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Abstract—The computer simulation (DFT UTPSSh/6-311++G(d,p)) of the structures and the energy and
magnetic characteristics of the binuclear cobalt complexes bearing the tetraazamacrocyclic base and the di-
o-quinone ligand containing as a linker the acene group is performed. Thus built molecules can undergo ther-
mally switchable rearrangements of the spin states of the metal-centered moieties and photoinitiated single–
triplet transitions of the acene linker. The possibility to control the magnetic properties of the studied coor-
dination compounds using various external effects makes it possible to consider them as molecular switches.
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INTRODUCTION
Molecular design of transition metal complexes

with the open shell demonstrating the variability of the
magnetic properties depending on the applied external
effect still remains an urgent challenge for specialists
in the area of coordination chemistry. The possibility
for the system to exist in two and more stable spin
states caused by rearrangements via the mechanisms of
spin crossover (SCO) [1] or valence tautomerism [2] is
being studied in detail and reviewed comprehensively
[3–6]. The magnetically active metal complexes can
undergo reversible thermo- or photoinduced mutual
transformations between electronic isomers (elec-
tromers [7]) with various chemical and physical prop-
erties, which makes them interesting objects for the
development of displays, sensors, photosensitive
materials, and spintronic devices [5, 8–10].

The cationic systems containing one redox-active
ligand and a tetradentate macrocyclic nitrogen-con-
taining base are among the well-studied types of coor-
dination compounds that manifest effects of SCO
and/or valence tautomerism [4, 11–14]. For example,
the о-semiquinone (SQ) cobalt complex with N,N'-
di-tert-butyl-2,11-diaza[3.3]-(2,6)pyridinophane can
undergo the SCO effect rather rarely for compounds
of this metal, which is determined by the transition
LSCoIISQ ⇄ HSCoIISQ instead of the expected valence
tautomeric rearrangement [14]. According to the the-
oretical [15, 16] and experimental [14, 17] data, the
discussed complex exhibits paramagnetism in the
whole range of temperatures, because the diamagnetic
state LSCoIIICat including the trivalent cobalt ion and

the catecholate (Cat) form of the redox-active ligand
cannot be achieved.

A series of the binuclear magnetically active com-
pounds with the tetradentate di-o-quinone ligands was
prepared on the basis of the above described structural
motif [18–20]. Radical groups, for example, acenes
(polycyclic hydrocarbons with linearly fused benzene
rings), are used to impart an additional functionality
to diamagnetic linkers of these complexes [21, 22].
These molecules are of special interest due to the
dependence of their electronic structures on the length
of the acene chain: the compounds containing more
than six conjugated rings are stabilized as a singlet
biradical that can be transformed into the triplet
state by irradiation with the light of an appropriate
wavelength [23–27]. The mutual influence of acene
and o-benzoquinone groups was studied in the works
[28, 29] devoted to the synthesis and investigation of
the mononuclear cobalt complexes with the anthra-
cene moiety.

We propose to join in one molecule two paramag-
netic metal-containing centers potentially capable of
undergoing rearrangements of the thermally initiated
SCO and/or valence tautomerism and the acene linker
group, whose singlet–triplet transitions are controlled
by photoexcitation. The objects of this study are binu-
clear cobalt di-o-quinone complexes I and II in which
the coordination sphere of the metal is completed by
N,N'-di-tert-butyl-2,11-diaza[3.3]-(2,6)pyridinophane.
The linker group in compounds I is presented by linear
acene with various numbers of six-membered rings.
The variation of the number of annelated cycles from
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three to seven (n = 0–2) makes it possible to study the
influence of various spin states of the linker on the
magnetic properties of the complex. A specific feature
of compounds II is the presence of terminal five-
membered rings in polycyclic hydrocarbon favoring,
according to the experimental and theoretical data
[30, 31], the stabilization of the triplet state already at
five condensed cycles. The recent calculations [32] of
the model systems with similar ligands showed that the
character and strength of the exchange interactions

between the paramagnetic centers depended on the
structure of the polycyclic hydrocarbon chain. In the
earlier studied binuclear di-o-quinone adducts of
cobalt diketonates [33–35], the π-conjugated cyclic
linker groups provided paramagnetism of all states of
the complexes but they themselves remained diamag-
netic. It is expected that in compounds I and II the
biradical state of the acene moiety would result in an
increase in the overall spin of the system and would
favor the appearance of additional exchange channels.

CALCULATION PROCEDURE

Calculations were performed using the Gaussian
09 program [36] by the density functional theory
(DFT), UTPSSh functional [37, 38], and extended
6-311++G(d,p) basis set, the combination of which
correctly reproduced the energy characteristics of the
SCO in the cationic complexes [15, 16, 39–42]. The
stationary points were localized on the potential
energy surface by the full geometry optimization of the
molecular structures checking the DFT stability of the
wave function. The exchange interaction parameters
(J, cm–1) were calculated in the framework of the bro-
ken symmetry (BS) formalism [43] using the general-
ized spin projection (GSP) method [44]. The graphi-
cal images of the molecular structures were obtained
using the ChemCraft program [45].

RESULTS AND DISCUSSION
According to the calculation results, the most sta-

ble isomer of the dicationic cobalt di-o-quinone com-
plex with the anthracene ligand I (n = 0) is the
LSCoIISQ–[С]n–[C]n–SQLSCoII structure on the
quintet potential energy surface (S = 2) containing
both metal ions in the low-spin divalent state and the
biradical form (SQ–SQ) of the redox-active ligand
(Fig. 1, Table 1). The discussed compound contains
four paramagnetic centers due to the diamagnetism of
the polycyclic –[С]n–[C]n– group. The exchange
interactions in the metal-containing fragments
LSCoIISQ are strongly ferromagnetic (J = 535 cm–1),
whereas the lone electrons localized on semiquinones
are antiferromagnetically coupled (J = –17 cm–1)
(Table 2).

The next in energy electromer LSCoIISQ–[С]n–
[C]n–SQHSCoII contains the divalent metal ions in
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BINUCLEAR Di-o-QUINONE COBALT COMPLEXES 413

Fig. 1. Optimized geometries of the electromers of complex I (n = 0) calculated by the DFT UTPSSh/6-311++G(d,p) method.
Here and in Fig. 2, hydrogen atoms are omitted for clarity, bond lengths are given in Å, and all structures have the charge +2.
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different spin states. Its destabilization by 5.9 kcal/mol
relative to the ground state makes it possible to expect
SCO in one of the magnetically active moieties of the
molecule with the transition of the system to the state
with S = 3 (Table 1). The calculations predict moder-
ate (Table 2) antiferromagnetic exchange interactions
between spins of the lone electrons of the semiquinone
and high-spin metal ion (J = –92 cm–1). At the same
time, a strong ferromagnetic coupling is retained in
the opposite metal-containing center (LSCoIISQ).

The high-spin isomer HSCoIISQ–[С]n–[C]n-SQHS-
CoII is destabilized by 11.8 kcal/mol with respect to the
LSCoIISQ–[С]n–[C]n–SQLSCoII electromer, which
enables one to expect the second SCO rearrangement.
This result is consistent with the studies of the mono-
nuclear cobalt o-quinone complex with the di-tert-
butyl derivative of pyridinophane, whose magnetic
bistability is caused by the SCO transitions, and the
character of exchange interactions in the metal-con-
taining moieties (ferromagnetic in LSCoIISQ and anti-
ferromagnetic in HSCoIISQ) is similar to that predicted
for binuclear compound I (n = 0) [14–17].

The diamagnetic electromer LSCoIIICat–[С]n–
[C]n–CatLSCoIII containing the dicatecholate form of
the redox-active ligand and low-spin trivalent cobalt
ions is destabilized over the ground state by
18.0 kcal/mol (Table 1), which makes thermally initi-
ated intramolecular redox processes improbable. Sim-
ilar results were obtained for compounds I (n = 1) and
II (n = 0).
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
It has previously been shown [30–32] that hepta-
cene (n = 2) is a singlet biradical and the presence of
terminal five-membered rings in polycyclic hydrocar-
bon favors the stabilization of the triplet state already
at five fused cycles (n = 1). Compounds I (n = 2) and
II (n = 1) were studied to reveal the influence of the
biradical character of the acene moiety on the proper-
ties of the binuclear complexes.

The electromers of the discussion compounds are
characterized by close geometric parameters (Fig. 2).
The elongation of the polycyclic chain to the hepta-
cene linker is not accompanied by substantial changes
in the energy characteristics: the thermally initiated
two-step SCO is expected in complex I (n = 2)
(Table 1). The replacement of the terminal hexa-
atomic rings by five-membered cycles in the acene
linker group does not result in the switching of the
magnetic bistability mechanism of the metal center:
according to the calculations, compound II (n = 1)
can undergo two consecutive SCO transitions.

The electromers of complexes I (n = 2) and II
(n = 1) with the biradical linkers contain six non-
equivalent paramagnetic centers, which makes diffi-
cult the search for all (>50) spin states. Therefore, we
studied model mononuclear compounds III (n = 2)
and IV (n = 1) in which 16 (complex III (n = 2)) or 12
(compound IV (n = 1)) spin states (Fig. 3, Table 3)
should be localized depending on the polycyclic chain
structure and, correspondingly, on the spin density
distribution.
  Vol. 45  No. 6  2019



414

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45  No. 6  2019

STARIKOVA et al.

Table 1. Spin (S), total energy (Е), relative energy (ΔE), and operator of the squared spin (S2) in the electromers of com-
plexes I (n = 0, 2) and II (n = 1) calculated by the DFT UTPSSh/6-311++G(d,p) method

* The order of paramagnetic centers: 1, CoII; 2, SQ; 3, SQ; and 4, CoII; α corresponds to the up orientation of spins, and β corresponds
to the down orientation of spins.

Electromer S Е, au ΔЕ, kcal/mol S2

I (n = 0)

LSCoIISQ–[С]n–[C]n–SQLSCoII 2 –6377.080699 0.0 6.031

αββα* 0 –6377.075800 2.025

ααββ 0 –6377.080726 2.030

αβαβ 0 –6377.075847 2.023

αβαα = ααβα 1 –6377.078388 3.025

βααα = αααβ 1 –6377.078266 3.028

LSCoIISQ–[С]n–[C]n–SQHSCoII 3 –6377.071280 5.9 12.027

αββα 1 –6377.069910 3.910

ααβα 2 –6377.072451 6.910

αβαα 2 –6377.068903 7.023

ααββ 1 –6377.071223 4.026

αααβ 0 –6377.072375 2.913

βααα 2 –6377.068112 7.026

βαβα 1 –6377.069996 3.908

HSCoIISQ–[С]n–[C]n–SQHSCoII 4 –6377.061871 11.8 20.024

αββα 2 –6377.064069 7.794

ααββ 0 –6377.061918 4.023

αβαβ 0 –6377.064144 3.793

αβαα = ααβα 3 –6377.063425 12.909

βααα = αααβ 1 –6377.063003 4.909

LSCoIIICat–[С]n–[C]n–CatLSCoIII 0 –6377.051979 18.0 0.000

I (n = 2)

LSCoIISQ–[С]n–[C]n–SQLSCoII 3 –6991.796253 0.0 12.064

LSCoIISQ–[С]n–[C]n–SQHSCoII 4 –6991.786625 6.0 20.060

HSCoIISQ–[С]n–[C]n–SQHSCoII 5 –6991.777278 11.9 30.057

II (n = 1)

LSCoIISQ–[С]n–[C]n–SQLSCoII 3 –6606.928851 0.0 12.082

LSCoIISQ–[С]n–[C]n–SQHSCoII 4 –6606.919454 5.9 20.079

HSCoIISQ–[С]n–[C]n–SQHSCoII 5 –6606.909993 11.8 30.075
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Table 2. Parameters of exchange interactions between the paramagnetic centers (J*, cm–1) in the electromers of complex I
(n = 0) calculated by the DFT UTPSSh/6-311++G(d,p) method

* The order of paramagnetic centers: 1, CoII; 2, SQ; 3, SQ; and 4, CoII.

Electromer J1–2 J1–3 J1–4 J2–3 J2–4 J3–4

LSCoIISQ–[С]n–[C]n–SQLSCoII 535 1 9 –17 1 535

LSCoIISQ–[С]n–[C]n–SQHSCoII 570 47 15 –49 –10 –92

HSCoIISQ–[С]n–[C]n–SQHSCoII –78 1 4 –53 1 –78

Fig. 2. Optimized geometries of the electromers of complexes I (n = 2) and II (n = 1) calculated by the DFT UTPSSh/6-
311++G(d,p) method.
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Fig. 3. Spin density distribution and the scheme of exchange interactions in the electromers of monocationic complexes III (n =
2) and IV (n = 1) calculated by the DFT UTPSSh/6-311++G(d,p) method. Hydrogen atoms are omitted; cutoff = 0.012.
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The calculations show (Table 4) that, regardless of
the type of terminal rings, the acene linker is stabilized
as a singlet biradical demonstrating a strong antiferro-
magnetic coupling (J < –1200 cm–1). As follows from
the results of previous calculations [32], the energy
band gap between the singlet (biradical) and triplet
forms does not exceed 7 kcal/mol, which will facilitate
the transition of acene to the high-spin state under
light irradiation. The spin density in heptacene is con-
centrated in the central moiety of the linker on the
opposite carbon atoms of the polyaromatic chain
(Fig. 3). Another spin density distribution was found
RUSSIAN JOURNAL OF C
in complex IV (n = 1): the paramagnetic centers of the
polycyclic fragment of this compound are located on
the carbon atoms of the terminal five-membered
cycles. The exchange interactions of the lone electrons
of semiquinones and metal ions are of the same char-
acter as those in the above considered compounds
with the diamagnetic linker (Tables 2, 4). A strong fer-
romagnetic coupling (J > 400 cm–1) was predicted for
the low-spin LSCoIISQ fragment, and the spins of the
lone electrons in the HSCoIISQ pair interact antiferro-
magnetically (from –150 to –180 cm–1). Based on the
obtained data, we may conclude that the length and
OORDINATION CHEMISTRY  Vol. 45  No. 6  2019
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Table 3. Spin (S), total energy (Е), relative energy (ΔE), and operator of the squared spin (S2) in the electromers of com-
plexes III (n = 2) and IV (n = 1) calculated by the DFT UTPSSh /6-311++G(d,p) method

* The order of paramagnetic centers: 1, CoII; 2, SQ; 3, [С]n; and 4, [C]n; α corresponds to the up orientation of spins, and β corresponds
to the down orientation.

Electromer S Еtot, au ΔЕ, kcal/mol S2

III (n = 2)

LSCoIISQ–[С]n–[C]n 2 –4304.242415 0.0 6.049

βααα 1 –4304.240163 3.046
αβαα 1 –4304.245173 2.620
ααβα 1 –4304.258210 2.339
αααβ 1 –4304.251347 2.804
αββα 0 –4304.250469 1.212
αβαβ 0 –4304.251247 1.215
ααββ 0 –4304.243191 1.080

HSCoIISQ–[С]n–[C]n 3 –4304.232424 6.3 12.045

βααα 0 –4304.234113 2.924
αβαα 2 –4304.238073 6.517
ααβα 2 –4304.250196 6.122
αααβ 2 –4304.244502 6.115
αββα 1 –4304.252272 3.152
αβαβ 1 –4304.252269 3.215
ααββ 1 –4304.239408 3.732

IV (n = 1)

LSCoIISQ–[С]n–[C]n 2 –3919.375659 0.0 6.067

βααα 1 –3919.373404 3.064
αβαα 1 –3919.376365 2.795
ααβα = αααβ 1 –3919.385819 2.500
αββα = αβαβ 0 –3919.383777 1.483
ααββ 0 –3919.380934 1.681

HSCoIISQ–[С]n–[C]n 3 –3919.365839 6.2 12.064

βααα 0 –3919.367287 2.941
αβαα 2 –3919.374075 6.538
ααβα = αααβ 2 –3919.375752 6.519
αββα = αβαβ 1 –3919.378008 3.368
ααββ 1 –3919.371366 3.496

Table 4. Parameters of exchange interactions between the paramagnetic centers (J*, cm–1) in the electromers of complexes III
(n = 2) and IV (n = 1) calculated by the DFT UTPSSh/6-311++G(d,p) method

* The order of paramagnetic centers: 1, CoII; 2, SQ; 3, [С]n; and 4, [C]n.

Electromer J1–2 J1–3 J1–4 J2–3 J2–4 J3–4

III (n = 2)

LSCoIISQ–[С]n–[C]n 426 –81 556 –503 82 –1694

НSCoIISQ–[С]n–[C]n –183 –160 49 –785 –241 –1832

IV (n = 1)

LSCoIISQ–[С]n–[C]n 610 –123 –123 –388 –388 –1277

НSCoIISQ–[С]n–[C]n –154 23 23 –544 –544 –1207
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structure of the acene fragment of binuclear com-
plexes I and II exert no substantial effect on the possi-
bility of manifesting rearrangements accompanied by
the switch of the spin states. At the same time, the
biradical linker favors the appearance of the additional
exchange channels LSCoII–[С]n, HSCoII–[С]n, and
SQ–[C]n (Table 4), whose characteristics can be con-
trolled by the variation of the turning angle of the qui-
none ring relative to the polycyclic chain [46].

To conclude, it was shown by the quantum chemi-
cal calculations (DFT UTPSSh/6-311++G(d,p)) that
the complex formation of the tetradentate di-o-qui-
none ligands bearing the acene linker groups with the
cobalt compounds can afford the systems manifesting
thermally switchable spin states of the metal-centered
fragments and photocontrolled singlet–triplet transi-
tions of the polycyclic linker. The mechanism of mag-
netic bistability of these complexes is determined by
the nature of the tetraazamacrocyclic ligands, whereas
the magnetic behavior of the complex depends on the
structure of the acene chain. The spin states of com-
pounds I (n > 1) and II (n > 0) varied in a wide range
allow one to consider these compounds as efficient
molecular switches with the magnetic response func-
tion.

The proposed approach to the design of binuclear
molecules with the ligands containing redox-active
and photoexcited moieties makes it possible to form a
basis for the structural design of the polyspin coordi-
nation compounds, whose magnetic properties are
controlled by independent external sources. The
choice of the objects of the present study is based on an
analysis of the existing procedures for the preparation
of similar mononuclear o-quinone complexes with the
acene fragments [28, 29] and the binuclear cobalt
compounds with the tetraazamacrocyclic ligands [18–
20], which enables one to expect that the systems stud-
ied in this work would be synthesized.
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