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Abstract—Dimethyl sulfoxide (DMSO) solutions of [FeL2](ReO4)2⋅1.5H2O (1), the iron(II) perrhenate
complex with 2,6-bis(benzimidazol-2-yl)pyridine (L), are characterized by physicochemical methods,
namely, by static magnetic susceptibility measurements, conductometry, and UV–Vis spectrophotometry. As
found previously, complex 1 exhibits a sharp high-temperature spin crossover (SCO): 1А1 ↔ 5Т2. The tem-
perature-dependent μeff(Т) study of complex 1 in DMSO showed that the SCO also manifests itself in solu-
tion. The 298 K electrical conductivity of DMSO solutions implies that complex 1 is almost completely dis-
sociated in the range of concentrations studied from 3.6 × 10–6 to 9.12 × 10–4 mol/L. An absorption peak is
found in the UV region of the spectrum, which is almost independent of temperature. In the visible region,
two combined absorption peaks are observed at 520–560 nm, responsible for FeL2+ and  complex for-
mation and varying with temperature and L concentration.
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INTRODUCTION

Spin crossover (SCO) [1, 2] is a phenomenon that
invariably attracts attention and has been the subject
matter of numerous studies [3–16]. A reversible
change in the spin multiplicity of the central atom (low
spin (LS) ↔ high spin (HS)) can be observed in tran-
sition-metal complexes with the 3d4–3d7 electronic
configuration, having an octahedral or pseudo-octa-
hedral geometry of the coordination polyhedron. Spin
crossover manifests itself under the influence of exter-
nal conditions: temperature, pressure, exposure to the
light of a certain wavelength, external electric or mag-
netic field, and other factors. Compounds that exist in
two spin states each with a sufficiently long lifetime
can be used to develop molecular electronics devices,
in particular for creating displays, memory systems,
and in other areas. The brightest manifestations of
SCO are in iron(II) complexes with polynitro hetero-
cyclic ligands. These compounds are of particular
interest due to the thermochromism accompanying
SCO: 1А1 (S = 0, LS) ↔ 5Т2 (S = 2; HS) in them. This
significantly expands the application range of these
complexes, for example, in MRI as contrast agents [6].
Recently, much attention has been paid to the search
for compounds exhibiting bifunctional properties.
[17–22].

Complexes exhibiting SCO in the solid state are
studied by static magnetic susceptibility, Mössbauer
spectroscopy, and by other methods. Sufficient atten-
tion is also paid to the characterization of complexes
that exhibit SCO in solutions [23–28]. Toftlund [28]
made a great contribution to the progress in relevant
research. The nature of SCO in the solid phase of
complexes depends on many factors, including sample
preparation. A simpler situation can be expected in
solutions, for there are no “lattice effects” as in the
solid state.

The Novosibirsk research team has been engaged
for a number of years in the design, synthesis, and
characterization of iron(II) complexes with a number
of polynitro heterocycles, in particular with derivatives
of 1,2,4-triazole [29], tris(pyrazol-1-yl)methane [11],
and 2,6-bis(1H-imidazol-2-yl)pyridine [12]. Most of
these compounds exhibit sharp SCO with a hysteresis
on μeff(Т) curves. The results of studying solutions of
iron(II) complexes with 4-amino-1,2,4-triazole and
tris(pyrazol-1-yl)methane were published previously
[30, 31].

The goal of this work was to study the SCO in an
iron(II) perrhenate complex with 2,6-bis(benzimid-
azol-2-yl)pyridine (L) in dimethyl sulfoxide (DMSO)
solution. The investigation tools used were static mag-
netic susceptibility measurements, conductometry,
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and UV–Vis spectrophotometry. The solid complex
[FeL2](ReO4)2⋅1.5H2O has a sharp SCO with a hyster-
esis [32].

Scheme 1. 2,6-Bis(benzimidazol-2-yl)pyridine (L).

EXPERIMENTAL
The chemicals used in the work were FeSO4⋅7H2O

(Acros Organics), NaReO4 (Alfa Aesar), ascorbic acid
(“med.” grade), 2,6-bis(imidazol-2-yl)pyridine (L,
Sigma-Aldrich), and DMSO (specialty grade). All
chemicals were used as received.

The [FeL2](ReO4)2⋅1.5H2O (1) was prepared as
described elsewhere [32]. The characterization
showed that compound 1 has a distorted octahedral
geometry of the coordination polyhedron. Two
2,6-bis(benzimidazol-2-yl)pyridine molecules are
coordinated to an iron(II) ion in the tridentate-cyclic
mode via two nitrogen atoms of imidazole rings and
the pyridine nitrogen atom to form the FeN6 coordi-
nation core. For testing the methodology and compar-
ing the results, the salt Fe(ReO4)2 (2) was first pre-
pared, by dissolving a weight of FeSO4⋅7H2O in water
acidified with ascorbic acid, adding a one-and-a-half
excess of NaReO4, and then partially concentrating
the resulting solution by incomplete evaporation. The
Fe(ReO4)2 precipitated in about one day after the
components were mixed.

The solvent used was DMSO, which was prelimi-
nary purged with argon to remove trace oxygen in
order to prevent iron(II) oxidation.

The static magnetic susceptibility of samples was
measured by the Faraday method in the range 80–420 K.
Temperature stabilization of the sample with an accu-
racy of 1 K during measurement was carried out using
a DTB9696 (DeltaElectronics) PID controller. The
heating and cooling rates were ca. 2–3 K/min. The
external magnetic field strength of 7.3 kOe was main-
tained during the studies with a stabilization accuracy
of ca. 1%. When the dehydrated complex was studied,
the sample was placed in an open quartz ampoule, and
the measurement cell of the setup was evacuated to a
residual pressure of 10–2 mmHg; then an inert helium
atmosphere was created at a pressure of 5 mm Hg.
When the intact complex or its 0.0025 M solution in
DMSO was studied, the test samples were sealed with
atmospheric air in quartz ampoules. The magnetic
susceptibility of the complex in solution was calculated
as the difference between the magnetic susceptibilities
of the solution and DMSO. The effective magnetic
moment was calculated as μeff = (8χ T)1/2, where χ
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is the molar magnetic susceptibility corrected for the
diamagnetic contribution using Pascal’s scheme. The
temperatures of the direct (Тс↑) and reverse (Тс↓)
transitions in the complex were determined based on
the condition d2μeff/dT 2 = 0.

The DMSO solutions of the
[Fe(L)2](ReO4)2·1.5H2O and Fe(ReO4)2 test com-
pounds were prepared in a box filled with argon. The
DMSO was also purged with argon before it was used
to prepare solutions in order to remove oxygen. The
solutions were prepared by dissolving weights of com-
pounds 1 and 2 in the set volumes of the solvent.

The electrical conductivity of solutions was mea-
sured on a Radelkis OK-102/1 conduction meter. The
measurements were carried out at concentrations in
the range from 1.23 × 10–5 to 9.12 × 10–4 mol/L for
complex 1 and 7.97 × 10–6 to 0.0020 mol/L for
Fe(ReO4)2. The upper concentration bounds roughly
correspond to the solubilities of the test compounds in
DMSO. Electrical conductivity values were converted
to specific electrical conductivities (æ) using a cell
constant, which was determined from measurements
in KCl aqueous solutions of known concentration (æ =
0.001413 S/cm for 0.0100 mol/L at 25°С).

Absorption spectra were measured on a Genesis-6
spectrophotometer in tightly closed cells with l = 0.10,
0.5, and 1 cm in the wavelength range 300–800 nm.
A temperature-controlled unit connected to an exter-
nal water thermostat was used to change the cell tem-
perature.

RESULTS AND DISCUSSION
Static Magnetic Susceptibility

Figure 1 illustrates the results of magnetic suscepti-
bility measurements of intact complex 1, its dehy-
drated analogue, and its DMSO solution. Complex 1
exhibits SCO both in the intact and dehydrated (1а)
solid states and in the DMSO solution (1s). The direct
and reverse transition temperatures are listed in Table 1.
The first thing to be mentioned here is the change in
effective magnetic moment and the maintenance of
the hysteresis between the direct and reverse transi-
tions after complex 1 is dissolved in DMSO. In the
high-spin state, complex 1s exhibits a higher reachable
value of μeff (4.88 μΒ) than the intact (1, 4.27 μΒ) or dehy-
drated (1а, 4.51 μΒ) complex does. The respective
value is in a better agreement with the theoretical value
(4.9 μΒ) for the Fe2+ ion [33–35] than the values for
intact complex 1 and its dehydrated analogue 1a are.
This fact may indicate that in a solid sample in a high-
spin state, some of the iron ions retain their low-spin
state, while in solutions their fraction is significantly
smaller. In the low-spin state, complex 1s is diamag-
netic, and it exhibits no residual magnetic moment,
which is observed for 1 (0.49 μΒ) and 1а (0.73 μΒ). The
occurrence of a residual magnetic moment in com-
SIAN JOURNAL OF INORGANIC CHEMISTRY  2024
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Fig. 1. Temperature-dependent (a) μeff and (b) d(μeff)
2/dT2 plots for (1) complex 1s, (2) complex 1, and (3) complex 1а (  heat-

ing;  cooling). In the inset, the temperature-dependent magnetic susceptibility is plotted for temperature-dependent μeff in the
case of complex 1s.
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Table 1. Direct (Tc↑) and reverse (Tc↓) transition tempera-
tures for the compounds studied

Compound Tc↑, K Tc↓, K ΔTc, K

1s 360 345 15
1 392 381 11
1а 362 341 21
plexes 1 and 1a may be due to their temperature-inde-
pendent Van Vleck paramagnetism. Thus, we may
conclude that a more complete transition is observed
for complex 1s than for samples 1 and 1а. In terms of
the temperatures of forward and back transitions, the
highest values correspond to intact complex 1. The
dehydration of the intact complex and its dissolution
in DMSO decrease the crossover temperature; the
temperature ranges in which spin crossover occurs for
complexes 1a and 1s overlap. Complex 1s shows the
lowest direct transition temperature, while the reverse
transition temperature in 1а is lower. Noteworthy is
also a significant hysteresis between the direct and
reverse transitions, observed for all the studied com-
pounds both directly in the temperature-dependent
μeff and in its second derivative (Fig. 1). The dehydra-
tion of complex 1 and its dissolution in DMSO are
accompanied with an increase in hysteresis between
the direct and reverse transitions. The greatest hyster-
esis corresponds to complex 1а, while complex 1s
exhibits an intermediate value of hysteresis between
the ΔТs for 1 and 1а.
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Thus, our studies show that complex 1 also exhibits
spin crossover when dissolved in DMSO. Not only
does dissolution changes its effective magnetic
moment, but it also affects the spin-crossover tem-
perature and the hysteresis magnitude.

Conductivity Measurements

This study was arranged to provide a primary char-
acterization of the system. Figure 2 shows the logæ
versus logC plots for DMSO solutions of complex 1
and complex 2 with various concentrations. The plots
24
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Fig. 2. Electrical conductivity (æ) versus concentration for
DMSO solutions at T = 25°C: (1) [FeL2](ReO4)2⋅1.5H2O
and (2) Fe(ReO4)2.
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each have a slight curvature with a mid-section slope
of about 0.979 for 1 and 0.969 for 2.

The conductometric data for 1 can help to estimate
the average equivalent electrical conductivity of the
electrolyte in DMSO, which is (1) = 1000 ×
æ/С = 32.3 (S cm2)/equiv. Referring to an aqueous
solution was carried out using the Walden–Pisar-
zhevsky rule [36]:

(1)

where Λ0 is the maximum equivalent electrical con-
ductivity of complex 1 in water and in DMSO, and η is
the dynamic viscosity of the solvent.

The dynamic viscosities η for DMSO and water at
25°С are 1.967 × 10–3 and 0.896 × 10–3 Pa s, respec-
tively. Referring to an aqueous solution using Eq. (1)
yields  = 71.0 (S cm2)/equiv. For Fe(ReO4)2, the
average value in the range of concentrations studied is

 = 36.3 (S cm2)/equiv. The value obtained when
referred to an aqueous solution by Eq. (1),  =
80.0 (S cm2)/equiv, is far lower than the value calcu-
lated with the  known for Fe2+ and  [37] on
the assumption of complete dissociation:

(1/2Fe2+) + ( ) = 108.4 (S cm2)/equiv.
Therefore, in view of the near-unity slope of the logæ
versus logC plot (Fig. 2), we may conclude that
Fe(ReO4)2 in DMSO is completely dissociated only at
the first step.

Referring the aqueous solution data for  to
DMSO solution gives ( ) = 25.0 (S cm2)/equiv.
Since the total value  (1) = 32.3 (S cm2)/equiv,
the share of the large complex cation [FeL2]2+, which
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has a chelate structure, accounts for (1/2Fe2+) =
7.3 (S cm2)/equiv. Thus, complex 1 exists in DMSO
solutions without outer-sphere  ions. Evidence
for this also comes from the linearity of logæ versus
logC dependence, which should have a slope of 1.0
because of the electrical conductivity of DMSO. Fig-
ure 2 supports this, too. It should be mentioned that
the conductivity measurements were carried out at
25°C for a short time (within 20–30 min). This is
unlikely because of the general slowness of transfor-
mations that  would have largely converted to
FeL2+, although this transformation would not have
greatly affected the results since L has the zero charge.

Spectrophotometric Measurements

The magnetic moment hysteresis (Fig. 1a), i.e., the
discrepancy between the temperature dependences
measured during heating and cooling for complexes in
solution, can only be caused by a lack of equilibrium
between the species due to their slow transformation
into one another. In this case, the concentrations of
the species at the same temperature will not coincide
upon heating and cooling. Two species may be
expected to exist at CL/CFe ≥ 2 in the system under

consideration, namely, FeL2+ and , the more so
as the stability of chelate complexes always decreases
significantly as temperature rises [38]. DMSO mole-
cules also can be ligands, but we do not mention them
as their concentration is high and constant. Conduc-
tometry data imply that ions are almost not asso-
ciated with . There is only one work where FeL2+ +
L =  equilibrium was studied [23]. However,
methanol was chosen as a solvent, which does not
allow us to use these results here. As mentioned above,
the complexation rates in the selected solvent are low
and equilibrium is not achieved, at least at low tem-
peratures. The magnetic measurements imply that

 LS species and  HS species simultane-
ously occur in the solution over a wide range of tem-
peratures (Fig. 1), while usually these species have dif-
ferent stabilities. It is, however, difficult to say exactly
which of the subsystems (LS or HS) is more inert.

When transformations are slow, the absorption
spectra, too, can feature a discrepancy between the
records made upon heating and cooling (a hysteresis),
qualitatively like in magnetic moments. The bands due
to d–d transitions are usually paid much attention in
crossover studies. In the system under consideration,
however, these bands are completely overlapped by the
far stronger charge-transfer bands. The spectrum
shown in Fig. 3 refers to both of the FeL2+ and 
species. It changes significantly in response to chang-
ing temperature. In the exemplary spectrum shown in
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Fig. 3. Spectrum of the DMSO solution containing
[FeL2](ReO4) (3.6 × 10–4 mol/L) and L (1.83 × 10–3 mol/L);
l = 1 cm. Solid lines are heating curves: (1) 25, (2) 35, (3)
45, (4) 55, and (5) 65°С; dashed lines show cooling curves:
(6) 55, (7) 40, and (8) 25°С.
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Fig. 3, the peak intensity is reduced about twofold
upon heating to 65°C (at ca. 1 K/min). The peak posi-
tion changes only insignificantly (<2 nm). Cooling
back to the initial temperatures, however, brings about
both a noticeable evolution of the spectrum and a shift
of the peak from 586 to 572 nm. The peak intensity is
reduced by 16% compared to that before heating. A sim-
ilar picture is observed in other cases: the spectrum after
cooling never coincides with the initial one (recorded
before heating), and it has lower peak intensity.

This trend correlates with the magnetic susceptibil-
ity hysteresis (the inset for 1s in Fig. 1а) in the range of
room temperatures. The LS state of iron ions prevails
in this temperature range; the magnetic susceptibility
is negative (μeff = 0) and continues to decrease. The
curves corresponding to heating and cooling of the
sample begin to coincide in the temperature range less
than 280 K.

In addition to the band shown in Fig. 3, the spec-
trum of the complex features a strong band at 330 nm
with ε = 1.8 × 104, whose characteristics are com-
pletely independent of temperature. Apparently, this is
an intraligand band due to π–π transitions in L.

The  ion does not absorb in the used spectral
range. A strong absorption of DMSO is observed at
λ < 300 nm.

CONCLUSIONS
The iron(II) perrhenate complex with 2,6-bis(benz-

imidazol-2-yl)pyridine (L) of composition
[FeL2](ReO4)2⋅1.5H2O in DMSO has been character-
ized by physicochemical methods, namely, by static
magnetic susceptibility measurements, conductome-
try, and UV–Vis spectrophotometry. The complex

4ReO−
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exhibits sharp spin crossover both in solid (intact and
dehydrated) state and in DMSO solutions. The direct
and reverse spin transition temperatures have been
determined.

The spectra of solutions in the region of charge-
transfer bands also strongly depend on temperature:
the bands have their intensities decreasing upon heat-
ing and increasing upon cooling, but the spectra are
not completely restored after cooling to the initial tem-
perature. The observed discrepancies (hysteresis) are
explained by the processes slowed down upon complex
formation.
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