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Abstract: Thermal induced spin transitions between low- and high-spin states of Fe(II) com-
plexes are commonly observed in the solid state. Cooperative effects, such as abrupt and two-
step spin crossover, are typical for these objects and arise from intermolecular interactions
described by several formalisms. These phenomena appear as deviations from the linearity
of the respective van’t Hoff plots. In solutions, molecular interactions manifest themselves in
isoequilibrium relationships (IERs) as well as in a few cases of specific deviations of van’t
Hoff plots from linearity. The nature of these phenomena will be discussed on the basis of a
statistical–thermodynamic model of spin crossover.
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INTRODUCTION

The equilibrium between high-spin (HS) and low-spin (LS) isomers of some transition-metal com-
plexes (spin crossover) has become an object of numerous studies (see reviews [1–5]). Such HS ↔ LS
transitions are accompanied by sharp changes in volume, magnetic, and optical properties, providing
for an easy detection and possible exploitation. From the solution chemistry point of view, spin
crossover is a rare example of chemical equilibrium in the solid state that does not cause structural
phase transition in a wide range of temperatures and compositions. It can be employed as a versatile test
system for theoretical descriptions of chemical reactions in the condensed state.

Spin-crossover compounds are mainly complexes of Fe(II) and to a lesser extent of Fe(III), for-
mally corresponding to the crystal field intermediate between weak and strong. When the crystal field
approaches the break point in the Tanabe–Sugano diagram (10Dq ≅ Π ≅ 2 × 104 cm–1), one might ex-
pect a situation in which the energy of the HS state equals that of the LS state. However, this degener-
ate state is not realized: it is resolved into a mixture of HS and LS isomers having different patterns of
energy levels, magnetic moments, molecular radii, and vibrational frequencies. Spin crossover can thus
be considered as a special Jahn–Teller effect that removes degeneracy by uniformly changing metal-to-
ligand (M–L) bond lengths. The shortening of M–L bonds causes a sharp rise of the strength of the lig-
and field, hence spin-pairing on t2g orbitals and a conversion to the LS state. An elongation of the M–L
bond length decreases the ligand field strength and thus facilitates the HS states in which unpaired elec-
trons on eg* orbitals weaken M–L bonds.

*Paper based on a presentation at the 30th International Conference on Solution Chemistry (ICSC 30), 16–20 July 2007, Perth,
Australia. Other presentations are published in this issue, pp. 1195–1347.
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Temperature dependences of magnetic moments of some complexes show very sharp transitions
within a few kelvins from HS values to LS values (Fig. 1A). Such transitions, termed as abrupt spin
crossover, are often accompanied by a hysteresis up to several tens of kelvins. Van’t Hoff plots of the
abrupt spin crossover show specific deviations from linearity. Spin crossover characterized by linear
van’t Hoff plot is termed as gradual spin crossover and is observed in dilute solutions (liquid and solid)
and in some pure crystalline compounds (Fig. 1B). Some spin-crossover compounds show two-step
transitions such as those shown in Fig. 1C.

The most spectacular effects in spin crossover are observed in the solid state. They belong to
critical phenomena arising from non-ideality of solid solutions of HS species in LS species. The be-
havior of spin-crossover compounds diluted by neutral solvent approaches the gradual type of spin
crossover. The majority of the liquid-state spin-crossover equilibria correspond to linear van’t Hoff
plots simply due to high dilution. On the other hand, systematic studies of spin crossover in solutions
revealed a peculiar intersection of van’t Hoff plots in one point, known as the isoequilibrium relation-
ship (IER). 

IERs have been found to be of high applicability to the investigation of similarities and differ-
ences in the chemical reactivity within series of reactions [9]. They appear as a spectacular intersection
of a series of van’t Hoff plots in one point. A linear correlation (known as the compensation effect) ex-
ists between ∆E° and ∆S° in such reaction series. These phenomena are usually observed in systematic
studies of variations of chemical reactivity. 

The variation of chemical reactivity is often achieved by introducing substituents that change
electronic energy and degeneracy, vibrational frequencies, moments of inertia, molecular mass, and vol-
ume. It is thus impossible to independently vary a single molecular parameter. The variation of a sub-
stituent also changes molecular radius, electric dipole moment, and electronic polarizability, determin-
ing the strength of intermolecular interactions, hence the non-ideality terms of the law of mass action
[9]. In a reaction series, we always have a vector of varied parameters {η1, η2, ... ηn}. In order to get a
rational interpretation of results, one has to minimize (by a careful choice of the mode of modification)
all parametrical sensitivities ∂∆E°/∂ηi and ∂∆S°/∂ηi for all varied molecular parameters but one.

An intersection of several van’t Hoff plots means that the equilibrium constant at a certain tem-
perature is independent of the parameters (ηi), the variation of which brings about the observed changes
in ∆E° and ∆S°: 

(1)
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Fig. 1 Van’t Hoff plots of three main types of spin crossover: abrupt transition in [Fe(phen)2(NCS)2] ([6], A),
gradual transition in [Fe(2-pic)3]Cl2MeOH ([7], B), and two-step transition in [Fe(2-pic)3]Cl2EtOH ([8] C).
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in which Tiso is the isoequilibrium temperature. It is highly improbable that a random variation of sev-
eral independent parameters ηi in a reaction series results in the same Tiso. If only one parameter (ηk)
is varied in a reaction series, i.e., if all parametrical sensitivities but one are minimized, then the con-
dition 1 is transformed into

(2)

or

(3)

which leads to a linear relationship between ∆S° and ∆E°, provided that none of the partial derivatives
in eq. 2 is zero. This means that the varying parameter must contribute to both the standard energy and
the standard entropy of reaction. The isoequilibrium (isokinetic) temperature is then the ratio of the
parametric sensitivities of ∆E° and ∆S°:

(4)

The isoequilibrium temperature is thus informative with respect to the relationships controlling
∆S° and ∆E°. The variation of solvent affects chemical reactivity via the solvation of reactants, thus di-
rectly introducing molecular interactions. In fact, isoequilibrium behavior is typical for condensed-
phase reactions that indicate the importance of molecular interactions for this phenomenon. In a rigor-
ous approach, one has to employ a formalism that directly takes into account molecular interactions. 

ISOEQUILIBRIUM RELATIONSHIPS IN SPIN CROSSOVER

The variety of spin-crossover behavior both in solid and liquid states has been explained on the basis of
several theoretical models [10–18]. A rigorous molecular approach to this problem has been maintained
in the statistical–thermodynamic model [14–18] that takes into account binary and ternary molecular
interactions as well as the phenomenon of ordering. This model introduces molecular interactions as ef-
fects of two nearest neighbors on the partition function of central molecule. Depending on the nature of
surroundings the state of a molecule A (LS) in the mixture of molecules A (LS) and B (HS) can be char-
acterized by the free energies FAAA, FBAA, and FBAB. The same is true for central molecules B.
Molecular interactions thus split free energy levels of molecules into triplets (Fig. 2). Molecules are
considered as pseudo-independent: the probability of finding a given molecule in a given center equals
its mole fraction, the entropy of mixing is calculated according to the formulae of ideal crystal and mo-
tions along coordinates are uncorrelated. Under these conditions, one may sum over coordinates and
molecules obtaining the free energy of the equilibrium mixture of molecules A and B as [14,15]:

(5)

Main splittings DA and DB characterize the effects of complete change of molecular surroundings
from homo-molecular to hetero-molecular. The sum of main splittings is the excess free energy, also
termed cooperativity, reflecting the balance of homo- and hetero-molecular interactions:

(6)
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Parameters ∆A and ∆B are absolute asymmetries of splittings (Fig. 2). According to eq. 5, the
main splittings reflect the effects of binary interactions: xAxB(DA + DB), whereas asymmetries charac-
terize ternary interactions: xAxB xA∆A + xAxB xB∆B.

From conditions of the minimum of free energy dF = 0 the law of mass action for spin crossover
has been derived as [9]

(7)

in which ∆F0 = FBBB – FAAA = ∆E° – T∆S° is the standard free energy of spin crossover in the state of
pure compounds. Assuming ∆A = ∆B = 0 and neglecting the excess entropy, eq. 7 is reduced to that of
the model of regular solution [11]

(8)

The abrupt spin crossover according to this model originates from the separation of a system into
HS- and LS-rich phases due to large positive ∆Eex reflecting strong homo-molecular (HS–HS and
LS–LS) compared to hetero-molecular (HS–LS) interactions. The two-step spin crossover requires
more complicated formulae [9,14,18] in which free energy becomes dependent on two variables: com-
position and the degree of order. It emerges as a result of strong hetero-molecular interactions assisted
by ternary interactions and leading to the formation of ordered structures with alternating HS and LS
species. The plateau in the transition curve is connected with a peak of the degree of order.

Equation 8 predicts the intersection of transition curves when the excess energy is varied at con-
stant ∆E° and ∆S° (Fig. 3A). Isoequilibrium temperature in such reaction series equals the transition
temperature Tiso = T1/2 = ∆E°/∆S°. Taking into account ternary interactions (non-zero ∆A or ∆B in (17))
shifts the position of isoequilibrium point but practically does not change the transition point (Fig. 3B).
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Fig. 2 Diagram of free energy levels taking into account the effects of two nearest neighbors on the partition
function of the central molecule. 
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Solid solutions

Mixtures of HS (A) and LS (B) isomers diluted by solvent (S) have been considered in [5,9]. In the ap-
proximation of binary interactions the law of mass action for such systems can be written as

(9)

in which γ = xA + xB and χA = xA/γ reflects the degree of conversion. The parameter ∆FS = FSBS – FSAS
is the standard free energy of spin crossover in the matrix of solvent molecules.

For solid solutions of spin-crossover compounds in their diamagnetic analogs ∆FS should not dif-
fer significantly from ∆F0 and it can be assumed that ∆FS = α1∆F0, in which α1 is close to 1. The para-
meter ∆FS

AB = FBSB – FASA is the variation of free energy of solvent molecules due to spin-crossover
transition (A → B) in the nearest neighborhood. It is an analog of the excess free energy and it can be
assumed that ∆FS

AB = α2∆Fex. If the solvent molecule resembles the LS isomer then α2 ≅ 1; when it
is similar to HS isomer α2 ≅ –1 [9]. The coefficient α1 approximately equals 1 in both cases. 

Simulations according to eq. 9 with α1 = 1 show (Fig. 4) that at decreasing γ the shape of van’t
Hoff plots approaches the straight line, whereas the IER behavior is controlled by the coefficient α2.
The intersection of van’t Hoff plots in the transition point (χB ≈ 1/2) is possible when α2 = 0, hence
∆FS

AB = 0 (i.e., when the free energy of solvent molecules is unaffected by spin crossover in their near-
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Fig. 3 Spin-crossover transition curves simulated according to eq. 8 for a model system with ∆E° = 10 kJ/mol, T1/2 =
150 K and ∆Eex = 4.0 (1), 2.482 (2), 1.0 (3), and 0 (4) kJ/mol (A). The right-hand graph (B) shows transition curves
simulated according to eq. 7 for a model system with ∆E° = 10 kJ/mol T1/2 = 240 K; ∆Eex = 3.76 kJ/mol ∆B = 0 and
varying ∆A = –1.128 (1); –0.376 (2) +0.376 (3) and +1.128 kJ/mol.
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Fig. 4 Series of van’t Hoff plots suggestive of isoequilibrium behavior in a model system characterized by: ∆E =
6.27 kJ/mol, ∆S = 29.26 J/mol/K, ∆Eex = 2.09 kJ/mol, ∆Sex = 0. Plots in each series correspond to γ = 1, 0.8, 0.6,
0.4, 0.2, and 0.1.



est neighborhood). For normal molecules, it is hardly to be expected, however, for vacancies (defects)
in a crystal lattice this might be the case, explaining IER in pure crystalline compounds [19].

For α2 ≠ 0 at α1 = 1, the isoequilibrium degree of conversion is either very small (α2 = 1,
χBiso → 0) or very large (α2 = –1, χBiso → 1). However, the combination α1 = 1, α2 = ±0.7 yields inter-
section points in measurable range (“whisk broom” patterns of van’t Hoff plots in Fig. 4). Experimental
data on spin crossover in [FeyZn1–y(ptz)6](BF4)2 [20] apparently belong to the latter type (Fig. 5).
Parameters of eq. 9 estimated from these data by nonlinear regression are shown in Table 1. Coefficient
α2 is negative, indicating as it does the similarity of Zn complex and HS state of Fe(II) complex.

Table 1 Estimates of parameters of eq. 9 obtained by nonlinear regression of experimental data on spin crossover
in [FeyZn1–y(ptz)6](BF4)2 [20]. Regression error (with respect to χA) is ±0.017.

∆E ∆S ∆Eex ∆Sex α1 α2 χBiso Tiso
kJ/mol J/mol/K kJ/mol J/mol/K K

7.49 ± 0.012 59.8 ± 0.08 1.98 ± 0.025 0. 0.88 ± 0.02 –0.91 ± 0.02 0.92 146

Liquid solutions 

Liquid solutions of spin-crossover compounds are extremely diluted (due to poor solubility γ << 1),
therefore, the excess free energy does not change the shape of transition curve. The observed variations
in experimental ∆F0 originate from variations of ∆F(γ → 0) = ∆FS + ∆FS

AB. Modification of solvent
causes an IER of pronounced nature in solutions of Ni(II) aminotroponeiminates [21]. Chemical shifts
and magnetic moments of these complexes vary with temperature in exceptionally wide ranges, indi-
cating a paramagnetic–diamagnetic equilibrium. These complexes are diamagnetic in the square-planar
and paramagnetic in octahedral and tetrahedral configurations. Octahedral configuration can be
achieved via self-association or via coordination of solvent molecules. In the present case, the inde-
pendence of the magnetic moment of concentration and the apparent absence of any correlation of mag-
netic properties with the donor properties of solvent, as well as the large positive standard entropy of
reaction exclude the last two mechanisms. The equilibrium paramagnetic–diamagnetic in solutions of
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Fig. 5 Theoretical van’t Hoff plots based on eq. 9 with parameters shown in Table 1 describing experimental data
on spin crossover in [FeyZn1–y(ptz)6](BF4)2 [20]: y = 1 (1), 0.87 (2), 0.3 (3), 0.1 (4), and 0.005 (5). 



Ni(II) aminetroponeiminates is thus connected with the conformational equilibrium between square-
planar-and tetrahedral forms.

A systematic study of the solvent effect on the paramagnetic–diamagnetic equilibrium in solu-
tions of Ni(II) bis-p-tolyl-aminetroponiminate has revealed a linear correlation between enthalpy and
entropy of this reaction (Fig. 6). The slope of this compensation plot corresponds to the isoequilibrium
temperature Tiso = 478 K. This isoequilibrium behavior can be explained by different solvation of para-
magnetic and diamagnetic forms. No inner-sphere solvation occurs in the considered series of com-
plexes, therefore, the observed variations of ∆H° and ∆S° are due to the variations in the number (m)
and frequencies (θ) of vibrations connected with intermolecular interactions. 

Addition of solute creates a hole in the structure of solvent, intermolecular bonds are destroyed
but new solute–solvent interactions come to existence (Fig. 7). As a first approximation it can be as-
sumed that solvent vibrational frequencies are independent of the state of Ni complex, whereas the
number of vibrational modes (m) decreases with increasing molecular volume (nm) of solvent, however,
differently for tetrahedral (B) and square-planar (A) forms: 

mA = mA0 – kA νm; mB = mB0 – kB νm (10) 

According to the formalism of statistical thermodynamics [9], the variation of equilibrium para-
meters due to the variation of solvent under these conditions can be written as

(11)

(12)

in which ∆S°intra and ∆E°intra are controlled by intramolecular properties of Ni(II) complex, εS reflects
the contribution from solvent–solute interactions and mA, mB are given by eq. 10. Computations ac-
cording to eqs. 11 and 12 show that reasonable variations of mA, mB (kA, kB < 0.1 cm–3) yield signifi-
cant and concerted variations of ∆E° and ∆S°. The slope of the compensation plot is mainly controlled
by vibrational frequency θ.
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Fig. 6 Correlation of standard entropy and enthalpy of the equilibrium between paramagnetic and diamagnetic
forms of bis-p-tolyl-aminetroponeiminate Ni(II) in different solvents approximated by the model of nonspecific
solvation (parameters are given in Table 2).
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The correlation presented in Fig. 6 can be approximated by this model with parameters shown in
Table 2. Under the condition εS = 0, the required frequency (θ = 298 K) is too high for intermolecular
vibrations. More reasonable value θ = 50 K, can be obtained assuming εsolv = +7.2 kJ/mol, indicating
the repulsive character of solute–solvent interactions.

Table 2 Parameters of the model of nonspecific solvation approximating the
compensation plot of the paramagnetic–diamagnetic equilibrium in solutions of Ni(II)
bis-p-tolyl-aminotroponeiminate (at T = 300 K).

εS θ K kA kB mA mB ∆S°intra ∆E°intra
kJ/mol J/(mol K) kJ/mol

0 298 0.1 0.052 17 13 41.5 12
7.17 50 0.1 0.086 17 15 58.3 20

A similar model can be applied to explain isoequilibrium behavior in a series of solutions of
[Fe(bzmpy)2](ClO4)2 in different solvents [22]. Although the intersection of van’t Hoff plots is rather
poor (Fig. 8a), the compensation plot is a straight line with isoequilibrium temperature 275 K. A theo-
retical description of this compensation plot can be obtained with parameters shown in Table 3.
Similarly to the case of Ni(II) complex, two equivalent descriptions can be given, one neglecting
solute–solvent interactions and another taking it into account (Table 3). Parameters thus obtained are
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Fig. 7 Solvation in cases of repulsive (A) and attractive (B) solvent–solute interactions. 

Fig. 8 van’t Hoff plots of spin crossover in solutions of [Fe(bzmpy)2](ClO4)2 ([22], A) and corresponding
compensation plot (B).



close to those characterizing the compensation plot of paramagnetic–diamagnetic equilibrium of Ni(II)
complex above. 

Table 3 Parameters of the model of nonspecific solvation approximating the
compensation plot of spin-crossover equilibria in solutions of [Fe(bzimpy)2](ClO4)2.

εS θ K kA kB mA mB ∆S°intra ∆E°intra
kJ/mol J/(mol K) kJ/mol

0 184.5 0.1 0.059 17 15 70 22.5
3.1 49 0.1 0.082 17 15 91 28.2

This shows that the compensation plot reveals most general features of solvent effects, whereas
the analysis of the intersection points gives information on details.

Spin crossover in solutions of {Fe[(py)imH]3}(BPh4)2 and {Fe[(py)bzimH]3}(BPh4)2 ([23],
Fig. 9) in two different solvents (CH3CN/CH3OH 1:4 and acetone) shows isoequilibrium behavior due
to modifications of reactants and solvent with apparently one isoequilibrium temperature (137 K). In
this case, the increasing volume of solvent molecules (MeOH/AN → acetone) causes a decrease in ∆S°,
that can only be simulated when kA < kB, i.e., when solvent effect on the number of vibrational modes
is more pronounced in solvation shells of HS species. Although the number of vibrational degrees of
freedom in {Fe[(py)bzimH]3} is larger, the measured standard entropies are smaller than in
{Fe[(py)imH]3}. Apparently, the modification of ligand strongly affects the vibrational contribution to-
ward entropy as well as changes the electronic energies leading to variations of ∆S°intra and ∆E°intra
(Table 4). By coincidence, the modifications of ligands and solvent yield IERs with the same Tiso.
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Fig. 9 IER in spin crossover observed [23] in solutions of {Fe[(py)imH]3}(BPh4)2 (1, 2) and
{Fe[(py)bzimH]3}(BPh4)2 (3, 4). Filled symbols correspond to solutions in CH3CN/CH3OH 1:4; open symbols -
to solutions in acetone. The right-hand graph shows compensation plots for these two complexes approximated by
eqs. 11 and 12. Parameters are given in Table 4.



Table 4 Parameters of the model of nonspecific solvation approximating the compensation plot of spin-crossover
equilibria in solutions of {Fe[(py)imH]3}(BPh4)2 and {Fe[(py)bzimH]3}(BPh4)2. 

εS θ K kA kB mA mB ∆S°intra ∆E°intra
kJ/mol J/(mol K) kJ/mol

{Fe[(py)imH]3}(BPh4)2 0 73 0.1 0.131 16 17 96 22.1
{Fe[(py)bzimH]3}(BPh4)2 0 73 0.1 0.123 16 17 58 16.9

COOPERATIVITY IN SOLUTIONS

The most exciting example of cooperative effects observed in solutions is the behavior of hemoglobin.
The hysteresis in O2 binding/release arising from hem–hem interactions within the hemoglobin mole-
cule containing 4 hem units, allows the transportation of O2 from highly oxygenated lungs to tissues
with low oxygen content. In contrast, the mioglobin molecule containing one hem unit and showing no
cooperativity, is only used for O2 storage. To our knowledge, no polynuclear spin-crossover compound
showing cooperativity in solutions has yet been reported. 

However, there are cases of significant deviations of van’t Hoff plots from linearity as in spin
crossover of [Fe(H2bzimpy)2](ClO4)2 [H2bzimpy = 2,6-bis(benzimidazol-2-yl)pyridine] in liquid solu-
tions [24–27]. Three-dentate ligand H2bzimpy exhibits weak acidic properties due to NH protons that
can be abstracted from molecule by strong bases such as NEt3. The complex [Fe(bzimpy)2]2+ forms
(when titrated with NEt3) neutral species [Fe(bzimpyH–1)2] that can be isolated as a solid [25]. Van’t
Hoff plots of spin crossover in solutions of [Fe(H2bzimpy)2](ClO4)2 become nonlinear (Fig. 10) with
increasing pH. The curvature of van’t Hoff plots in this case is connected with interplay of spin-
crossover and protonation–deprotonation equilibria:

(13)

Experimental data [25–27] show (Fig. 10B) that in the high-temperature region magnetic moment
approaches smaller value in solutions with higher pH. Magnetic moment of HS deprotonated complexes
is thus smaller than that of HS ionic [Fe(H2bzimpy)2]2+ species. Indeed, the orbital contribution toward
magnetism in the deprotonated complexes can be cancelled by the lower symmetry of charge distribu-
tion. Taking into account equilibria 13, the observed magnetic moment can be written as

(14)
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Approximating experimental data [26] for pH = 2.35, 7.48, and 8.9 by eq. 14 yields parameters
shown in Table 5. Enthalpy of spin crossover in deprotonated species is significantly higher than in
ionic, not unexpectedly considering the changes in the nature of the first coordination shell of a com-
plex. It must be mentioned that the shape of both experimental and theoretical van’t Hoff plots depends
on the choice of the value of the formal magnetic moment of HS state. Therefore, this value cannot be
considered as adjustable parameter. In fact, the larger this parameter is the better the coincidence be-
tween theoretical and experimental plots. The used value 5.5 µB arise from the best fit of transition
curves (eq. 14) that do not involve the calculation of xHS.

Table 5 Parameters of the equilibria 13 and eq. 14 describing temperature dependence of magnetic moments in
the [Fe(bzimpy)2]2+ solutions with different pH.

∆Hsc1 Tsc1 K ∆Hsc2 Tsc2 K ∆Ha ∆Sa/R µLS µHS1 µHS2 µHSeff
kJ/mol kJ/mol kJ/mol J/(mol K) µB µB µB µB

27.99 250. 45.17 268.7 6.13 –261.35 0.00 5.51 4.94 5.50

One might conclude that the observed curvature of van’t Hoff plot is rather an artifact than a phe-
nomenon connected with cooperativity. However, the system of spin crossover and protonation equi-
libria 13 does predict nonlinear van’t Hoff plots similarly to the quasi-chemical model, predicting an-
other critical phenomenon—the two-step spin crossover [17]. In both cases, the interaction between the
species in equilibrium is achieved via a chemical reaction that represents the case of strong correlations,
whereas the regular solution theory assumes these correlations to be weak so that molecules can be con-
sidered as pseudo-independent.

Cooperativity in solutions thus originates from specific intramolecular (as in the case of hemo-
glogin) or intermolecular (as in the case of protonation equilibria) that are independent of the high di-
lution typical for such systems. Nonspecific interactions are effectively shielded by solvent molecules
in dilute solutions, although at high concentrations or in a pure (hypothetical) liquid spin-crossover
compound cooperativity effects may be expected [28]. The well-known phase separation at the critical
temperature of miscibility, such as observed in mixtures of propylene carbonate and water, is an exam-
ple of cooperativity in liquids. Solid-state cooperativity is distinguished by additional effects arising
from the phenomenon of ordering (see, e.g., in [9]).
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Fig. 10 Van’t Hoff plots (A) and transition curves (B) for spin crossover of [Fe(bzimpy)2](ClO4)2 in MeOH
solutions at different pH (1: pH = 2.35; 2: pH = 7.48; and 3: pH = 8.89).
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