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Crystallographic studies of [Fe(SR)4]2- (R is an alkyl or aryl residue) have shown that the FeIIS4 cores of these
complexes have (pseudo) D2d symmetry. Here we analyze the possibility that these structures result from a Jahn−
Teller (JT) distortion that arises from the e{3z2 − r2, x2 − y2} orbital ground state of FeII in Td symmetry. Special
attention is paid to the influence of the second-nearest neighbors of Fe, which lowers the symmetry and reduces
the full JT effect to a smaller, pseudo JT effect (PJT). To estimate the size of the PJT distortion, we have determined
the vibronic parameters and orbital state energies for a number of [Fe(SR)4]2- models using density functional
theory (DFT). Subsequently, this information is used for evaluating the adiabatic potential surfaces in the space of
the JT-active coordinates of the FeS4 moiety. The surfaces reveal that the JT effect of FeII is completely quenched
by the tetrathiolate coordination.

1. Introduction

The structures of the coordination sites in rubredoxin
(Rd)1-5 and synthetic analogues6-14 have been thoroughly
investigated by crystallography and have recently been

reviewed.15,16The FeS4 cores in both the native systems and
analogues display similar (pseudo)D2d distortions from
tetrahedral (Td) symmetry. One of the mechanisms for
breaking theTd symmetry of the FeIIS4 cores in [FeII(SR)4]n-

complexes is the Jahn-Teller (JT) effect.17 This possibility
is supported by a number of arguments: (1) high-spin FeII

has a JT-active, degenerate orbital ground state, e{3z2 - r2,
x2 - y2}, in Td symmetry; (2) similar distortions of the FeS4

core are found in both proteins and synthetic models, as
anticipated for an intrinsic effect, such as the JT effect; (3)
the JT distortions of the FeIIS4 moiety are predicted to have
the observedD2d symmetry (see below); and (4) the JT
distortions stabilize a 3z2 - r2 ground state, which is
consistent with the sign of the electric field gradient at the
57Fe nucleus deduced from the Mo¨ssbauer data for rubredoxin
and synthetic complexes with (pseudo)D2d molecular sym-
metry.18 However, there is also a number of observations
that call the JT nature of the distortions into question: (1)
D2d distortions of the MS4 cores in tetrathiolato metal
complexes, similar to those of FeIIS4, have also been observed
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for ions with nondegenerate orbital states, e.g., for M)
Mn2+, Fe3+, Zn2+, and Cd2+;10 (2) the FeIIS4 core of
complexes with a 3z2 - r2 ground state is elongated along
the S4 axis and is not compressed,18 as predicted for a JT
effect (see below); and (3) theS4 axis of theD2d symmetry
of the FeIIS4 core coincides with theS4 axis of the overall
[Fe(SR)4]2- structure, which suggests that theD2d distortion
of the FeS4 moiety is not an intrinsic property of the core
unit. Since the molecular symmetry of [Fe(SR)4]2- is lower
thanTd,19 the e{3z2 - r2, x2 - y2} level may already split in
the case that the structure of the FeS4 core hasTd symmetry.
The splitting energy (∆x2-y2) is then induced by the residues
(R) in [Fe(SR)4]2- and is non-JT in nature.20 ∆x2-y2 weakens
the JT effect, which, in the case where there is any distortion
left, is called a pseudo JT (PJT) effect. To evaluate∆x2-y2

and the vibronic parameters, we have adapted the DFT
treatment of the JT effect by Bruyndonckx et al.21 to the
PJT case. Using the obtained values, we have evaluated the
adiabatic potential surfaces for the ground and first excited
state in the space of the JT-active coordinates of the FeS4

unit for vanishing and nonvanishing values for∆x2-y2. It is
found that∆x2-y2 has a profound influence on the shape of
the potential surfaces from which conclusions are drawn
concerning the importance of the PJT effect in tetrathiolato
iron(II) complexes.

2. Methods

Density functional calculations were performed using Becke’s
three parameter hybrid functional (B3LYP) and basis set 6-311G
provided by the Gaussian 98W (release A.9) software package.22,23

The electron distribution was monitored by Mulliken population
analysis. The SCF calculations were terminated upon reaching tight
convergence criteria (10-6 rmsd in the density matrix and 10-8 au
maximum deviation in energy). The calculations were performed
for the models [FeCl4]2-, [Fe(SCN)4]2-, and [Fe(SCH3)4]2-.

3. Results and Discussion

3.1. JT-Active Coordinates. Molecules of the form
[FeIIX4] (Figure 1) are Jahn-Teller active due to vibronic
coupling (eX E) between the 2-fold-degenerate electronic
ground configuration of the 3d6 high-spin metal ion (e
symmetry inTd) and the 2-fold-degenerate vibrations of the

ligands, X (E symmetry inTd). The electronic doublet
consists of the doubly occupied 3z2 - r2 (“z2”) and x2 - y2

components of the d6 electronic state5e, denoted|θ〉 and
|ε〉, respectively. The nature of the JT distortion can be
derived as follows. The positions of the four ligands in [FeX4]
are described by 3× 4 ) 12 spatial coordinates. There are
three coordinates for the gravity center (T2), four Fe-X bond-
length expansions (A1 + T2′), and five coordinates depending
on bond angles (E+ T2′′), where the decompositions given
in parentheses are in terms of irreducible representations of
symmetry groupTd. The matrix elements within the degener-
ate electronic ground state (e inTd) involve bra-ket combina-
tions that transform as eX e ) a1 + a2 + e. Hence, only
distortions of E symmetry are Jahn-Teller active. If we
assume that the gravity center of the ligands coincides with
the iron position and that the four Fe-X distances are equal,
the symmetry adapted coordinates for E{Qθ, Qε} and T2′′-
{Qê, Qη, Qú} can be expressed in terms of combinations of
bond-angle distortions,δij ≡ ∠X iFeXj - δt, as Qθ ) -
(1/2)R0(δ12 + δ34), Qε ) - (1/2)x(1/3)R0(δ13 - δ14 - δ23

+ δ24) and Qê ∼ δ14 - δ23, Qη ∼ δ13 - δ24, Qú ∼ δ12 -
δ34,17 whereδt ) 109.47° is the tetrahedral angle andR0 is
the Fe-X distance in the equilibrium conformation. Since
the sum of the six bond angle changes vanishes,δ12 + δ13

+ δ14 + δ23 + δ24 + δ34 ≈ 0, there is a total of five
independent bond angles, spanning the space E+ T2′′. Then,
assuming thatQê ) Qη ) Qú ) 0, we find the additional
relations δ12 ) δ34 ≡ δ, δ14 ) δ23 ≡ δ1, δ13 ) δ24 ≡
δ2 ) -δ - δ1 (≡ means equal by definition) andQε )
x(1/3)R0(δ1 - δ2). The latter difference can be expressed
asδ1 - δ2 ) -x(8/3)R0R in terms of the tumble angle,R.
The geometrical meaning of bond angleδ and tumble angle
R is shown in Figure 1. The expressions forQθ andQε can
be simplified to

where we have introduced the scaled angleR′ ≡ x(8/3)R
for the sake of conserving the aspect ratio of the potential
surface plots (see below) in passing from normal coordinates
(Qθ, Qε) to angular coordinates (δ, R′). For example, in the
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Figure 1. Tumble angle,R, and bond angle,δ, distort theTd-symmetry
of the FeS4 unit in an [Fe(SR)4] complex and are JT active.δt is the
tetrahedral angle,∼109.5°. Cartesian axes used in the text for defining the
3d orbitals of iron are indicated.

Qθ ) -R0δ

Qε ) -x8
3
R0R ) - R0R′ (1)
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case of the rubredoxins with pseudoD2d-symmetric [Fe(SC)4]2-

moieties, the JT-active angles have the valuesR ≈ 0°
and δ + δt ≡ ∠S(1)FeS(2)≈ ∠S(3)FeS(4)≈ 104°, so
that ∠S(1)FeS(3) ≈ ∠S(1)FeS(4) ≈ ∠S(2)FeS(3) ≈
∠S(2)FeS(4)≈ 112°.

3.2. PJT Model. In a classical treatment of the nuclear
motions, the solutions of the JT problem are functions of
the anglesδ andR′. The energy functions,ε1(δ, R′) for the
ground state andε2(δ, R′) for the excited state, define the
adiabatic potential surfaces, which are obtained by diago-
nalizing the interaction matrix in the electronic space{|θ〉,
|ε〉} at given values forR′ and δ,17,21 shown in eq 2. The
terms in eq 2 have the following meanings.K ) 〈θ|(∂2V/
∂æ2)tet|θ〉 ) 〈ε|(∂2V/∂æ2)tet|ε〉 (æ ) δ or R′) is the force
constant of theTd-symmetry-restoring elastic forces. TheK
terms in eq 2 do not affect the degeneracy of the electronic
states.F ) -〈θ|(∂V/∂δ)tet|θ〉 and G ) 〈θ|(∂2V/∂δ∂R′)tet|ε〉
are the first- and second-order vibronic constants in the
expansion of the adiabatic potential. Parameter∆x2-y2 rep-
resents the difference between the energies for the states|θ〉
and|ε〉 at the origin,δ ) R′ ) 0 and distinguishes the PJT
model (∆x2-y2 * 0) from the JT model (∆x2-y2 ) 0). We note
that eq 2 represents an idealized PJT model; in the general
case, the parameters may depend on the matrix element in
which they occur. These dependencies are discussed in
section 3.4.

3.3. Adiabatic Potential Surface for JT Case.The
adiabatic potential surface for the ground state obtained for
∆x2-y2 ) 0 andG ) 0 has the shape of a Mexican hat, of
which the minimum is a degenerate circular manifold in the
δ-R′ plane, with radiusRJT ) F/K and energy-EJT ) -F2/
2K. For G * 0, the circular minimum is warped by theG
terms in eq 2, such that there result three degenerate minima
located atRJT(min)(1, 0) andRJT(min)(-1/2, ((1/2)x3)
(Figure 2A). These minima correspond toD2d-deformed
conformations, withS4 axes directed along the Cartesian axes
in Figure 1; for example, the minimum on theδ axis of
Figure 2A is associated with a conformation of which the
S4 symmetry axis is directed alongz in Figure 1. Minimiza-
tion of the functionε1(R cos φ, R sin φ), with respect to
radius R, yields a φ-dependent solution,R ) R(φ), and
defines a one-dimensional energy function,ε1(φ) ) ε1 (R(φ)
cosφ, R(φ) sin φ). This function is periodic and has three
minima (atφ ) 0°, 120°, 240°) and three maxima (atφ )
60°, 180°, 300°). The maxima of the one-dimensional
function, ε1(φ), are saddle points of the two-dimensional
function, ε1(δ, R′). The two types of stationary points are
located at different distances from the origin, namely at
RJT(min) ) F/(K - 2|G|) andRJT(saddle)) F/(K + 2|G|),
and have the energiesEJT(min) ) F2/(2K - 4|G|) and
EJT(saddle) ) F2/(2K + 4|G|). Obviously, the largest
stabilization is attained inφ directions for which the effective
force constant is a minimum, i.e., forKeff ) (1/2)K - |G|.

The energy difference between the saddle points and the
minima is∆G ) 4EJT |G|/(K + 2|G|). The potential surface
for the excited state,ε2(δ, R′), has a single minimum that is
located at the origin (Figure 2B). In the following paragraph
we compare this theoretical model with the results of DFT
theory.

To estimate the propensity of high-spin FeII to exhibit JT
distortions in a tetrahedral coordination, we have performed
DFT calculations for the model complex [FeCl4]2-. Geometry
optimization of the B3LYP/6-311G energy for [FeCl4]2-

results in a compressedD2d structure (δ ) +4.5°), with an
electronic ground state in which thez2 orbital is doubly
occupied,5A1(z2) (Table S.1). To verify that it concerns a
true JT distortion, we have also performed geometry
optimizations for the anions [GaCl4]1- (3d10), [ZnCl4]2- (3d10)
and [FeCl4]1- (3d5) (Table S.1). These complexes share a
tetrachloride coordination with [FeCl4]2- but are JT inactive
because they have nondegenerate orbital ground states. The
optimized geometries of the three nondegenerate ions have
undistortedTd symmetry and confirm that theD2d distortion
in [FeCl4]2- is a JT effect, arising from the degenerate ground
state in this complex. The state5B1(x2 - y2) has aD2d

equilibrium conformation that is elongated along theS4

symmetry axis.24 The distortions (5A1 compressed,5B1

elongated) are as anticipated, considering that electrons in
z2 andx2 - y2 donate charges to the areas around thez axis
and thexy plane, respectively.

The symmetry along theδ axis in Figure 2 isD2d and
forbids orbital mixing ofz2 andx2 - y2, and consequently,
the corresponding multielectronic states5A1 and5B1 do not
interact either. The B3LYP/6-311G energies of these states
have been presented in Figure 2C as a function ofδ.25 The
two branches in Figure 2C represent sections of the energy
surfaces in Figure 2A, B. The minimum and the saddle point
on theδ axis in Figure 2A can be identified with the minima
of the5A1 and5B1 potentials in Figure 2C, respectively; the
minimum in Figure 2B corresponds with the intersection of
the curves in Figure 2C.

The parametersK, G, andF (eq 2) can be extracted from
an analysis of the one-dimensional section of the potential
surfaces for5A1 and5B1 along theδ axis.21 These functions
can be identified with the JT energiesε1(δ,0) andε2(δ,0),
which are given by the diagonal elements of eq 2. The DFT
potential surfaces in Figure 2C can be reliably fitted with
the expressionsc2δ2 - c1δ (5A1) andc2′δ2 + c1′δ (5B1) and
yield the model parameters,K ) c2 + c2′ ) 9.28 cm-1/deg2,
G ) (c2 - c2′)/2 ) -1.31 cm-1/deg2 andF ≈ c1 ≈ c1′ ≈
(c1′ + c1)/2 ≈ 33.3 cm-1/deg for [FeCl4]2-. These values

(24) The state5B1 was obtained from reference state5A1 by transferring
an electron fromâ-HOMO z2 to â-LUMO x2 - y2 and iteration until
self-consistency was reached. The equilibrium conformation for5B1
was obtained from aD2d-symmetry-restricted geometry optimization.

(25) The Fe-Cl distances used in Figure 2C for5A1 and5B1 are independent
of δ and obtained from geometry optimization (Table S.1).

(-Fδ + (12K + G)δ2 + (12K - G)R′2 FR′ + 2GR′δ

FR′ + 2GR′δ Fδ + (12K - G)δ2 + (12K + G)R′2 + ∆x2-y2
) (2)
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have been used in the calculation of Figure 2 and yieldδmin

) +5.0°, δsaddle) -2.8°, EJT(min) ) 83 cm-1 and∆G ) 38
cm-1. The values ofc1 andc1′, although required to be equal
by the JT model, are actually found to be slightly different
(by ∼6%). The difference, however, has only a minor impact

on the potential surfaces: the vibronic model provides a
consistent description of the DFT results for [FeCl4]2-.

As the values forEJT(min) and ∆G are small, it is not
surprising that the intrinsicD2d conformation of [FeCl4]2-

is distorted to a variable degree under the influence of the

Figure 2. Equipotential curves describing adiabatic potential surfaces,ε1(δ,R′), for the ground state of eq 2 (A and D) and for the excited state,ε2(δ,R′)
(B and E). Parameters used,K ) 9.3 cm-1/deg2, G ) -1.3 cm-1/deg2, andF ) 33.3 cm-1/deg, are obtained from analysis of DFT results for [FeCl4]2- in
Figure 2C.∆x2-y2 ) 0 in A, B, and C;∆x2-y2 ) 3800 cm-1 in D, E, and F. The solid curves in C and F represent sections of the potential surfaces along the
δ axes in the same column. The broken curves in F are the result of DFT calculations inD2d structures for the states indicated. In C, the DFT curves coincide
with the solid curves. A, B, and C describe the JT effect in [FeCl4]2-; D, E, and F represent the case of the vanishing PJT effect in [Fe(SR)4]2-. The
displacement of the broken curves in F relative to the solid ones is due to the termF′δ described in the text.
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various crystalline hosts used in the X-ray structure deter-
minations of this molecular anion.26 For this reason, a
comparison with crystallographic structure data has not been
attempted.

3.4. Adiabatic Potential Surface for the PJT Case.Let
us now consider the structure of the FeS4 unit in complexes
of the form [Fe(SR)4]2-. DFT calculations for aD2d-
symmetric structure with tetrahedral∠SiFeSj bond angles
result in a nondegenerate5A1(z2) ground state and a
5B1(x2 - y2) excited state, located at∼3800 cm-1 for R )
CN and ∼3000 cm-1 for R ) CH3. Since the vibronic
interactions in eq 2 vanish for aTd-symmetric FeS4 core,
the energy splitting can only arise from the nonvibronic
interaction,∆x2-y2 (eq 2 for δ ) R ) 0°). By substituting
∆x2-y2 ) 3800 cm-1 and the values ofK, G, and F for
[FeCl4]2- into eq 2, we obtain the adiabatic potential surfaces
in Figure 2D, E for the ground and excited state, respectively.
Comparison with Figure 2A, B shows that the introduction
of ∆x2-y2 has drastically changed the shapes of the surfaces.
The surfaces with three and one minima for the ground and
excited states, respectively, obtained in the degenerate case
are transformed into sheets with one minimum each. The
∆x2-y2 interaction in the tetrathiolato iron(II) complex has
quenched vibronic mixing by the off-diagonal elements in
eq 2 to the extent that the minima withR′ * 0 (Figure 2A)
have vanished (Figure 2D). The potential surfaces in Figures
2D, E represent the common, nondegenerate case in which
different electronic states give rise to different equilibrium
conformations. We verified that the PJT distortions already
vanish for|∆x2-y2| > 400 cm-1; since the∆x2-y2 values for
the class of [Fe(SR)4]2- complexes withS4 symmetry fulfill
the inequality, theS4 systems are not JT-active either.27

Despite the dissimilarity in the two-dimensional potential
surfaces for the JT and PJT cases, the one-dimensional
sections along theδ axis differ only by the vertical
displacement∆x2-y2 of the potential energy curve for5B1.28

This suggests a determination of the parametersK, G, F,
and∆x2-y2 by DFT, in analogy with the JT case described in
section 3.3. The broken curves in Figure 2F represents the
B3LYP/6-311G energies of the states5A1 and 5B1 of
[Fe(SCN)4]2- in D2d symmetry as a function ofδ. As for
the chloride complex (Figure 2C), the plot consists of two
parabolic curves with effective force constantsKe(5B1) >

Ke(5A1) (Ke(5Γ) ) 1/2K ( G) and minima δmin(5B1) <
δmin(5A1) that are separated by 5.4° (compared to 7.8° in the
chloride). However, unlike in the case of the chloride
complex, the valueδmin(5A1) ) -3.8° is negative and
corresponds to an elongated structure. The distortionδmin(5A1)
< 0 of the geometry optimized structure for thez2 state is in
agreement with the X-ray data16 for reduced rubredoxin and
model complexes that have az2 ground state.18 However,
the distortion is incompatible with eq 2 because the energy
versus δ plots cannot be simultaneously fitted by the
expressions for the diagonal elements of the matrix (solid
curves in Figure 2F). Fitting of the DFT curves requires the
introduction of two independent coupling parameters,Fz2 and
Fx2-y2. With this extension, the curve fits yield the valuesK
) 12.0 cm-1/deg2, G ) -0.95 cm-1/deg2, ∆x2-y2 ) 3000
cm-1, Fz2 ) -32.0 cm-1/deg, andFx2-y2 ) 119.3 cm-1/deg
for [Fe(SCN)4]2-. Apparently, the idealized PJT model,
according to whichFz2 ) Fx2-y2, provides an incomplete
description of the DFT results for [Fe(SR)4]2-. There appears
to be an additional interaction at the DFT level of description,
one that shifts the potential wells of the two states toward
negativeδ. This interaction can be modeled by adding the
term F′δ to the diagonal elements in eq 2, so that the effective
coupling constants are given byFz2 ) - F′ + F andFx2-y2

) F′ + F. Using the fit values for these parameters, we
obtain F ) 43.7 cm-1/deg andF′ ) 75.7 cm-1/deg for
[Fe(SCN)4]2-. The K, G, and F values for the chloride
complex are similar to those for the cyanide complex and
have been retained in Figure 2D-F.

4. Conclusion

The distortions of the FeS4 units in tetrathiolato iron(II)
complexes are not the result of a PJT effect. DFT geometry
optimizations of [Fe(SR)4]2- models yield distortions of the
FeS4 units that are similar to those observed in crystal-
lographic structures. These results suggest that the idealized
PJT model in eq 2 should be extended with an additional
term,F′δ, to be able to describe the stereochemistry of the
tetathiolato iron(II) complexes. The physical origin of this
term is discussed in the next paper of this issue.
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