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A computer simulation of the structure, energy characteristics, and magnetic properties of 
mononuclear iron(III) complexes with N,N´-substituted 2,11-diaza[3.3]-(2,6)pyridinophane 
bases and о-benzoquinone ligands containing nitroxyl and ТЕМРО radicals was carried out at 
the UTPSSh/6-311++G(d,p) level of the density functional theory. The dependence of the 
character of exchange interactions between paramagnetic centers on the nature of the radical 
group was revealed. It was found that the energy diff erences between the isomers of compounds 
studied are determined by the bulkiness of the alkyl substituent at nitrogen atoms of the tetra-
azamacrocyclic ligands. Systems potentially capable of manifesting thermally initiated spin 
crossover were found. 
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The design of advanced materials for molecular electron-
ics and spintronics devices is a topical avenue of modern 
chemical research.1—3 Open-shell complexes whose prop-
erties vary depending on external factors are used as build-
ing blocks for molecular switches and spin qubits.4—10 
Currently, there is considerable research activity aimed at 
searching for promising magnetically active molecules.1—21

Spin crossover (SCO) is the most widespread magnetic 
bistability mechanism of transition-metal complexes.22 
The eff ect is realized through (intra)electronic transitions 
between the low-spin (LS) and high-spin (HS) states of 
the central ion induced by temperature, pressure, magnetic 
fi eld or irradiation. Most often, SCO occurs in iron(II) 
complexes.23 There are also iron(III)24 and other metal 
compounds25,26 that demonstrate SCO behavior. The 
advantage of the trivalent iron complexes over FeII-based 
systems consists in that all spin states are paramagnetic. 
In these compounds, the ligand fi eld strength appropriate 
for SCO to occur is achieved by properly engineering the 
FeIIIN4O2 coordination site.

A series of studies27—32 on the ability of salt-like 
o-benzo quinone complexes of iron with tris(2-pyridyl-
methyl)amine derivatives to demonstrate changes in the 
magnetic properties upon SCO was followed by a research 
into an iron(III) complex with tris(2-pyridylmethyl)amine 
base and a catecholate (Cat) bearing a nitronyl nitroxide 
substituent.33 The presence of a stable radical group in the 

compound in question33 and in other transition-metal 
compounds34—41 causes the occurrence of additional 
exchange interactions, which allows one to expect exten-
sion of the application fi eld of such systems. 

Recently,42,43 we predicted the possibility for SCO to 
occur in the experimentally characterized o-benzoquinone 
complexes of iron with N,N´-dimethyl-2,11-diaza [3.3]-
(2,6) pyridinophane derivatives.44,45 By varying the alkyl 
substituents in the tetraazamacrocyclic ligand of such 
compounds one can vary the energy diff erence between 
the LS and HS electronic isomers (electromers53), which 
specifi es the aptitude of a molecule to undergo thermally 
initiated SCO.46—52 In this work, in order to search for 
novel magnetically active systems, we carried out a com-
puter simulation of the geometry and electronic structure, 
as well as the energy characteristics and magnetic proper-
ties of type-I—III iron complexes (R = Me, Et, Pri, But) 
with N,N´-dialkyl-substituted pyridinophane bases and 
o-benzoquinones bearing various radical groups including 
ТЕМРО, tert-butyl nitroxide (TBN), and 4,4,5,5-tetra-
methyl-4,5-dihydro-1H-imidazol-1-oxyl-3-oxide (nitro-
nyl nitroxide, NN). 

Calculation Procedure

Calculations were carried out in terms of the density func-
tional theory (DFT) using the Gaussian 16 program,54 the 
UTPSSh functional,55,56 and the 6-311++G(d,p) extended 
basis set. This combination is known to provide a correct repro-
duction of the energy and magnetic characteristics of the com-
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plexes with redox-active ligands demonstrating magnetic bistabil-
ity.47—49,51,57 According to calculations of the experimen-
tally studied iron compounds, SCO is expected to occur at 
ΔEHS—LS < 10 kcal mol–1. Since DFT studies of transition-
metal complexes with redox-active ligands require taking account 
of outer-sphere counterions,58 in this work we performed quan-
tum chemical calculations of compounds containing a hexafl uoro-
phosphate anion whose orientation and position were specifi ed 
using the X-ray data for structurally similar compounds.51 
Stationary points on the potential energy surfaces (PES) were 
located by full geometry optimization of the molecular structures 
without symmetry constraints. Calculations involved stability 
tests of the DFT wavefunctions and determination of force con-
stants. Since the calculated atomic charges provide no reliable 
information on the oxidation state of the central ion in the com-
plexes with redox-active ligands, this parameter was estimated 
from the spin density distribution.58 The exchange constants were 
calculated within the "broken symmetry" (BS) formalism59 using 
the Yamaguchi formula.60 The molecular structures were visual-
ized using the ChemCraft program.61

Results and Discussion

Geometry optimization of type-I complex (R = Me) 
led to structure 1 (Fig. 1, Table 1) corresponding to 

a minimum on the triplet PES. The bond lengths in the 
redox-active fragment of structure 1 are close to those in 
the LS isomer of a structurally similar compound contain-
ing no radical substituent in the o-benzoquinone ring,42 
being intermediate between the characteristic distances 
for the semiquinonate and Cat forms of the ligand in 
the transition-metal complexes with o-quinone deriva-
tives.46,49,62—64 An analysis of the spin density distribution 
(Fig. 2) and coordination site geometry (see Table 1) sug-
gests that the electronic structure of isomer 1 can be de-
scribed as LSFeIIICat—ТЕМРО. The HS electromer 2 of 
the complex in question bears a paramagnetic center on 
the ТЕМРО substituent and fi ve unpaired electrons on 
the iron ion. The electron density is partially displaced 
from the metal to the adjacent donor O atoms (see Fig. 2). 
This is similar to the situation49 where the conclusion that 
the structure contains a trivalent metal ion and the Cat 
form of the ligand was substantiated by Mössbauer spec-
troscopy, X-ray diff raction, and magnetic measurements 
data. This circumstance, as well as the Fe—N(3) and 
Fe—N(4) bond lengths that are shorter than the corre-
sponding distances in the iron(II) complexes23 (see Table 1), 
suggest that electromer 2 contains an HSFeIII ion and the 
Cat moiety. 

Variation of alkyl groups at nitrogen atoms of the tet-
raazamacrocyclic base does not lead to changes in the 
electronic structure of the complexes, viz., the electromers 
of the type-I complexes (R = Et, Pri, But) also contain 
the dianionic form of о-benzoquinone and FeIII ions in 
both LS and HS states (isomers 3, 5, 7 and isomers 4, 6, 
8, respectively). From the data of Table 1 it follows that 
an increase in the size of the substituent R has little eff ect 
on the Fe—O(1), Fe—O(2), Fe—N(3), and Fe—N(4) 
distances, namely, the bond lengths vary within 0.010 Å 
except isomer 7 (LSFeIIICat—ТЕМРО) of type-I com-
pound (R = But) where the Fe—N(3) and Fe—N(4) 
contacts are 0.020 Å longer than those in electromer 1 
(LSFeIIICat—ТЕМРО). Noteworthy is a large (by more 
than 0.100 Å) elongation of the Fe—N(1) and Fe—N(2) 
bonds on going from the complex with methyl-substituted 
tetraazamacrocycle to the compound with tert-butyl de-
rivative of pyridinophane. Steric hindrances produced by 
bulky alkyl substituents at nitrogen atoms of the tetraden-
tate base make the formation of shorter coordination bonds 

R = Me, Et, Pri, But

Fig. 1. Atomic numbering scheme for the coordination site of 
type-I—III complexes (R = Me, Et, Pri, But).
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impossible. These changes in the geometry of the coordi-
nation site destabilize the LS electromers of the complexes 
and, as a consequence, are refl ected in the relative energies 
of the isomers. As the bulkiness of the alkyl substituent in 

the tetraazamacrocycle increases, the energy diff erence 
between the ground states LSFeIIICat—ТЕМРО and the HS 
isomers HSFeIIICat—ТЕМРО of type-I systems (R = Me, 
Et, Pri, But) decreases from 10.3 to 1.7 kcal mol–1 taking 

Table 1. Coordination bond lengths (in Å) in electromers of type-I–III complexes (R = Me, Et, Pri, But) obtained 
from UTPSSh/6-311++G(d,p) calculations

Complex R Electromer Fe—O(1) Fe—O(2) Fe—N(1) Fe—N(2) Fe—N(3) Fe—N(4)

I Me 1 (LSFeIIICat—ТЕМРО) 1.893 1.892 2.039 2.040 1.901 1.901
  2 (HSFeIIICat—ТЕМРО) 1.950 1.949 2.262 2.257 2.091 2.093
 Et 3 (LSFeIIICat—ТЕМРО) 1.895 1.891 2.051 2.051 1.900 1.900
  4 (HSFeIIICat—ТЕМРО) 1.951 1.947 2.265 2.270 2.086 2.089
 Pri 5 (LSFeIIICat—ТЕМРО) 1.898 1.892 2.076 2.077 1.906 1.905
  6 (HSFeIIICat—ТЕМРО) 1.957 1.952 2.290 2.295 2.088 2.087
 But 7 (LSFeIIICat—ТЕМРО) 1.892 1.889 2.174 2.173 1.921 1.920
  8 (HSFeIIICat—ТЕМРО) 1.959 1.955 2.363 2.371 2.092 2.094
II Me 9 (LSFeIIICat—TBN) 1.888 1.896 2.039 2.038 1.901 1.903
  10 (HSFeIIICat—ТBN) 1.948 1.952 2.255 2.258 2.094 2.089
 Et 11 (LSFeIIICat—TBN) 1.888 1.897 2.051 2.051 1.899 1.901
  12 (HSFeIIICat—ТBN) 1.948 1.952 2.269 2.263 2.090 2.084
 Pri 13 (LSFeIIICat—TBN) 1.892 1.897 2.076 2.075 1.905 1.906
  14 (HSFeIIICat—ТBN) 1.954 1.959 2.289 2.290 2.089 2.084
 But 15 (LSFeIIICat—TBN) 1.885 1.895 2.179 2.172 1.921 1.923
  16 (HSFeIIICat—ТBN) 1.957 1.958 2.370 2.362 2.094 2.090
III Me 17 (LSFeIIICat—NN) 1.886 1.898 2.038 2.038 1.900 1.903
  18 (HSFeIIICat—NN) 1.942 1.961 2.255 2.265 2.089 2.093
 Et 19 (LSFeIIICat—NN) 1.885 1.900 2.051 2.051 1.899 1.901
  20 (HSFeIIICat—NN) 1.941 1.961 2.266 2.264 2.085 2.088
 Pri 21 (LSFeIIICat—NN) 1.888 1.901 2.075 2.077 1.904 1.905
  22 (HSFeIIICat—NN) 1.947 1.967 2.289 2.294 2.085 2.087
 But 23 (LSFeIIICat—NN) 1.884 1.899 2.172 2.175 1.919 1.921
  24 (HSFeIIICat—NN) 1.951 1.950 2.362 2.371 2.091 2.091

Note. For atomic numbering scheme, see Fig. 1.

1 (LSFeIIICat—TEMPO) 9 (LSFeIIICat—TBN) 17 (LSFeIIICat—NN)

2 (HSFeIIICat—TEMPO) 10 (HSFeIIICat—TBN) 18 (HSFeIIICat—NN)

I (R = Me) II (R = Me) III (R = Me)

Fig. 2. Spin density distributions in electromers of type-I–III complexes (R = Me) obtained from UTPSSh/6-311++G(d,p) calcula-
tions. Here and in Fig. 3 hydrogen atoms and PF6

– anion are omitted; the contour value is 0.03 e Å–3. 
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account the zero-point vibrational energy (ZPE) correc-
tion (Table 2). The results obtained allow one to expect 
the occurrence of thermally induced SCO at iron ions. 

The 1 (LSFeIIICat—ТЕМРО)  2 (HSFeIIICat—ТЕМРО) 
transition of the complex with the methyl-substituted 
pyridinophane derivative can occur only partially due to 
signifi cant destabilization of the HS electromer. As to the 
type-I compound with R = But, the packing eff ects ignored 
in single-molecule DFT calculations can lead to a situation 
where the complex will be in the HSFeIIICat–ТЕМРО 
state (structure 8 on the septet PES) in a wide temperature 
range. A comparison of the energy diff erence calculated 
for the type-I compound with R = Me with that reported 
for the related complex with unsubstituted о-benzoquinone 
(ΔЕ = 11.4 kcal mol–1 without inclusion of ZPE correc-
tion)42 shows that the radical group has little eff ect on the 
energy characteristics of such systems. 

The results of calculations of the BS states and subse-
quent evaluation of the exchange constants J for type-I 
complexes (R = Me, Et, Pri, But) suggest that there is no 
exchange between the spins of the unpaired electrons of 
the iron ion and the paramagnetic substituent (see Table 2). 
This is in excellent agreement with the results of a study65 
of exchange in compounds containing the ТЕМРО radi-
cal. The spin density of the radical group is localized at 
the nitrogen and oxygen atoms and separated from the 
quinone ring π-system by aliphatic bridges (see Fig. 2), 
which precludes the formation of an exchange channel 
(Fig. 3). Therefore, the SCO transitions of the type-I 
complexes with R = Me, Et, Pri, and But will be accom-
panied by changes in the total spin of the system from 
S = 1 to S = 3. This type of molecules can fi nd applications 
in the molecular design of spin qubits or some other devices 
utilizing two noninteracting paramagnetic centers.

From the results of calculations (see Fig. 2, Tables 1 
and 2) it follows that electromers of the type-II and type-
III complexes (R = Me, Et, Pri, and But for both types) 
contain FeIII ions and the Cat form of the redox ligand, 

Table 2. Spins (S), relative energies calculated without (ΔЕ) and 
with inclusion of zero-point vibrational energy correction 
(ΔEZPE), and exchange coupling parameters (J) in electromers 
of type-I—III complexes (R = Me, Et, Pri, But) obtained from 
density functional UTPSSh/6-311++G(d,p) calculations

Com- R Electromer S ΔЕ ΔEZPE J
plex    kcal mol–1 /cm–1

I Me 1 (LSFeIIICat—ТЕМРО) 1 0.0 0.0 0
  2 (HSFeIIICat—ТЕМРО) 3 12.2 10.3 0
 Et 3 (LSFeIIICat—ТЕМРО) 1 0.0 0.0 0
  4 (HSFeIIICat—ТЕМРО) 3 11.8 10.1 0
 Pri 5 (LSFeIIICat—ТЕМРО) 1 0.0 0.0 0
  6 (HSFeIIICat—ТЕМРО) 3 9.0 7.1 0
 But 7 (LSFeIIICat—ТЕМРО) 1 0.0 0.0 0
  8 (HSFeIIICat—ТЕМРО) 3 3.7 1.7 0
II Me 9 (LSFeIIICat—TBN) 1 0.0 0.0 –826
  10 (HSFeIIICat—ТBN) 3 12.4 10.5 –376
 Et 11 (LSFeIIICat—TBN) 1 0.0 0.0 –768
  12 (HSFeIIICat—ТBN) 3 12.1 10.0 –355
 Pri 13 (LSFeIIICat—TBN) 1 0.0 0.0 –773
  14 (HSFeIIICat—ТBN) 3 9.3 7.1 –363
 But 15 (LSFeIIICat—TBN) 1 0.0 0.0 –758
  16 (HSFeIIICat—ТBN) 3 3.7 2.1 –363
III Me 17 (LSFeIIICat—NN) 1 0.0 0.0 180
  18 (HSFeIIICat—NN) 3 12.4 10.5 46
 Et 19 (LSFeIIICat—NN) 1 0.0 0.0 161
  20 (HSFeIIICat—NN) 3 12.0 10.1 47
 Pri 21 (LSFeIIICat—NN) 1 0.0 0.0 161
  22 (HSFeIIICat—NN) 3 9.4 7.6 43
 But 23 (LSFeIIICat—NN) 1 0.0 0.0 168
  24 (HSFeIIICat—NN) 3 4.0 2.0 40

1 (LSFeIIICat—TEMPO) 9 (LSFeIIICat—TBN) 17 (LSFeIIICat—NN)

2 (HSFeIIICat—TEMPO) 10 (HSFeIIICat—TBN) 18 (HSFeIIICat—NN)

I (R = Me) II (R = Me) III (R = Me)

Fig. 3. Visualization of magnetic orbitals in electromers of type-I—III complexes (R = Me) obtained from UTPSSh/6-311++G(d,p) 
calculations. 
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just like the type-I compounds (R = Me, Et, Pri, But). An 
analysis of the results obtained suggests that the geometric 
parameters of the coordination site and, as a consequence, 
the relative energies of the isomers of the complexes in 
question are almost independent of the type of the radical 
substituent in the catecholate moiety, viz., the type-II and 
type-III compounds with nitroxyl substituents can poten-
tially feature a SCO behavior. The type of the radical 
specifi es the strength and character of exchange interac-
tions. For instance, although the unpaired electrons of the 
metal and the TBN substituent in the electromers of the 
type-II complexes (R = Me, Et, Pri, But) with the 
о-benzoquinone containing tert-butyl nitroxide are sepa-
rated by suffi  ciently long distances (see Fig. 2), the con-
tributions of the iron atom, quinone ring, and TBN to the 
magnetic orbital provide the formation of an exchange 
channel and, therefore, the occurrence of antiferromag-
netic interactions (see Fig. 3). The predicted strong anti-
ferromagnetic coupling (see Table 2) leads to diamagne-
tism of the LS states 9, 11, 13, 15 by analogy with the iron 
bischelate adducts with diiminobenzoquinones studied 
earlier.66 In the type-III compounds (R = Me, Et, Pri, But) 
the orbitals of the iron atom and nitronyl nitroxide do not 
overlap, namely, the nitrogen and oxygen atoms of the NN 
radical do not contribute to the magnetic orbital (see Fig. 3), 
which predictably67 leads to ferromagnetic coupling. The 
LS isomers 17, 19, 21, and 23 are characterized by strong 
exchange, while the HS electromers 18, 20, 22, and 24 
are characterized by moderate ferromagnetic interactions. 
Therefore, electromers of the type-III complexes (R = Me, 
Et, Pri, But) are expected to exhibit the properties of 
paramagnetics and the SCO transitions between them will 
be accompanied by signifi cant changes in the magnetic 
properties. Such systems can fi nd application as building 
blocks for molecular electronics and spintronics devices. 

Summing up, our DFT study of mononuclear iron 
complexes with N,N´-dialkyl-2,11-diaza[3.3]-(2,6)pyr-
idinophanes and о-benzoquinone ligands bearing ТЕМРО, 
tert-butyl nitroxide, and nitronyl nitroxide radicals re-
vealed that the energy diff erence between electromers of 
the compounds under examination depends on the size of 
the alkyl substituent in the tetraazamacrocycle, being 
independent of the presence and type of the radical group. 
The predicted energy characteristics allow one to expect 
the occurrence of thermally initiated SCO at FeIII ions in 
the systems under examination, which will be accompanied 
by changes in the magnetic properties. Based on the results 
of calculations, other expectations are as follows: no 
exchange between paramagnetic centers in the complexes 
with the ТЕМРО radical, strong antiferromagnetic exchange 
interactions in the complexes with tert-butyl nitroxide, 
and ferromagnetic coupling between the spins of the un-
paired electrons in the systems with the nitronyl nitroxide 
substituent. The use of synthetically available structural 
motifs in the calculations of the type-I—III complexes as 

well as the diverse chemistry of stable radicals68—70 off er 
great prospects for the synthesis of novel compounds thus 
engineered.
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