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ABSTRACT The mechanism of the photoinduced low-spin f high-spin spin
crossover is actively being investigated in Fe(II) complexes in solution using
ultrafast spectroscopies. These studies accurately inform on the reaction coordi-
nate of the Fe(II) chromophore upon photoexcitation. However, they leave open
questions regarding the role of the solvent. Here, we report the description from a
fully ab initio molecular dynamics study of the structure of [Fe(bpy)3]

2þ in water
andof the organization of its solvation shell in the low-spin and thehigh-spin states.
In particular, the low-spin f high-spin change of states is shown to be accom-
panied (i) by a 0.191 Å lengthening of the Fe-N bond, in agreement with
experiment, and (ii) by an increased thermal fluctuation of the molecular edifice,
which both result from the weakening of the Fe-N bond. Furthermore, our results
suggest that about twowatermolecules are expelled from the first solvation shell of
[Fe(bpy)3]

2þ, which consists of water molecules intercalated between the bpy
ligands.

SECTION Dynamics, Clusters, Excited States

T he electronic ground state of octahedral d6 iron(II)
complexes is either the low-spin (LS) 1A1g(t2g

6 ) state or
the high-spin (HS) 5T2g(t2g

4 eg
2) state depending on the

strength of the ligand field. Iron(II) complexes with a LS
ground state and a close-lying HS state can exhibit spin
crossover (SCO), namely, the entropy-driven thermal popula-
tion of theHS state.1 Iron(II)-tris(2,20-bipyridine), [Fe(bpy)3]

2þ

(Chart 1), is a LS species. That is, the HS state is too high in
energy to become thermally populated. However, as for Fe(II)
SCO complexes, its HS state can be populated by photoexcita-
tion, and the study of the kinetics of the HS f LS relaxation
allowed the determination of its HS-LS energy difference in
various crystalline environments.2-6

While the HS f LS intersystem crossing (ISC) is well-
understood in terms of a nonadiabatic multiphonon relaxa-
tion process,3 the mechanism of the photoinduced LS f HS
crossover is the subject of current research. This mechanism
was recently studied in Fe(II) SCO complexes in solution by
the groups of McCusker and McGarvey using ultrafast time-
resolved optical and vibrational spectroscopies.7-12 It was
similarly investigated in [Fe(bpy)3]

2þ in aqueous solution by
Chergui and co-workers, who also used ultrafast X-ray absorp-
tion spectroscopy to follow the structural changes under-
gone by the complex.13-17 The emerging consensus is that,
upon photoexcitation into the singlet metal-to-ligand charge-
transfer (1MLCT) manifold, a hot HS state is formed on a
subpicosecond time scale and that vibrational cooling in the
HS state occurs on a time scale of a few to one or several tens
of picoseconds depending on the complex. The formation of

the hotHS state involves a first ISC step to the 3MLCTmanifold
followed by a second step taking themolecule to the HS state.
These studies accurately inform on the reaction coordinate of
the Fe(II) chromophore upon photoexcitation.21 However,
they leave open the questions regarding the influence of the
solvent on the early evolution of the complex, the involve-
ment of the solvent in the dissipation of the excess energy,
and the response of the solvation shell to the perturbation.
Addressing these questions is, from both theoretical and
experimental points of view, a challenging task to which we
aim to contribute. Here, we report the description from a fully

Chart 1. Drawing of [Fe(bpy)3]
2þ, Labels Used, And Definitions of

the Bite Angle β and Torsion Angle γ
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ab initiomolecular dynamics (AIMD) study of the structure of
[Fe(bpy)3]

2þ in aqueous solution and of the organization of its
solvation shell in the LS and the HS states.

The AIMD simulations were performed at 300 Kwithin the
Car-Parrinello scheme,22 as implemented in the CPMD
code,23,24 using the BLYP functional25,26 (see the Supporting
Information (SI) for the computational details). A large cubic
simulation box of side 21 Å containing 1 [Fe(bpy)3]

2þ com-
plex, 2 Cl- ions, and 298 water molecules was used.27 The
durations of the trajectories recorded in the LS and the HS
state are 24.479 and 3.950 ps, respectively. Figure 1 shows a

snapshot taken at the end of the HS trajectory, wherein the
spin density is displayed. This one is centered on the Fe atom,
and its shape shows that the spin polarization occurs in the
Fe(3d) orbital levels of octahedral t2g and eg parentages, as
expected.

In order to characterize the LS and HS structures of
[Fe(bpy)3]

2þ in solution, the thermal distributions of the
average Fe-N and C2-C2

0 bond lengths and of the average
values of the angles β = —N-Fe-N0 and γ = —N-C2N-
C2
0-N0 have been calculated in both spin states (see Chart 1

for the atom labeling). They are plotted in Figure 2, whose
inspection shows that there is a∼0.2 Å shift of the distribution
of the Fe-N distance toward larger values upon the LS to HS
change of states. The lengthening of the Fe-N bond results
from the promotion of two electrons from the metallic non-
bonding levels of t2g parentage into the antibonding levels of
eg parentage. This weakening of the Fe-N bonds translates
also into a broadening of the distribution, and the long tail of
the HS distribution at large Fe-N distances can be ascribed to
the increased anharmonicity of the Fe-N bond in the HS
state. The distribution of the β angle gets shifted by ∼6�
toward smaller values and broadens. One also notes a slight
shift of the distribution of the C2-C20 distance toward larger
values. The distribution of the γ angle in the LS state is
centered at about 0 and is quite large owing to the fact that
the deformations along this angular coordinate are associated
with floppy modes.4 In passing to the HS state, this distribu-
tion gets slightly shifted toward larger γ values and becomes
even broader.

The thermal distributions could be satisfactorily fitted with
Gaussian distribution functions (Figure 2). Table 1 summari-
zes the averages and standard deviations thus obtained for
the geometric parameters. In the two spin states, and except
for the angle γ, the average values derived from the AIMD

Figure 1. Snapshot from theHS trajectory showing [Fe(bpy)2]
2þ, a

Cl- ion, some water molecules with the H-bonding network, and
the spin density.

Figure 2. Thermal distributions in the LS andHS spin states of selected structural parameters of [Fe(bpy)3]
2þ (solid lines). The fits of the data

assuming Gaussian distributions are also shown (dashed lines).
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simulations for the selected geometric parameters are close to
their values in the optimized geometries of [Fe(bpy)3]

2þ and,
in the LS state, to those found in the crystal structure of the
complex (Table 1). Given that the deformations along γ are
associated with floppy modes, the noticeable differences be-
tween its values in Table 1 reflect the sensitivity of this angular
coordinate to the environment. Hence, apart from small differ-
ences, which can be ascribed to environmental effects, the
room-temperature (RT) solution structure of [Fe(bpy)3]

2þ is
similar in either spin state to its gas-phase geometry and, in
the LS state, to its crystal structure. Thus,whatever themedium,
the bpy ligand is nonplanar because of the steric repulsion
between the adjacent H3 and H3

0 atoms, and its geometry
similarly evolves upon SCO (Table 1) so as to keep the Fe-bpy
bonding optimal despite the lengthening of the Fe-N bond.

The Fe-Nbond lengths of 1.982 and 2.173 Å predicted for
the LS and HS aqueous structures agree very well with the
experimental values obtained from the analysis of the LS
static and HS transient EXAFS spectra of [Fe(bpy)3]

2þ in
water;16 the differences are indeed within the experimental
uncertainty of ∼0.01 Å, thus attesting for the high accuracy
achieved for the description of the LS and HS geometries of
[Fe(bpy)3]

2þ in water. The standard deviations of the distribu-
tions increase upon SCO; this reflects the increased thermal
fluctuations of the ligands.

The LS and HS average structures of aqueous [Fe(bpy)3]
2þ

have been calculated, and the root-mean-square fluctuations

of the atomic positions about their average values have been
calculated as well. Figure 3 gives views of the average
structures showing 50%probability ellipsoids associatedwith
the thermal fluctuations of the atoms. Its inspection shows
that in both spin states, the volumes of the ellipsoids, and
hence the atomic disorders, increase uponmoving away from
the iron center, that is, the thermal fluctuations of the atoms
logically increase with their exposure to the solvent. One also
notes that the atomic displacements increase upon going
from the LS to the HS state, which is a consequence of the
weakening of the Fe-N bond. Finally, the superimposition of
the LS and HS average structures (Figure 3) illustrates the
previously discussed SCO-induced coordination geometry
changes.

The RTaqueous structure of the d6 [Ru(bpy)3]
2þ complex

has recentlybeendeterminedbyR€othlisbergerandco-workers
from a combined QM/MM and classical MD study at RT.29

A Ru-Nbond length of 2.077Åwas obtained from their 2.9 ps
QM/MM simulation. This bond length is intermediate between
those found in the LS and HS structures of [Fe(bpy)3]

2þ.
It also leads to an arrangement of the ligands characterized
by r(C2-C20 )=1.468 Å, β = 78.4�, and γ=1.5�, which
is thus intermediate between the arrangements found in the
LS and HS solution structures of [Fe(bpy)3]

2þ. Still, the stan-
dard deviations associated with the thermal distributions of
these parameters in aqueous [Ru(bpy)3]

2þ (Ru-N: 0.046 Å;
C2-C2

0 : 0.021 Å; β: 1.6�; γ: 6.2�)29 are smaller than those
found for aqueous [Fe(bpy)3]

2þ. Given that the Ru-bpy bond
is stronger than the Fe-bpy bond, these results suggest that,
while the arrangement of the bpy ligands in a [M(bpy)3]

2þ

complex is determined by the M-N equilibrium distance,
their thermal fluctuation is ruled by the strength of the
M-N bond.

For characterizing the organization of the solvent around
[Fe(bpy)3]

2þ in the LS and HS states, we have calculated for
both spin states the radial distribution functions (RDFs) g(r) of
the water oxygen (O) and hydrogen (Hw) atoms with respect
to the Fe atom. Theyareplotted inFigure 4with theassociated
running coordination number cn(r).30

The LS andHS gFeO(r)RDFs present both a broadpeakwith
a maximum at ∼5.7 Å and a minimum at ∼6.3 Å, which
defines the first solvation shell, and a second broad peak
centered at∼7.6 Å defining the second solvation shell. These
features are shared by the LS and HS gFeHw

(r) RDFs, the first
peak being however less pronounced, especially for the HS
RDF. The RDFs of Figure 4 are actually similar to the gRuO(r)
and gRuHw

(r) RDFs determined for aqueous [Ru(bpy)3]
2þ from

Table 1. Averages (X) and Standard Deviations σ(X) of Selected
Structural Parameters Determined from the AIMD Simulations for
[Fe(bpy)3]

2þ in the LS and HS States along with Optimized and
Available Experimental Values

AIMDa Opt.a,b Cryst.c EXAFSd

X σ (X)

Fe-N (Å) LS 1.982 0.056 1.997 1.967 1.98

HS 2.173 0.079 2.208 2.18

C2-C2
0 (Å) LS 1.466 0.030 1.468 1.471

HS 1.481 0.031 1.486

β (deg) LS 81.5 2.1 81.0 81.8

HS 75.7 2.5 75.0

γ (deg) LS 0.6 7.0 3.0 6.4

HS 4.0 9.2 -0.4
a This work. bOptimized D3 geometries of the isolated complex.

cTaken from the crystal structure of [Fe(bpy)3](PF6)2.
28 dData from the

EXAFS spectroscopy study of aqueous [Fe(bpy)3]
2þ.16

Figure 3. Average structure of aqueous [Fe(bpy)3]
2þ; views of the LS (left) andHS (center) structures showing50%probability ellipsoids and

(right) superimposed LS (light gray) and HS (dark gray) structures.
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a∼1ns classical simulation.29 Hence, the short-range order of
water near a [M(bpy)3]

2þ complex tends tobepreservedupon
transmetalation or a change of spin states.32 In particular, the
first solvation shell of [M(bpy)3]

2þ consists ofwatermolecules
intercalatedbetween the ligands (Figure 5). Fromthe classical
description of aqueous [Ru(bpy)3]

2þ, there are ∼15 such
water molecules. For aqueous [Fe(bpy)3]

2þ, assuming the
same value of∼6.3 Å for the radius of the first solvation shell,
this coordination number33 becomes∼17 and∼15 in the LS
and theHS states, respectively. About twowatermolecules are
thus predicted to be expelled from the first solvation shell of
[Fe(bpy)3]

2þ upon SCO. This can be ascribed to a decrease of
the volume accessible to the solvent in the groove between
the ligands following the decrease of the depth of the groove
upon the lengthening of the Fe-N bond and the increased
thermal fluctuations. Note that a contribution to the changes
in the RDF upon SCO from a slight expansion of the first
solvation shell cannot be excluded.34

Figure 5 shows the plot for the two spin states of the ratio of
the Fe-Hw to Fe-O running coordination number against the
distance r to the Fe atom; η(r) = cnFeHw

(r)/cnFeO(r). The two
curves are similar to the one previously reported for aqueous
[Ru(bpy)3]

2þ.29 Thus, η(r). 2 at very short distances because
the smaller van der Waals radius of the H atom allows
the water H atoms to get closer to the Fe atom than the O
atoms (Figure 4). With increasing r, η(r) falls below 2 because

of the orientation of the O atoms toward the positively
charged Fe2þ ion and then tends toward the bulk value of 2.
Thevalueof the ratio remainshowever greater than1because
the water molecules of the first solvation shell actually form a
linear chain, as shown in Figure 5. Because the cutoff radius at
which the probability of finding a water H atom becomes
nonvanishing increases upon SCO, whereas this radius does
not change for the O atoms (Figure 4); one notes in Figure 5
that the HS η(r) curve has a shallower minimum than the LS
curve and that it is also shifted toward smaller distances. That
is, the reorganization of the solvation shell entailed by SCO
tends to preserve the equilibrium distance between the Fe2þ

cation and the O atoms while reorienting the water H atoms
toward the bulk.

The solvation structure of the Cl- ions has also been
characterized (see SI); it remains unchanged upon the LS to
HS changeof states andagrees verywellwith those previously
reported for aqueous Cl-.35 The analysis of the recorded
trajectories shows that there is actually no pairing between
the [Fe(bpy)3]

2þ cation and the chloride anions, the average
distances between the Fe atom and the Cl atoms being 10.2
and 10.9 Å, respectively (9.9 and 10.9 Å), in the LS (HS) state
with standard deviations of 0.6 Å (0.3 Å).

In summary, we have been able to achieve a unique
description of the structure of [Fe(bpy)3]

2þ and its solvation
shell and of its evolution upon the LS to HS SCO. Using the
results reported herein as reference data, we are directing our
efforts toward settingupa reliableQM/MMframework soas to
investigate the mechanism of the photoinduced SCO.

SUPPORTING INFORMATION AVAILABLE Computational
details; LS and HS Cl-O and Cl-Hw RDFs. The LS and HS average
structures of aqueous [Fe(bpy)3]

2þ are available as PDB files. This
material is available free of charge via the Internet at http://pubs.
acs.org.

Figure 4. LS and HS RDFs g(r) of the water oxygen and hydrogen
atoms with respect to the Fe atom (solid lines, left y-axis) and
running coordination numbers cn(r) (dashed lines, right y-axis).

Figure 5. Plot for the LS and HS states of the ratio of the Fe-Hw to
the Fe-O running coordination number against the distance r to
the Fe atom illustrating the orientation of the water molecules
induced by [Fe(bpy)3]

2þ. Inset: snapshot from the LS trajectory
showing the first solvation shell of the complex (van der Waals
representation of [Fe(bpy)3]

2þ and water molecules with the O
atoms within 6.45 Å of the Fe atoms).
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