly in combination with transition 
metals or lanthanides [4,9–16]. In these complexes the TCNQ− ⋅ AR, 
from a structural point of view, can play the role of a counter anion [11, 
17], or it can coordinate to central atom(s) in terminal or various 

bridging fashions [4,18,19]. Notable is the tendency of the TCNQ− ⋅ AR 
to dimerize or to form stacks interacting through π-electron clouds 
(π-dimerization) [20,21]. We note that such π-dimerization was 
observed also for other analogous species, like TCNE (TCNE = tetra
cyanoethylene) [22,23], or TCNB and TCNP (TCNB = 1,2,4,5-tetracya
nobenzene, TCNP = 1,2,4,5-tetracyanopyrazine) [24]. More rarely, the 
proximity of two TCNQ− ⋅ ARs may lead to a σ-dimerization that mani
fests itself by forming a C–C σ-bond linking the two anions and resulting 
in a diamagnetic dianion (TCNQ-TCNQ)2- (Scheme 1, right). 

A search in the CSD [25] has shown that there are 1199 hits for 
structures containing the TCNQ structural unit, 433 hits for compounds 
based on the combination of TCNQ with various transition metals or 
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lanthanides; among these, in only 21 crystal structures a σ-dimerized 
dianion (TCNQ-TCNQ)2- was reported. As already noted above, the C–C 
σ-bond, linking the two TCNQ units is weaker than a normal C–C σ-bond 
and the observed bond distances range from 1.612 Å observed in cate
na-[Zn (TCNQ-TCNQ) (bipy)]⋅p-xy (bipy is 4,4′-bipyridine and p-xy is 
p-xylene; MUVHER) [26] to 1.673 Å found in [Pt (bpy)2) (TCNQ-TCNQ)] 
(bpy = 2,2′-bipyridine, TCQDPT) [27]. 

Dimerization of radicals with the formation of a covalent C–C σ-bond 
is a well-known process studied within the field of dynamic covalent 
chemistry (DCC). Examples of dimerization of radicals include 
β-substituted (porphyrinyl)-dicyanomethyl radicals within the Ni(II) 
complex, which display reversible σ-dimerization in solution and were 
isolated as stable σ-dimers in the solid state with a C–C σ-bond of length 
1.635 (1) Å [28], or the stable dimer based on p-dicyanomethyl-
triphenylamine radical with a C–C σ-bond length of 1.616 Å [29]. 
Noteworthy is that Kobashi et al. [29] have suggested that a strong 
electron-donor group at the para-position weakens the bridging C–C 
bond in the dimeric form. An analogous dimerization process leading to 
C–C bond formation was reported for ionic fullerene compounds con
taining fullerene radical anions; these can form diamagnetic singly 
bonded dimers (C60

− )2 and C (70
− )2 [30] which form fullerene salts with 

various d- and f-metals [31,32]. 
In our previous structural study of [Ni(bpy)3]2(TCNQ–TCNQ) 

(TCNQ)2⋅6H2O (1) [33] studied at 200 K, we have found that both 
π-dimerized ARs as well as σ-dimerized dianion (TCNQ-TCNQ)2- are 
present in this ionic complex. The experimental diffraction data were 
modelled assuming a simultaneous presence of the σ-dimerized dianion 
(TCNQ-TCNQ)2- (75.3 (9) %) and its π-dimerized form with two planar 
geometries of TCNQ units (24.7 (9) %). This model was adopted due to 
four arguments: (1) in the model assuming only a σ-dimerized dianion 
(TCNQ-TCNQ)2- (no disorder), the refined C–C distance was 1.878 (7) Å, 
which was outside the usual, above mentioned range; (2) the thermal 
ellipsoids of the pyramidalized carbon atoms were elongated along the 
C–C σ-bond; (3) near the pyramidalized carbon atom at a distance of 
0.92 Å and positioned along the C–C bond a small local maximum of 
0.58 e. Å− 3 in the difference map was observed (the next highest 
maximum was 0.33 e. Å− 3), which might be interpreted as the position 
of the carbon atom of the π-dimerized form; and (4) in the disordered 
model (simultaneous presence of π- and σ-dimerized TCNQ’s) the 
refined value 1.653 (11) Å of the C–C σ-bond fell within the established 
range. It should be noted that the program used for refinement did not 
suggest splitting of this pyramidalized C atom which forms a weaker 
σ-bond with its congener through the inversion center. The question 
remained open as to whether this disorder in the solid state exhibits a 
dynamic character (the rate of interconversion is more rapid than the 
data measurement time) or static (both geometries co-exist in different 
unit cells). In the case of the crystal structure of [Pt (bpy)2] 
(TCNQ-TCNQ) (TCQDPT), in which the σ-dimerized dianion was re
ported for the first time, an enormous increase in paramagnetism at the 
transition temperature of 87 ◦C was observed [27]. Dong et al. [27], also 
considering the results of a previous magnetic study done by Endres 
et al. [34], have suggested that the C–C σ-bond breaks at this tempera
ture, and the TCNQ radicals adopt their normal planar geometry. 

In order to gain a better insight into the observed disorder between 
σ-dimerized and π-dimerized forms of the two TCNQ units we have 

undertaken a study of the crystal structure of [Ni(bpy)3]2(TCNQ–TCNQ) 
(TCNQ)2⋅6H2O at two different lower temperatures (145 K and 100 K). 
Additional theoretical calculations dealing with the bonding situation 
around the C–C σ-bond responsible for the dimerization were done, too, 
and the study was completed by variable temperature magnetic study of 
the title complex 1. The obtained results are here reported here. 

2. Experimental 

2.1. Materials 

Ni(NO3)2⋅6H2O, LiI, TCNQ, 2,2′-bipyridine and methanol were pur
chased from commercial sources and used as received. 

2.2. Synthesis 

Complex 1 was synthetized according to the procedure described in 
the literature [33]. 

2.3. Single-crystal X-ray diffraction 

X-ray experiments were carried out on a four-circle κ-axis Xcalibur 2 
diffractometer equipped with a Sapphire 3 CCD detector (Oxford 
Diffraction). The CrysAlis software package [35] was used for data 
collection and reduction. The data for 1 were collected at two temper
atures, 100 K and 145 K. As a starting model, the coordinates of the 
respective atoms from the refinement of data measured at 200 K were 
used [33]. Refinement based on intensities was performed using 
SHELXL-2018/3 [36]. All non–hydrogen atoms were refined anisotrop
ically using the same approach as in the published paper with the dif
ferences being that the thermal parameters for positions O3A and O3B 
were taken as common and their s.o.f.s were refined. As the data for 1 
gathered at 100 and 145 K (1–100 and 1–145, resp.) were taken from a 
twinned crystal, the final refinement was conducted using data from 
both domains (hklf 5). The refinements for data at 100 K and 145 K were 
done in a like manner as for the structure determination for data 
measured at 200 K [33], i.e., assuming positional disorder of some atoms 
in the (TCNQ)2

2− dianion leading to the simultaneous presence of both σ- 
and π− dimerized {TCNQ}2 units. Crystal data and final parameters for 
the structure refinements are summarized in Table 1. The structural 
figures (Figs. 1–4 and Figs. S1-S7) were drawn using Diamond [37]. 

In addition, we performed refinement calculations using a non- 
disordered approach in the case of the (TCNQ)2 unit. The final refine
ment data are gathered in Table S1 in the Supplementary material, and 
the figures displaying the thermal ellipsoid plot of the dianions are 
shown in Figs. S5-S7. 

2.4. Quantum-chemical calculations 

Quantum-chemical calculations were performed with ORCA 4.1.2 
computational package at the experimental geometries of the dimerized 
units, as well as optimized structures [38]. The relativistic effects were 
included in the calculations with zero order regular approximation 
(ZORA) together with the scalar relativistic contracted version of 
def2-TZVP basis functions for all elements. In DFT calculations 

Scheme 1. Molecule of TCNQ (left) and σ-dimerized (TCNQ-TCNQ)2- dianion (right).  
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(single-point and geometric optimization) the hybrid B3LYP/D3 
exchange-correlation functional (with dispersion correction using 
Becke-Johnson damping) was used. The calculations utilized the RI 
approximation with appropriate decontracted auxiliary basis set and the 
chain-of-spheres (RIJCOSX) approximation to exact exchange. Increased 
integration grids (Grid 4 and GridX5) and tight SCF convergence criteria 
were used. DLPNO-CCSD calculations were used for local energy 
decomposition (LED) of interaction energy between the two crystallo
graphically independent anion-radicals in π-dimers as implemented in 
ORCA package [39]. TightPNO settings were used. 

2.5. Magnetic measurements 

Susceptibility (estimated as the ratio of measured magnetic moment 
and applied magnetic field) and magnetization were measured on a 
commercial Quantum Design MPMS3 magnetometer in the temperature 
range from 1.8 to 270 K in magnetic fields up to 7 kOe. Due to a possible 
release of crystalline water, a nascent polycrystalline specimen stored 
initially in a freezer was installed in a polypropylene VSM capsule and 
quickly cooled in the sample chamber of the magnetometer at the rate of 
25 deg/min. During the measurement, the sample temperature was kept 
below 270 K. The diamagnetic contribution of the sample holder and 
sample itself (estimated using Pascal’s constants) was subtracted. A 
typical value of the temperature-independent paramagnetism (TIP) of Ni 
(II) ion of χTIP = 100 × 10− 6 emu/mol was also subtracted. 

Table 1 
Crystal data of [Ni(bpy)3]2(TCNQ–TCNQ)(TCNQ)2⋅6H2O (1) for structures at 
different temperatures, 1–200, 1–145, and 1–100, resp. The data for 1–200 
were taken from publications [33].   

1–100 1–145 1–200 

Empirical formula C108 H76 N28 
Ni2 O6 

C108 H76 N28 
Ni2 O6 

C108 H76 N28 
Ni2 O6 

Molecular weight 1979.35 1979.35 1979.35 
Crystal system Triclinic Triclinic Triclinic 
Space group P-1 P-1 P-1 
Unit cell dimensions 
a (Å) 12.3479 (12) 12.3712 (10) 12.4034 (4) 
b (Å) 13.1652 (13) 13.2198 (11) 13.2921 (4) 
c (Å) 15.2606 (13) 15.3526 (11) 15.4869 (4) 
α (◦) 88.969 (8) 88.915 (6) 88.828 (3) 
β (◦) 85.734 (8) 86.021 (6) 86.336 (3) 
γ (◦) 73.611 (8) 73.426 (7) 73.586 (3) 
V (Å3) 2373.4 (4) 2400.7 (3) 2444.21 (13) 
Z 1 1 1 
Dcalc (Mg.m− 3) 1.385 1.369 1.345 
Temperature (K) 100 (2) 145 (2) 200 (2) 
μ (mm− 1) 0.471 0.465 0.457 
Crystal dimensions 

(mm) 
0.586 × 0.342 ×
0.283 

0.586 × 0.342 ×
0.283 

0.520 × 0.391 ×
0.277 

F (000) 1024 1024 1024 
Index ranges − 14≤ h ≤ 14 − 15≤ h ≤ 14 − 16≤ h ≤ 16 

− 15≤ k ≤ 15 − 16≤ k ≤ 16 − 18≤ k ≤ 17 
− 18≤ l ≤ 18 − 18≤ l ≤ 18 − 20≤ l ≤ 19 

θ range (◦) 4.45–25.02 4.56–25.68 2.91–28.97◦

Reflections 
collected 

10211 14151 31246 

Independent 
reflections 

10211 14151 11255 

Independent 
reflections 

(I > 2σI) 6354 7477 7475 

Goodness-of-fit on 
F2 

1.062 1.000 1.047 

R indices (I > 2σI) R1 = 0.0742 R1 = 0.0744 R1 = 0.0492 
wR2 = 0.2054 wR2 = 0.2079 wR2 = 0.1260 

R indices (all data) R1 = 0.1170 R1 = 0.1317 R1 = 0.0910 
wR2 = 0.2247 wR2 = 0.2295 wR2 = 0.1071 

Diff. Peak and hole 
(e.Å− 3) 

0.838; − 0.883 0.656; − 0.970 0.336; − 0.244  

Fig. 1. View of the crystal structure of 1 at 100 K showing the main building 
units along with the atom numbering scheme. Among the σ- and π-dimerized 
(TCNQ)2 units only the σ-dimerized one is shown for clarity. The complex 
cation is shown as a polyhedron for the sake of clarity; for the same reason the 
solvate molecules of water are omitted. The thermal ellipsoids are drawn at the 
50% probability level. Symmetry codes: (i) 1 - x, 1 - y, 2 - z; (ii) 1 - x, 2 - y, 1 - z; 
(iii) 1 - x, 1 - y, 1 - z. 

Fig. 2. Disordered dimerized (TCNQ)2 units formed by σ-dimerized 
(TCNQ–TCNQ)2- dianions and by a pair of TCNQ⋅- anion-radicals, π-dimerized 
through their exocyclic groups, at a temperature of 100 K. Hydrogen atoms are 
omitted for clarity. The less populated positions are shown with weaker 
coloration. Symmetry code: (i) 1 - x, 1 - y, 2 - z. 

Fig. 3. View of the stacking of ARs denoted TCNQB and TCNQC in 1 at 100 K.  
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3. Results and discussion 

3.1. Crystal structure of 1 

The crystal structure of 1 studied at 200 K was already reported in 
our previous study [33]. The main features of the crystal structure of 1 at 
all three studied temperatures (200, 145, and 100 K) are the same as 
those reported for the structural study at 200 K [33], so here we report 
only the main features of the structure and emphasis will be placed on 
the temperature-dependent features. The crystal structure of 1 is built up 
of [Ni(bpy)3]2+ complex cations, centrosymmetric (TCNQ)2 σ- and/or 
π-dimerized units, additional crystallographically independent TCNQ⋅- 

ARs, and water molecules of crystallization (Fig. 1, Figure S1). 
The remarkable feature of the crystal structure of 1 is the presence of 

a (TCNQ)2 dimeric unit (TCNQA). The results of structural refinements 
suggest that this dimeric unit is disordered. The observed disorder was 
modelled assuming the presence of both the (TCNQ)2

2− dianion, in which 
the two parts are linked by a C–C σ-bond, and a π-dimerized pair of 
TCNQ⋅- ARs. Although this disorder was observed at all three studied 
temperatures (Fig. 2, Figure S2), the refinements using this model led to 
somewhat different proportions of the two forms of the (TCNQ)2 dimeric 
unit at the different temperatures. The values of the calculated site 
occupation factors, along with the values of the C–C σ-bond distances, 
are gathered in Table 2. We note that an increase was observed in the 
distance C37A⋅⋅⋅C37Ai, from 1.689 (10) Å at T = 100 K to 1.746 (10) Å at 
T = 145 K. This appears to be part of a more extended expansion in that 
direction; we note that the distance C37B⋯C37B’ increases from 3.12 
(6) Å at T = 100 K to 3.34 Å at T = 145 K. Our conjecture is that there 
may be a minor thermal transition that gives this expansion in that di
rection. Interpretation of this observation should take into account the 
presence of extended disorder in the crystal structure accompanied by 
twinning of the crystal. We further note that the X-ray data at T = 100 K 
and T = 145 K were taken from the same crystal (100 K first), while the 
data at T = 200 K were from a different crystal. Because of the twinning 
and disorder in the crystal measured at two temperatures, with possibly 
mobile domain boundaries, it could be that different samples respond 
differently to changes in temperature. 

As can be seen from Table 2, at both lower temperatures, 145 K and 
100 K, the single-crystal X-ray experiments yielded a significantly higher 
proportion of the (TCNQ)2

2− dianion (about 89%) with respect to the 
π-dimerized form of two TCNQ⋅- ARs, than was reported for the tem
perature of 200 K (75%). As to the C–C bond of the σ-dimerization 
(C37A-C37Ai; i: 1-x, 1-y, 2-z) this was found to be within the range 1.653 

(11)-1.746(10) Å; all observed values are longer than the normal single 
bond. The values at 100 K and 200 K correspond well to values observed 
in analogous complexes, e.g. a value of 1.645 (7) Å was reported for [Fe 
(phen)3](TCNQ)2 [11]. On the other hand, this bond is significantly 
longer at 145 K, with a value of 1.746 (10) Å. We have no ready 
explanation at present for this observation. It may result from a rear
rangement within the structure at temperatures close to this one. 

We note that we have also examined the possibility that the dimer
ized (TCNQ)2

2− dianion is not disordered. The refinement results and the 
thermal ellipsoid plot are given in the Supplementary material 
(Table S1, Figs. S5-S7). As can be seen from these figures, the thermal 
ellipsoid of the carbon atoms of the σ-dimerization are strongly elon
gated along the bonds, and additional peaks were localized in the dif
ference map on the assumed sites for these carbon atoms in the case of 
π-dimerization. In addition, the theoretical calculations favored the 
disordered model (see part 3.2). 

Selected geometric parameters are gathered in Table 3 and Table S2. 
The ranges for Ni–N bond distances are 2.078 (2) - 2.1093 (19) Å (200 
K), 2.063 (3) - 2.109 (3) Å (145 K) and 2.064 (4) - 2.107 (3) Å (100 K) 
and these indicate only minor shortening of the Ni–N bond distances due 
to lowering the temperature as expected due to the rigidity of the Ni(II) 
coordination sphere. We note that at all three temperatures, the shortest 
Ni–N bond is that of Ni–N6 while the longest one is, in all cases, the 
Ni–N2 bond. Similar ranges for Ni–N bonds were found in analogous Ni 
(II) complex cations with dimethylderivates of the bpy ligand [17]. 

The C–C bonds in the respective TCNQ units exhibit different char
acters, and some of them display a tendency to aromatization. We note 

Fig. 4. Detailed view of the overlap of two ARs TCNQB and TCNQC in 1 at 100 
K. Symmetry code: iii: 1-x, 1-y, 1-z. 

Table 2 
Site occupation factors for the two forms of dimerized (TCNQ)2 units and the 
C–C distances [Å] in σ-dimerized (TCNQ)2

2− dianon.  

Temperature [K] sof [%] σ-dimerized References 

σ-dimerized π-dimerized C–C bond [Å] 

100 88.4 (4) 11.6 (4) 1.689 (10) this work 
145 89.8 (4) 10.2 (4) 1.746 (10) this work 
200 75.3 (9) 24.7 (9) 1.653 (11) Černák, 2017  

Table 3 
Selected geometric parameters [Å, ◦] for 1 at three temperatures. In this table are 
included only values related to the more populated atoms in the case of disorder.  

Bond [Å]/angles [◦] 200 K 145 K 100 K 

Complex cation 
Ni1–N1 2.0897 (19) 2.094 (3) 2.086 (3) 
Ni1–N2 2.1093 (19) 2.109 (3) 2.107 (3) 
Ni1–N3 2.0945 (19) 2.089 (3) 2.087 (3) 
Ni1–N4 2.103 (2) 2.101 (3) 2.093 (3) 
Ni1–N5 2.084 (2) 2.093 (3) 2.077 (3) 
Ni1–N6 2.078 (2) 2.063 (3) 2.064 (4) 
N1–Ni1–N2 78.61 (7) 78.73 (13) 78.81 (14) 
N3–Ni1–N4 78.47 (7) 78.87 (13) 79.02 (13) 
N5–Ni1–N6 78.69 (8) 79.33 (12) 79.15 (13) 
TCNQA 
C31A–C32A 1.422 (8) 1.387 (7) 1.387 (8) 
C32A–C33A 1.390 (2) 1.386 (6) 1.384 (6) 
C33A–C34 1.412 (6) 1.418 (6) 1.411 (6) 
C34–C35A 1.410 (6) 1.396 (6) 1.412 (6) 
C35A–C36A 1.375 (6) 1.382 (6) 1.364 (6) 
C31A–C36A 1.405 (9) 1.408 (7) 1.391 (7) 
C31A–C37A 1.527 (7) 1.533 (7) 1.538 (7) 
C37A–C38A 1.485 (4) 1.475 (6) 1.472 (6) 
C37A–C39A 1.477 (6) 1.461 (7) 1.455 (7) 
C37A–C37Ai 1.653 (11) 1.746 (10) 1.690 (10) 
C34–C40 1.440 (3) 1.445 (6) 1.421 (6) 
C40–C41 1.398 (3) 1.395 (6) 1.401 (6) 
C40–C42 1.411 (3) 1.419 (6) 1.421 (6) 
TCNQB 
C43–C44 1.416 (3) 1.400 (6) 1.391 (7) 
C43–C45 1.421 (3) 1.423 (5) 1.425 (6) 
C44ii–C45 1.352 (4) 1.361 (6) 1.366 (7) 
C43–C46 1.418 (4) 1.417 (6) 1.422 (7) 
C46–C47 1.412 (4) 1.404 (7) 1.392 (7) 
C46–C48 1.424 (4) 1.424 (6) 1.426 (6) 
TCNQC 
C49–C50 1.417 (4) 1.416 (7) 1.386 (7) 
C49–C51 1.421 (3) 1.425 (6) 1.427 (6) 
C50iii–C51 1.359 (4) 1.369 (7) 1.375 (7) 
C49–C52 1.415 (4) 1.413 (7) 1.445 (8) 
C52–C53 1.412 (4) 1.424 (6) 1.411 (7) 
C52–C54 1.422 (4) 1.419 (7) 1.376 (8) 

Symmetry codes: i: 1 - x, 1 - y, 2- z, ii: 1 -x, 2 - y, 1 - z, iii: 1 - x, 1 - y, 1 - z. 

S. Šterbinská et al.                                                                                                                                                                                                                              



Solid State Sciences 131 (2022) 106959

5

that the highest differences in bond distances due to different temper
atures were found for C31–C32 and C52–C54 bonds with values of 0.035 
and 0.046 Å, respectively (Table 3, Fig. 1); the differences in C–C bond 
distances for other bonds are usually much smaller. 

As to the supramolecular structure of 1, its detailed description was 
provided in our previous paper [33]. Here we will pay attention to the 
stacking mode of the centrosymmetric TCNQB (contains atom C43) and 
TCNQC (contains atom C49) ARs (Fig. 3, Figure S3, Fig. 4, and 
Figure S4) as these are important for the interpretation of the observed 
magnetic properties (see below). From Fig. 3 (Figure S3), it follows that 
the ARs TCNQB and TCNQC are stacked along the b axis by an “external 
bond over external bond” fashion; for nomenclature, see Ref. [4], i.e., 
these two TCNQ ARs exhibit an overlap by their exo groups (Fig. 4 and 
Figure S4). The shortest distance between these two ARs at 100 K is 
represented by a contact of 3.272 (9) Å between the C46 (TCNQB) and 
C52iii (TCNQC; iii: 1-x, 1-y, 1-z) atoms, and this distance becomes longer 
with elevated temperature up to 3.397 (4) Å at 200 K (Fig. 4, Table 4). 
We note that in the (TCNQA)2 unit, the π-interacting TCNQ’s exhibit 
analogous overlap, and the corresponding C37B⋯C37Bi (i: 1-x, 1-y, 2-z) 
interatomic distances are 3.119 (5) and 3.335 (6) Å for T = 100 and T =
145 K, respectively. It is worth noting that the exo groups in the 
respective ARs TCNQB and TCNQC are not exactly coplanar with the 
quinoide rings, and similarly, the respective quinoide rings are not 
coplanar as well (Table 4). The highest deviation exists at 200 K, and it 
can be seen that the neighboring ARs are more closely placed with 
lowering the temperature. Consequently, this may reinforce exchange 
coupling between the two ARs manifesting itself in lowering the mag
netic response at lower temperatures. 

3.2. Quantum chemical calculations 

In order to obtain a better insight into the crystal structure of 1, we 
have performed quantum-chemical calculations for TCNQ dimers in 
crystal structures experimentally obtained at three different tempera
tures. First of all, at the level of B3LYP-D3/ZORA-def2-TZVP theory, we 
have visualized molecular orbitals that mediate the interactions of in
dividual TCNQ monomers in given dimeric structures in the form of 
intrinsic bond orbitals (IBOs) [40]. The results are shown in Fig. 5. In 
dimer (TCNQ–TCNQ)2-, the C–C bond between the monomers is formed 
by a σ bonding molecular orbital with electron population 1.896. The 
bond order is 0.81. In the case of dimer (TCNQ⋅-)2, the interaction is 
mediated by a weak overlap of the π molecular orbitals located on the 
exo groups of the individual TCNQ ARs. 

In the next part of our analysis, we relied on calculations at the level 
of DLPNO-CCSD theory, which provided reliable energies of the solved 
systems. These were subsequently used in LED (localized energy 
decomposition) analysis, the purpose of which was to determine the 
interaction energy of TCNQ monomers in the dimers in question. The 
results are summarized in Table 5. The total electronic energies of 
σ-dimeric structures at temperatures of 100, 145 and 200 K are: Etot/a.u. 
− 1352.119, − 1352.113 and − 1352.127, respectively. In the case of 
π-dimeric structures, the energies are, as expected, higher: Etot/a.u. 

− 1352.086, − 1352.089 and − 1352.108. The energy difference between 
σ and π-dimers is smallest at 200 K, compared to lower temperatures, 
which corresponds to a decrease in the proportion of the dimerization 
observed experimentally. 

The LED analysis of the interaction energy between the two crys
tallographically independent ARs in π-dimers revealed the temperature 
dependence of ΔEint, which is obviously related to the observed short
ening of the distance between the C atoms of exo groups in terms of 
lowering the temperature. The largest interaction energy was calculated 
for the structure at T = 100 K, with the most significant contributions to 
this value being electrostatic interaction and electronic preparation 
energy. These conclusions are fully consistent with the calculations of 
Miller et al. [24,41]. Based on the results of DFT and ab initio multi
reference methods, the repulsive interaction for TCNQ⋅– TCNQ⋅- system 
was confirmed (large positive Eel-stat values in our calculations). In 
addition, the stability of the π-dimer in solid state was attributed to the 
interaction with the appropriate cation. 

3.3. Magnetic properties 

The magnetic properties of 1 were studied in the temperature range 
1.8–270 K. The value of the effective magnetic moment of 1 at 270 K, 
μeff = 4.828 μB (μB is Bohr magneton), corresponds to χT = 2.915 emuK/ 
mol as shown in Fig. 6, reflects the contribution of two Ni(II) ions (3d8, 
spin S = 1) present in the molecular unit in the paramagnetic limit 
including the contribution of four S = 1/2 species carried by TNCQ 
radicals at higher temperature range, strongly coupled by antiferro
magnetic (AFM) exchange interaction. At low temperatures, a drop of 
μeff/μB was observed that could be caused by an axial single-ion 
anisotropy (eventually some a weak AFM exchange interaction). No 
difference between zero-field cooled and field cooled magnetic response 
of 1 was observed to indicate possible long-range magnetic order down 
to 1.8 K. The low-temperature magnetization is fully compatible with 
the presence of two isolated Ni(II) ions in [Ni(bpy)3]2+ cation and 
negligible contribution of TNCQ radical spins. The magnetization value 
of 4.424 NAμB at 1.8 K and 7 kOe is close to the saturation value of 
magnetization of two Ni(II) ions with a typical g-factor of 2.22. The 
difference between the magnetization measured at the lowest temper
atures shown in Fig. 7 in reduced coordinates suggests the presence of a 
small single-ion anisotropy defined in the effective spin Hamiltonian 
using parameters D and E and a Zeeman term in the form 

Ĥ ZFS =D
[
Ŝ

2
z − S(S+ 1)

/
3
]
+E

[
Ŝ

2
x − Ŝ

2
y

]
+ μB ŜgĤ . (Eq. 1) 

Since the correct determination of the sign of a small single-ion 
anisotropy from the analysis of the magnetic response of poly
crystalline sample may be ambiguous, simple ab initio calculations were 
performed in ORCA on the isolated [Ni(bpy)3]2+ cation using atomic 
coordinates determined by an X-ray study. The SA-CASSCF/NEVPT2 
calculations in the case of CAS (8,5) active space yield a negative 
value of the axial D/kB = − 3.73 K and rhombic E/D = 0.076 parameter 
of the single-ion anisotropy. The obtained value of D was set as a starting 
value in the following analysis of the experimental data, and a small E 
was omitted to avoid over-parameterization. First, the field dependence 
of magnetization at 1.8 K was fit to a simple model according to Eq. (1) 
with E = 0. The calculation of magnetization was performed using the 
EasySpin [42] toolbox in the MATLAB environment. The average mag
netic response was calculated from the distribution of the magnetic-field 
vector over the orientational grid to account for the polycrystalline 
characteristics of the sample. The fit shown in Fig. 7 by a solid line 
yielded D/kB = − 3.71 K and an average g-factor gNi = 2.25, close to the 
predicted values from SA-CASSCF/NEVPT2 calculations. 

To analyze the temperature dependence of χT, the contribution of 
TCNQ radicals at higher temperatures needs to be taken into account. 
From the crystal structure, two different contributions of TCNQ ARs can 
be expected: from dominant σ-dimerized dianions (TCNQ)2

2− (TCNQA 

Table 4 
Geometric parameters associated with stacking of ARs TCNQB and TCNQC at 
different temperatures. Values for T = 200 K taken from Ref. [33]. Symmetry 
code, iii: 1 -x, 1 - y, 1 – z.  

Temperature/K τ1/◦ τ2/◦ τ3/◦ d/Å 

200 175.9 (2) − 179.9 (2) 9.42 (8) 3.397 (4) 
145 177.7 (5) − 179.7 (5) 10.41 (4) 3.332 (7) 
100 176.9 (5) 180.0 (5) 9.56 (4) 3.272 (9) 

τ1: torsion angle C45–C43–C46–C48. 
τ2: torsion angle C51–C49–C52–C53. 
τ3: angle between the quinoide rings of TCNQB and TCNQC. 
d: distance between atoms C46 and C52iii. 
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type) and from stacks of crystallographically independent TCNQ⋅- ARs 
(TCNQB and TCNQC type). The contribution of σ-dimerized dianions 
(TCNQ)2

2− in our experimental temperature range might be negligible, as 
suggested by the value of the activation energy of 0.25 eV (≈2900 K) to 
excite singlet ground state to the excited triplet state of AFM spin dimer 
in TCQDPT [27]. TCNQB and TCNQC ARs in the stacks along the crys
tallographic b-axis reside on inversion centers suggesting a uniform spin 
chain model for the analysis of magnetic properties. The proposed model 
to describe the susceptibility of a molecular unit of 1 in the temperature 
range 1.8–270 K is written in the form  

χ = 2χZFS + 2χchain + χ0                                                            (Eq. 2) 

and consists of χZFS resulting from Eq. (1) for the contribution of two Ni 
(II) ions, χchain for the contribution of two TCNQ spins in stacks, and 
χ0 for a possible correction to the estimated temperature-independent 
corrections (TIP, diamagnetic susceptibility, and a possible Pauli para
magnetic susceptibility at higher temperatures due to usual semi
conducting character of AR salts). The high-temperature series 
expansion (HTSE) formula for dimerized (bond-alternating) AFM spin 

chain with parameter J for exchange coupling and α for the dimerization 
[43,44] was chosen to represent χchain; it transforms into a uniform spin 
chain model for α = 1 [45–46]. Although HTSE formulas used for the 
analysis are valid with good accuracy for kBT > 0.25J, the contribution 
of the dimerized or uniform spin chains to the χT for large values of J is 
expected to be negligible in comparison with the contribution of Ni(II) 
ions below kBT = 0.25J. The contribution of χZFS was again calculated 
using the EasySpin toolbox and combined with the HTSE formula for the 
dimerized spin chain. Although there is no significant structural 
dimerization of TCNQ⋅- ARs in stacks, the simple uniform spin chain 
model failed to describe the high-temperature increase of χT, and the 
dimerization α was allowed to vary in further analysis. In general, a fair 
agreement of the experimental data with Eq. (2) was obtained for D/kB 
= − 3 K, gNi = 2.19 for S = 1 subsystem of Ni(II) ions and J/kB = 260 K, 
and α = 0.65 for TCNQ⋅- ARs stacks (the g-factor for TCNQ⋅- ARs was 
fixed to gTCNQ = 2). The need to account for dimerization suggests that 
even small changes in TCNQ-TCNQ distances and coplanarity of the 
quinoide rings in anion-radical stacks may lead to a sufficient 

Fig. 5. Calculated intrinsic bond orbitals (B3LYP-D3/def2-TZVP) in dimers (T = 200 K) responsible for σ-bond and π− π interaction between TCNQ ARs (ε – orbital 
energy, WBO – Wiberg bond order). 

Table 5 
Localized energy decomposition for π-dimer (TCNQ⋅-)2.  

Temperature/K ΔEint ΔEg-p ΔEel-p Eel-stat Eex ΔEndisp Edisp 

100 − 9.35 2.54 − 12.76 10.11 − 10.42 9.47 − 8.29 
145 − 2.58 2.01 − 10.44 14.33 − 8.87 7.96 − 7.57 
200 − 1.14 2.11 − 11.73 15.98 − 7.53 8.97 − 8.94 

ΔEint – interaction energy, ΔEg-p – geometry preparation energy (energy penalty for the monomers to distort into the geometry of the dimer), ΔEel-p – electronic 
preparation energy, Eel-stat – electrostatic contribution, Eex – exchange contribution, ΔEndisp – non-dispersive correlation contribution, Edisp – dispersive contribution. 
Energies in kcal mol− 1. 

Fig. 6. The temperature dependence of χT of 1 (open symbols) measured in the 
applied field of 1 kOe, including the model proposed in the text. Fig. 7. The field dependence of the magnetization of 1 at 1.8 K, 5 K, 10 K, and 

15 K (full symbols), including the fit of the spin Hamiltonian model at 1.8 K 
(solid line) in reduced coordinates. 
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alternation of exchange coupling in the stacks. In addition, the exchange 
couplings in anion-radical stacks may gradually change due to the 
temperature-dependent strengthening of AFM exchange coupling at 
lower temperatures, which cannot be simply taken into account in the 
used model of the temperature dependence of the susceptibility. Finally, 
one cannot exclude the influence of π-dimerized (TCNQ)2 units in a 
disordered structure, which may be coupled by a weaker exchange 
interaction than are the σ-dimerized dianions (TCNQ)2

2− . 

4. Conclusions 

In this work, the crystal structure of [Ni(bpy)3]2(TCNQ–TCNQ) 
(TCNQ)2⋅6H2O (1) was studied by single-crystal X-ray structure analyses 
at 145 K and 100 K in addition to the previous study at 200 K [33]. It was 
demonstrated that the crystal structures of 1 at these two lower tem
peratures are essentially the same as the crystal structure studied pre
viously at 200 K. Lowering the temperatures to 145 K and 100 K led to 
higher proportions of σ-dimerization in the σ- and π-dimerization in the 
disordered (TCNQ)2 unit and variation of the weaker C–C dimerization 
σ-bond. In addition, due to lower temperatures, the distance between 
the two crystallographically independent ARs stacked along the b-axis 
with overlapped exo groups shortened. The quantum chemical calcu
lations corroborated the presence of attractive forces between the two 
parts of the disordered (TCNQ)2 unit and least energy difference be
tween the σ- and π-dimerization at 200 K in line with lowest proportion 
of the two forms of dimerization. Temperature-dependent (1.8–270 K) 
magnetic study of 1 has shown the contribution of Ni(II) ions (S = 1) and 
the contribution of four S = 1/2 species carried by TNCQ radicals at 
higher temperatures, strongly coupled by antiferromagnetic (AFM) ex
change interaction at 270 K while at low temperature a negligible 
contribution of TNCQ radical spins was observed. 
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