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Introduction

The phenomenon of temperature-dependent spin crossover
in transition metal complexes, which has been known for more
than 60 years, has been studied with increased intensity in recent
years after it was discovered that the spin state can be switched
by pressure and light irradiation.1 This makes spin-crossover
complexes very promising materials for display and memory
devices. The majority of the spin-crossover complexes that have
been investigated so far are iron(II) complexes which exhibit a
transition from the singlet low-spin state (LS) to the quintet
high-spin state (HS) with increasing temperature. Gradual spin
transition, where the fractionnHS of complexes in the HS state
changes smoothly over a large temperature interval, are observed
in solids and in solutions and can in principle be explained on
a molecular basis. Intermolecular interactions have to be taken
into account in addition in order to understand abrupt spin
transitions, wherenHS drops from 1 to 0 after decreasing the
temperature by only a few degrees.

In a simple model restricted to isolated complexes,2 nHS(T)
can be written as a function of the Gibbs free energyG and
temperatureT:

where∆G ) GHS - GLS is the difference of the free energy
between the HS and the LS state. In this model, the free energy
G(T) ) Eel(0) + Evib(T) - TS(T) depends on the total electronic
energy at zero temperature,Eel(0), which includes the Coulomb
repulsion between nuclei, the vibrational energy at temperature
T, Evib(T), and the product of temperatureT and the entropy
S(T)with respect to the vibrational states and to the substates
of the spin multiplet. The temperature dependence of the total
electronic energy due to the thermal occupation of excited
electronic states is neglected here. The transition temperature
T1/2, defined bynHS(T1/2) ) 1/2 where∆G(T1/2) should vanish,
is then given by the implicit equation

To predictnHS(T) from theory,Eel(0), Evib(T), andS(T) must
be retrieved from electronic structure calculations. The Hartree-
Fock method without configuration interaction turns out to be
inadequate for iron(II) spin-crossover complexes, and a treatment
of electron correlation by multiconfigurational procedures is
computationally prohibitive. Instead, methods based on density
functional theory (DFT) have been proven to give accurate
results for many properties of transition-metal compounds with
moderate computational expenses. For instance, the B3LYP
method3 has been used to calculate the equilibrium geometry
and the normal modes of molecular vibration for the HS and
LS isomers of [Fe(tpa)(NCS)2] (tpa ) tris(2-pyridylmethyl)-
amine).4 While the zero-point vibrational energy and the entropy
of spin-crossover complexes are thus accessible to calculation,
the total energy difference∆Eel, which is more than 5 orders
of magnitude smaller than the absolute energy values, remains
a challenge to quantum chemistry. Only very recently, Chen et
al.5 published total energy differences for [Fe(tpen)](ClO4)2‚2/3
H2O (tpen ) tetrakis(2-pyridylmethyl)ethylenediamine) that
have been obtained with the B3LYP method and the 3-21G basis
set. The results of Chen et al.5 suggest that the spin-transition
is induced by a gradual, temperature-dependent change of the
molecular geometry, which makes the HS state more favorable
at high temperature. However, we doubt that calculations with
the B3LYP method can reproduce the total energy difference
∆Eel(0) with the required accuracy. To corroborate this assump-
tion, we have calculated the energy of the HS and the LS state
of the [Fe(tpen)]2+ complex in vacuo (complex1) using the
X-ray structure6 at T ) 298 K. In addition, a full geometry
optimization has been performed for the LS and the HS state.
To check whether the retrieved results are peculiar to [Fe-
(tpen)]2+, the same procedure has been applied to several other
iron(II) spin-crossover complexes: [Fe(tpa)(NCS)2] (2),7 [Fe-
(bptn)(NCS)2] (bptn ) N,N‘-bis(2-pyridylmethyl)-1,3-propanedi-
amine) (3),8 [Fe(phen)2(NCS)2] (phen) 1,10-phenanthroline)
(4),9 [Fe(phen)2(NCSe)2] (5), [Fe(tpm)2]2+ (tpm ) tris-(1-
pyrazolyl)methane) (6),10 [Fe(bpp)2]2+ (bpp) 2,6-bis(pyrazol-
3-yl)pyridine) (7),11 [Fe(isoxazole)6]2+ (8), and [Fe(tmpm)2]2+

(tmpm ) tris(5-methyl-1-pyrazolyl)methane) (9).12
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nHS(T) ) [1 + exp(∆G/kBT)]-1 (1)

T1/2 ) [∆Eel(0) + ∆Evib(T1/2)]/∆S(T1/2) (2)
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Methods

DFT calculations were performed using the B3LYP method3

implemented in the Gaussian 98 program system.13 For complexes6
and9 additional calculations have been done (i) using Becke’s exchange
functional14 together with the correlation functional of Lee, Yang, and
Parr15 (known as BLYP method) and (ii) using Perdew and Wang’s
exchange functional and their gradient corrected correlation functional16

(PW91 method). Three different basis sets were used: (I) the 3-21G
basis, (II) the 6-311G basis for H, C, and N and the Wachters-Hay
double-ú basis for Fe,17 and (III) the Dunning-Huzinaga all electron
double-ú basis for H, C, and N and the Los Alamos effective core
potential plus double-ú basis set on Fe.18 The total energyEel(0) for
HS and LS states was calculated after full geometry optimization for
the respective spin states. For part of the complexes the vibrational
frequencies were calculated in order to determineEvib(T) and S(T).
Additionally, for complex1 an X-ray structure was used to calculate
Eel(0) for the HS and the LS state.

Results

The total energiesEel(0) for the HS and the LS state of1,
-6790.01292 and-6790.04752 MJ/mol, respectively, which
were calculated with the B3LYP method and the 3-21G basis
set using the X-ray structure (site A) at 298 K given in ref 6,
are essentially in agreement with the calculations of Chen et
al.4 (-6789.98530 and-6790.07065 MJ/mol) forT ) 293 K.
However, the difference between the HS and the LS state,∆Eel

) Eel
HS - Eel

LS, derived from our calculations (34.6 kJ/mol) is
more than two times smaller than their result (85.4 kJ/mol).
Since the applied methods are identical, these differences are
probably due to very small differences in the X-ray structures
given in refs 5 and 6. For the〈S2〉 expectation value of the HS
state we got 6.1176 before annihilation of spin contaminants
and 6.0003 afterward, which is almost identically equal to the
results in ref 5. For the LS state, the calculated〈S2〉 is exactly
0 since we used a spin-restricted single determinantal wave
function. Furthermore, we performed a full geometry optimiza-
tion with B3LYP/3-21G for both isomers of complex1. The
energy of the optimized HS isomer (-6790.168 05 MJ/mol)
turned out to be lower than the energy of the geometry-
optimized LS isomer (-6790.15848 MJ/mol) leading to a
negative energy difference∆Eel(0) of -9.6 kJ/mol. Also, for
most of the other complexes the HS isomers turned out to be
lower in energy than the corresponding LS isomers if the B3LYP
method is used (Table 1). For complexes2 and6, a considerable
influence of the basis set on∆Eel(0) was observed, whereas

∆Evib(T) and∆S(T) seemed to be less dependent on the basis
set. The calculated∆S(T1/2) for complexes4 and 5, 45.5 and
47.2 kJ/mol, were in agreement with experimental values for
the complexes in solution, 48.8 and 51.2 kJ/mol, respectively,19

and comparison of calculated and measured frequencies suggests
that the calculated∆Evib(T) should be qualitatively correct.4,20

For all complexes investigated with the B3LYP method the
calculated total electronic energy difference∆Eel(0) was nega-
tive, which means that these complexes should be in the HS
state even at zero temperature, contrary to experimental evidence
for solid samples. Since several of the complexes under study
exhibit spin transitions in solutions and in solids at similar
temperatures there are no indications that the disagreement
between experiment and theory is due to the neglect of solid-
state effects. Assuming∆Evib(T) and ∆S(T) to be roughly
correct, the deviations of the calculated values for∆G(T1/2) from
zero (Table 1) serve as an estimate for the error of the calculated
total electronic energy difference∆Eel(0).

Discussions

The calculated total energy differences for complexes1 to
9, using optimized geometries, have errors of some 10 kJ/mol
that are of the same order of magnitude as∆Eel(0) itself. Also,
if X-ray structures would be available for both spin states the
calculated total energy differences remain questionable due to
the extreme sensitivity of∆Eel(0) toward small changes in the
X-ray structure, as has been demonstrated here for complex1.
The question remains whether other DFT methods might lead
to better results. A possible approach might be to use nonhybrid
density functional methods, since there are indications that they
give better relative energies of states that differ in spin
multiplicity.21 Calculating ∆Eel(0) for complexes6 and 9
applying the BLYP method with basis set III yielded+85.6
and +43.3 kJ/mol, respectively. Even larger positive energy
differences were obtained with the PW91 method. Different
from the hybrid method B3LYP (see Table 1 for comparison)
the nonhybrid methods BLYP and PW91 correctly predict a
LS ground state at zero temperature for these two complexes.
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Table 1. ExperimentalT1/2 (K), Calculated∆EEl(0), ∆EVib(T1/2), and
∆G(T1/2) (kJ mol-1), and Calculated∆S(T1/2) in (kJ mol-1 K-1),
Using Methods and Basis Sets As Described in Text

compd T1/2
a method basis∆Eel(0) ∆Evib(T1/2) ∆S(T1/2) ∆G(T1/2)

1 365 B3LYP I -9.6
2 105 B3LYP I -16.7 -8.1 0.0371 -28.7

B3LYP II -27.8 -8.8 0.0343 -40.2
3 170 B3LYP I -34.4 -11.6 0.0606 -56.3
4 176 B3LYP I -35.5 -10.5 0.0455 -54.0
5 231 B3LYP I -31.1 -6.9 0.0472 -48.9
6 355 B3LYP II -12.9

B3LYP III 0.6 -4.0 0.0592 -24.4
BLYP III 85.0 -3.6 0.0835 51.8
PW91 III 103.6 -3.2 0.0699 75.6

7 178 B3LYP II -7.3
B3LYP III 9.6 -9.4 0.0466 -8.1

8 95 B3LYP III 7.9 -13.3 0.0642 -11.5
9 200 B3LYP III -23.8 -6.0 0.0555 -40.9

BLYP III 43.3 -5.7 0.0687 23.9
PW91 III 60.4

a Experimental transition temperatures (taken from references given
in the text) may vary considerably for different counterions and crystal
phases.
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Total energy differences as defined in ref 5, using the same
geometry for the HS and the LS state, cannot be used to explain
the nature of the spin transition in complex1. This complex
exhibits a rapid interconversion of spin states with a rate larger
than 107-108 Hz.6 With X-ray diffraction only the weighted
average of the HS and the LS geometries can be measured. To
understand the mechanism of the spin transition the energy for
the HS state has to be calculated with the HS geometry and the
energy of the LS state with the LS geometry. Contrary to the
assumptions made by Chen et al., the geometries of the LS and
HS isomers of complex1 are practically temperature indepen-

dent (except from small anharmonicity effects), and the observed
changes in the X-ray structure are not the cause of the spin
transition but a consequence of the fact that the HS fraction
nHS(T) increases with temperature. The actual cause of the spin
transition in solid samples as well as in solutions is obviously
the difference of entropy between the HS and the LS state.
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