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The 57Fe Mössbauer quadrupole splittings (∆EQ) and isomer shifts (δFe) in 3-coordinate high-spin Fe(II)
complexes are unusually small, and previous attempts to reproduce their∆EQ values have been unsuccessful.
We show here that, by using large structural models and basis sets, both∆EQ andδFe values can be quite
accurately predicted by using density functional theory. Four systems were investigated: the three 3-coordinate
species [LFeX]0 (L ) â-diketiminate; X ) Cl-, CH3

-) and [Fe(SC6H2-2,4,6-tBu3)3]-, in addition to an
uncommon 2-coordinate high-spin ferrous thiolate, [Fe(SC6H3-2,6-mes2)2] (mes) mesityl) 2,4,6-Me3C6H2).
Both Gaussian-type-orbital and Slater-type-orbital basis sets were investigated, and both yielded∆EQ andδFe

values in good accord with experiment. There were no improvements in these property predictions when
(approximate) relativistic effects were included in the calculations. An MO analysis provided a detailed picture
of the origin of the small∆EQ values seen in the 3-coordinate complexes. These results extend the scope of
DFT/Mössbauer investigations beyond the 4-6-coordinate systems described previously to 2- and 3-coordinate
systems, which should open the way to using these parameters in structure refinement, especially in large
systems, such as proteins.

Introduction

Iron-sulfur proteins are common to all life forms and have
many diverse functions, for example, in electron transfer, in
catalysis, and in iron and oxygen sensing.1-3 Among these
multiple functions, the role of Fe-S proteins in biological N2
reduction by nitrogenase has generated considerable interest,
leading to numerous chemical, biochemical, spectroscopic, and
theoretical investigations.4-12 The active site of nitrogenase
contains an iron-molybdenum cofactor in which the seven iron
atoms have been thought, at least until recently,12 to be
3-coordinate. Since 3-coordinate iron is rather uncommon, there
have been considerable synthetic efforts expended on the
synthesis of 3-coordinate iron complexes, together with many
spectroscopic studies aimed at elucidating their electronic
structures.13-15 Mössbauer spectroscopy is potentially a par-
ticularly powerful technique in this respect, since the Mo¨ssbauer
transition of the57Fe isotope16 is readily observed and can yield
useful information on the charge density and the electric field
gradient (EFG) at the iron nucleus. The main57Fe Mössbauer
spectroscopic observables are the isomer shift (δFe) and the
quadrupole splitting (∆EQ). In many high-spin ferrous com-
plexes,∆EQ values are∼3 mm s-1, while δFe values are∼1
mm s-1.16,17 However, these values are much smaller (∆EQ ≈
0.7 mm s-1 andδFe ) 0.41 mm s-1, at 100 K)18 in the MoFe7S9

cofactor cluster of nitrogenase, which contains four to six ferrous
sites.19,20Early crystallographic studies of nitrogenase revealed
a close to planar 3-coordinate [FeS3] structure for Fe in the
FeMo cofactor, and this stimulated the synthesis of a series of
3-coordinate Fe(II) complexes, including one which had unusu-
ally small ∆EQ ((-)0.81 mm s-1) and δFe (0.57 mm s-1)
values.15 However, attempts at reproducing the Mo¨ssbauer∆EQ

values in these model systems were not successful, and it has
been proposed that making accurate ab initio predictions of∆EQ

in these systems is virtually impossible.13 Here, we reinvestigate
the calculation of the57Fe Mössbauer∆EQ and δFe values in
three 3-coordinate Fe(II) complexes and one 2-coordinate Fe(II)
complex and demonstrate that these properties can in fact be
successfully predicted using DFT methods when using large
basis sets and structural models. We also probe the orbital
interactions which lead to these unusual Mo¨ssbauer properties,
some of which can be expected to contribute to the unusual
Mössbauer observables seen in the FeMo cofactor of nitrogenase
in which planar FeS3 subunits now appear to be slightly distorted
due to interaction with a fourth ligand, most likely N (resulting
in N-Fe-S bond angles of∼102°).12

Computational Aspects

The Mössbauer quadrupole splitting is related to the com-
ponents of the electric field gradient tensor at the nucleus as
follows:16

wheree is the electron charge,Q is the quadrupole moment of
theE* ) 14.4 keV excited state, and the principal components
of the EFG tensor are labeled according to the convention

with the asymmetry parameter being given by

The Mössbauer isomer shift is given by16

∆EQ ) 1
2
eQVzz(1 + η2

3 )1/2

(1)

|Vzz| > |Vyy| > |Vxx| (2)

η )
Vxx - Vyy

Vzz
(3)
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whereZ represents the atomic number of the nucleus of interest
(iron) andR and R* are average nuclear radii of the ground
and excited states of57Fe. Since|ψ(0)|Fe

2 is a constant, the
isomer shift (from Fe) can be written as

whereR is the so-called calibration constant andF(0) is the
computed charge density at the iron nucleus. BothR andc can
be obtained from the correlation between experimentalδFe

values and the corresponding computedF(0) data in a training
set, and are dependent on the quantum chemical method used
and the choice of basis set.21 Then, one can use eq 5 to predict
δFe for a new molecule from its computedF(0), basically as
described in detail elsewhere for a wide variety of heme and
other model systems.21

To calculate∆EQ, we first used the Gaussian 98 program22

and Gaussian-type-orbital (GTO) basis sets to evaluate the
principal components of the electric field gradient tensor at the
57Fe nucleus (Vii), as described previously.23-25 We then used
the Amsterdam density functional (ADF) 2002 program26 and
Slater-type-orbital (STO) basis sets to again evaluate the iron
EFG, to make a comparison between the two different basis
set treatments. This comparison was made since STO-based
basis sets have a better cusp behavior than do GTO-based basis
sets. We used eq 1 to deduce∆EQ using a precise recent
determination27 of Q ) 0.16 ((5%)× 10-28, a value previously
found to permit excellent accord between theory and experiment
in a broad range of both diamagnetic24,25 and paramagnetic23

systems.
We also used the output data from both the Gaussian 98

program22 and the ADF 2002 program26 to evaluate the charge
density at the iron nucleus,F(0), which determines the57Fe
Mössbauer isomer shift. In the former case, we read the wave
functions from the Gaussian 98 calculations into the AIM 2000
program28 to obtainF(0), while we used the “densf” utility in
the ADF program26 to getF(0) in the latter case.

In the Gaussian 98 calculations, we used the same compu-
tational approach as used in our previous Mo¨ssbauer and NMR
hyperfine shift studies.21,23,29 A Wachter’s basis (62111111/
3311111/3111)30 was used for Fe, 6-311G* for all the other
heavy atoms, and 6-31G* for hydrogens. We also investigated
use of both the pure density functional BPW91 (Becke 88
exchange31 and PW9132 correlation functionals) as well as the
hybrid functional B3LYP (Becke’s three-parameter functional33

with the LYP34 correlation functional). TheR andc values were
those deduced previously, and are shown below for each
functional:21

Additional calculations were also carried out to study the effects
of basis set size, counterion charge, and cluster size/truncation.

In the ADF calculations, the pure DFT functional BPW91
and the largest basis set available (TZ2P, tripleú with two
polarization functions) were used. There is no hybrid DFT
method available in the ADF 2002 program.26 However, the
ADF program does have the capability of treating relativistic
effects using two different approximations: Pauli and ZORA

(zero-order regular approximation).35 Comparing the Gaussian
98 and ADF calculations thus enables one to probe the effects
of functional type and basis set type and, in addition, relativistic
effects on the computed properties.

We computed∆EQ and δFe values for three 3-coordinate
complexes, [LFeX]0 (L ) â-diketiminate; X) Cl- (1), CH3

-

(2)) and [Fe(SC6H2-2,4,6-tBu3)3]- (3), Figure 1, in addition to
an uncommon 2-coordinate high-spin ferrous thiolate, [Fe-
(SC6H3-2,6-mes2)2] (mes ) mesityl ) 2,4,6-Me3C6H2) (4;
Figure 1), which has an unexpectedly small isomer shift but a
normal quadrupole splitting.15 This species is thought to be a
possible model for a 2-coordinate FeMo cofactor intermediate.
To minimize the influence of any structure truncations on the
theoretical results, we only replaced the R) CH3 groups in
Figure 1 with hydrogens. This resulted in much larger structural
models than those used in other DFT studies.13 In particular,
the 3-coordinate systems1, 2, and3 have 539, 537, and 679
basis functions, respectively, while the 2-coordinate complex4
has 801 basis functions, in the Gaussian 98 calculations. The
spin-unrestricted method was used for each system. Calculations
were performed by using Silicon Graphics (Mountain View,
CA) O-300 and O-2000 computers, using eight or sixteen
processors, respectively. The tight convergence (10-8 au)
criterion of the SCF calculations was selected in Gaussian 98,22

while default settings (10-6 au) were used in the ADF program.26

MO visualizations were made by using the Cerius2 program.37

Results and Discussion

The computational results from the Gaussian 98 calculations
(using GTO basis functions and no relativistic effects) are given
in Table 1. The Mulliken spin densities on the iron atoms in all
four complexes are consistent with their high-spin (S ) 2)
nature, although they are somewhat smaller than those found
previously in theS ) 2 iron hemes:23 3.48 vs 3.79 using the
BPW91 functional and 3.62 vs 3.80 using the B3LYP functional,
on average. There is, therefore, a larger ligand contribution to
the MOs containing the unpaired electrons in these four
complexes, in accord with conclusions drawn from a previous
study.13

To assess the performance of these computational methods
on the low-coordinate iron complexes1-4, and to compare
these results with those obtained previously for 4-6-coordinate
iron complexes,21,23 we show in Figures 2 and 3 a comparison
between experimental and computed∆EQ and δFe results for
1-4 with those found for the higher coordinate complexes. The
BPW91 results shown in Figure 2A are for the title compounds
1-4 only (b), while in Figure 2B these points are shown
superimposed on BPW91 results for the 23 species computed
previously (O). There is clearly an excellent correlation between
theory and experiment for1-4 (R2 ) 0.982, root-mean-square
error (rmse) 0.37 mm s-1, slope 1.14, and intercept-0.07 mm
s-1). When all data points (N ) 27) are considered together,
the correlation (solid line in Figure 2B) is again excellent (R2

) 0.975, rmse) 0.31 mm s-1, slope 1.02, and intercept-0.10
mm s-1). For the B3LYP calculations, there is also very good
agreement with experiment for1-4, Figure 2C, and the
computed∆EQ values fall close to the correlation line (shown
solid, Figure 2D) which can be drawn through all the data points
(R2 ) 0.978,N ) 27, rmse) 0.29 mm s-1, slope) 1.12, and
intercept) -0.25 mm s-1). In contrast to these results, we show
in Figure 2C,D the results of DFT∆EQ calculations using the
B3LYP functional, but on a smaller structural model (structure
2 in ref 13) and with a smaller (6-311G) basis set. These
computed results for1 and2 (square symbols in Figure 2C,D)

δFe ) Ea - EFe )
2π
3

Ze2(〈R2〉* - 〈R2〉)(|ψ(0)|A2 - |ψ(0)|Fe
2) (4)

δFe ) R[F(0) - c] (5)

δFe ) -0.471[F(0) - 11617.30] (BPW91) (6)

δFe ) -0.404[F(0) - 11614.16] (B3LYP) (7)
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have the wrong∆EQ sign and are considerably off the correlation
line we find for both1-4 and all the heme and other model
compounds. Thus, large basis set schemes and a large structural
model appear to be necessary for evaluating∆EQ values in such
Fe(II) complexes, and indeed, side chain orbital contributions
are found to be present in some frontier MOs in these complexes
(vide infra). When all data points for the 2- and 3-coordinate
species 1-4 plus the 4-6-coordinate hemes investigated
previously are considered, the entire range of experimental∆EQ

values increases to 6.87 mm s-1, and the overall rms error in
prediction is 0.31 (0.29) mm s-1 with R2 values of 0.975 (0.978)

for the BPW91 (B3LYP) functional. There is thus only a∼4%
rms error over the whole∆EQ range using the methods we have
described above.

The relatively smallδFe values of all four high-spin ferrous
complexes13,15are also satisfactorily reproduced in the calcula-
tions, as shown in Table 1 and Figure 3, using either functional.
When solely1-4 are considered, theR2 value for the experi-
ment-versus-theory correlation is 0.960 with an rmse) 0.033
mm s-1 for the BPW91 calculations (Figure 3A). These results
are compared with the results of previous calculations on the
Mössbauer isomer shifts in a variety of iron complexes,

Figure 1. Structures of the complexes studied in this work and the Cartesian coordinate systems for the 3-coordinate compounds (1-3).
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including inorganic, organometallic, and metalloprotein/metal-
loporphyrin model systems, in Figure 3B. When all 2-6-

coordinate species are considered, we find anR2 ) 0.973 and
an rmse) 0.075 mm s-1 for all 28 structures investigated,
covering a range inδFe of 2.34 mm s-1. This represents only a
∼3% rms error over the entire range. Moreover, when the
B3LYP functional is used, there is a further improvement:R2

) 0.986 and rmse) 0.019 mm s-1 for 1-4 (Figure 3C) and
R2 ) 0.981 and rmse) 0.064 mm s-1 for all 28 structures
considered (Figure 3D).

These results clearly demonstrate that it is now possible to
quite accurately predict both57Fe Mössbauer∆EQ andδFevalues
by using high-quality large-scale spin-unrestricted DFT tech-
niques. The EFG property in general appears to be somewhat
more difficult to predict and is more basis set dependent. For
example, using the same large structural models as shown in
Figure 1, a smaller basis (6-311G) calculation on4 produced
an incorrect sign (data not shown) and a much worse slope,
although this basis does appear to produce good correlations
(R2 ) 0.945 and 0.984 for BPW91 and B3LYP, respectively)
between computedF(0) and experimentalδFe values for these
four complexes (data not shown). This is consistent with our
previous systematicδFe studies21 and the results ofδFe calcula-
tions on iron-sulfur proteins,11 in which a triple-ú STO basis
set was used.

To further investigate whether the proposed computational
models (especially the basis set scheme) we refined previously
for reproducing Mo¨ssbauer isomer shifts, quadrupole splittings,

Figure 2. Nonrelativistic DFT/GTO∆EQ computational results plotted versus the experimental∆EQ results: (A) BPW91 (1-4 only); (B) BPW91
(1-4 (b) plus 23 other models (from ref 23) (O)); (C) B3LYP (1-4 only); (D) B3LYP (1-4 (b) plus 23 other models (from ref 23) (O)). The solid
lines are the best-fit lines through either the1-4 results (b) (A and C) or all data points (b andO) (C and D). The dotted line is the ideal 45° line
with a slope of 1.00 and an intercept of 0.00 mm s-1. The results of B3LYP/6-311G calculations for1 and2 based on structure 2 in ref 13 are
shown by square symbols.

TABLE 1: Nonrelativistic DFT/GTO Calculations in Some
High-Spin Ferrous Complexes

complex method
∆EQ

(mm s-1)
δFe

(mm s-1)
F(0)
(au)

FRâ(Fe)a

(e)

1 exptb -1.61 0.74
BPW91 -2.00 0.75 11615.71 3.54
B3LYP -2.31 0.72 11612.39 3.65
B3LYPc -0.97 11615.90 3.63

2 exptb +1.74 0.48
BPW91 +2.18 0.43 11616.39 3.67
B3LYP +2.12 0.40 11613.17 3.77
B3LYPc -1.54 11616.64 3.67

3 exptd (-)0.81 0.57
BPW91 -1.43 0.61 11616.01 3.33
B3LYP -1.54 0.55 11612.80 3.53

4 exptd (-)3.64 0.75
BPW91 -3.93 0.79 11615.63 3.36
B3LYP -3.96 0.73 11612.35 3.53

a Mulliken spin density on iron.b Both the experimental values and
the signs of the Mo¨ssbauer observables are from ref 13.c Result
calculated by using B3LYP and a 6-311G basis on structure 2 reported
in ref 13. d The values of the Mo¨ssbauer observables are from ref 15.
The ∆EQ signs were not determined in the experiments and are thus
shown here in parentheses, based on the theoretical results, since these
methods have successfully reproduced the∆EQ signs in a wide range
of other diamagnetic and paramagnetic iron complexes (see refs 23-
25).
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and NMR hyperfine shifts in a wide range of paramagnetic 4-6-
coordinate hemes and model systems21,23,29are also optimized
for these 2-3-coordinate nitrogenase model systems, we carried
out a series of calculations on the planar, high-spin, 3-coordinate
iron thiolate complex3, [Fe(SC6H2-2,4,6-tBu3)3]-. This has a
very small experimental∆EQ value, and its computed∆EQ has
the largest absolute deviation from experiment, Table 1. We
considered three effects: basis set size, counterion charge, and
cluster size/truncation effects. We first added one diffuse
function and one additional polarization function to the original
basis for the sulfur atoms, which are directly bonded to the iron
center. As shown in Table 2, this 6-311+G(2d) basis had
essentially no effects on∆EQ or δFe predictions using either
functional; neither did using the largest Pople-type basis set for
sulfur in Gaussian 9822 (6-311+G(3df)), although use of
6-311+G(3df) put slightly more spin density on the iron. These
results strongly suggest that our basis set for predicting
Mössbauer observables is well optimized. However, considering
that structural model3 has a negative charge, while the other
complexes studied in this work are neutral, it appeared that it
might be desirable to incorporate a counterion in the calculation.
However, incorporating a [PMe4]+ ion (at the P lattice position
of [PPh4]+ in the crystal structure) had no effect, as shown in
Table 2, which in retrospect seems reasonable since the charge
centers are well separated.15 Next, we evaluated the effect of
the size of the structural model used in the calculations. To see
whether the structure for complex3 (see Figure 1), in which R

()Me) groups were replaced by hydrogens, is sufficient or not,
we performed additional calculations using both functionals on
a much larger cluster. Specifically, instead of havingo-methyl
substituents, we utilizedo-isopropyl groups, incorporating those
methyl groups which were closest to the iron. This model has
943 basis functions, to be compared with the 679 basis functions
used in the original model, but again this had essentially no

Figure 3. Nonrelativistic DFT/GTO computational results plotted versus the experimental data forδFe: (A) BPW91 (1-4 only); (B) BPW91 (1-4
(b) plus 24 other model compounds (ref 21) (O)); (C) B3LYP (1-4 only); (D) B3LYP (1-4 (b) plus 24 other model compounds (ref 21) (O)).
The solid lines are the best-fit lines through either the1-4 results (b) (A and C) or all of the data points on the graph (C and D). The dotted line
is the ideal 45° line with a slope of 1.00 and an intercept of 0.00 mm s-1.

TABLE 2: Effect of Additional Theoretical Treatments on
the Prediction of the Mo1ssbauer Observables of High-Spin
3-Coordinate Iron-Thiolate Complex 3

method
additional
treatment

∆EQ

(mm s-1)
δFe

(mm s-1)
FRâ(Fe)a

(e)

BPW91 noneb -1.43 0.61 3.33
1c -1.44 0.61 3.33
2d -1.42 0.60 3.39
3e -1.43 0.62 3.33
4f -1.42 0.57 3.32

B3LYP noneb -1.54 0.55 3.53
1c -1.55 0.55 3.55
2d -1.53 0.54 3.59
3e -1.55 0.55 3.53
4f -1.48 0.51 3.52

a Mulliken spin density on iron.b No additional treatment: results
from Table 1.c As footnote b but 6-311+G(2d) for S atoms.d As
footnote b but 6-311+G(3df) for S atoms.e As footnoteb but the
counterion (PPh4+) in the crystal was considered and modeled as PMe4

+.
f o-Isopropyl groups used on the phenyl rings with methyl groups chosen
to be those which were closest to the iron.
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effect on the∆EQ results (see Table 2). The residual errors might
come from neglect of second-order Doppler effects, as well as
from uncertainties in the quality of the crystallographic struc-
tures, as discussed previously.23 In addition, it might also be
that neglect of relativistic effects would be important, as
discussed below.

To assess the sensitivity of∆EQ andδFe (andFRâ
Fe) to Fe-S

bond length variations (or uncertainties), we evaluated each of
these properties at five additionalRFe-S distances. The results
are shown in Figure 4, together with computed values for the
total energy. The experimentalRFe-S is indicated in Figure 4
as Rexpt. There is a linear relationship between both the
Mössbauer quadrupole splitting (Figure 4A) and isomer shift
(Figure 4B) with Fe-S distance. Upon decreasing the Fe-S
bond length, the iron-ligand interaction increases the ligand
contributions to the final wave function. The calculated absolute
∆EQ values become smaller (more positive), as shown in Figure
4A, with slopes of-2.22 and-2.80 (mm s-1)/Å for BPW91
and B3LYP functional calculations, respectively. This is again
in good accord with the idea of large ligand contributions to
the EFG in these systems.13 The enhanced ligand contribution
also increases the charge density at the iron nucleus, thereby
reducingδFe, as may be seen in Figure 4B, where the slopes
are 1.86 and 1.60 (mm s-1)/Å for BPW91 and B3LYP
functionals, respectively. The iron spin densities decrease with
decreasing Fe-S distance, as shown in Figure 4C, again
consistent with an increasing ligand contribution at short Fe-S
bond lengths. The electronic energies have, as expected, a

parabolic dependence on the Fe-S distance, as shown in Figure
4D. The experimental geometry (RFe-S ) 2.27 Å)15 is seen to
have the lowest energy (within an uncertainty of∼1 kcal/mol)
using either functional, and theδFe values at this geometry are
almost exactly those found experimentally. However,∆EQ is
still ∼0.6 mm s-1, at variance with the experimental result.

We therefore next investigated the incorporation of relativistic
effects (Pauli and ZORA formalisms35) on ∆EQ and δFe

predictions for1-3, since these compounds have unusually
small∆EQ values. The results are shown in Table 3. In addition,
use of the ADF program also allowed us to compare the effects
of using STOs versus GTOs, since ADF calculations utilize STO
basis functions, which have better cusp behavior. Only the
BPW91 functional was considered, since the hybrid functional
is not available in the ADF program.

Figure 4. Distance effects on DFT-computed electronic properties for complex3: (A) ∆EQ; (B) δFe; (C) FRâ
Fe; (D) E. For the first three properties,

the data points were fitted to straight lines using linear regression: the correlation coefficients (R2) are indicated on the graphs. In (D), a parabolic
curve was drawn through the data: the correlation coefficients are again shown on the graph. The experimentalRFe-S is indicated asRexpt on the
graphs.

TABLE 3: BPW91/STO Calculations of Mo1ssbauer
Observables with and without Relativistic Treatment

complex
relativistic
treatment

∆EQ

(mm s-1)
δFe

(mm s-1)
FRâ(Fe)a

(e)

1 none -2.06 11820.99 3.61
Pauli -2.07 13887.98 3.64
ZORA -2.04 12850.30 3.63

2 none +2.22 11821.62 3.77
Pauli +2.26 13889.59 3.80
ZORA +2.19 12851.28 3.81

3 none -1.35 11821.36 3.36
Pauli -1.33 13931.62 3.38
ZORA -1.47 12850.84 3.39

a Mulliken spin density on iron.
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Without relativistic corrections, the Mulliken spin densities
on the iron atoms in these 3-coordinate complexes from the
BPW91/STO calculations indicate their high-spin (S) 2) nature,
as also found in the BPW91/GTO calculations. In fact, the
BPW91/STO-derivedFRâ

Fe values parallel the BPW91/GTO
results (R2 ) 1.000), although they are slightly larger. The
Mössbauer quadrupole splittings predicted by using the ADF
DFT/STO approach shown in Table 3 are very close (R2 )
0.999) to those obtained by using the DFT/GTO approach,
shown in Table 1. It should be noted that the largest basis set
(TZ2P) was used throughout the ADF calculations, but there is
no improvement over use of GTO functions. In addition, the
charge densities at the iron nucleus in compounds1-3,
computed by using the BPW91/STO ADF approach, also exhibit
a very good correlation with the GTO (Gaussian 98) results,
when the same functional is used:R2 ) 0.972.

The ∆EQ results using both types of relativistic correction
shown in Table 3 are very similar to those found in the
nonrelativistic calculations. This could suggest only a small
relativistic effect on the EFG, and indeed, even fully relativistic
Dirac-Hartree-Fock calculations show only a small effect on
iron EFG predictions in organometallic complexes.39 For 1-3,
the recommended ZORA method in ADF26,35 shows slightly
better agreement with the Gaussian 98 calculations (R2 ) 1.000,
rms deviation 0.005 mm s-1) than do the results of the Pauli
treatment (R2 ) 0.999, rms deviation 0.113 mm s-1), but clearly
there are no major differences from the nonrelativistic calcula-
tions.

On the other hand, the relativistic effects on the charge density
at the iron nucleus in these systems (see Table 3) are noticeable.
Compared toF(0) data without any relativistic treatment (∼1.2
× 104 au), the ZORA treatment enhancesF(0) to ∼1.3 × 104

au, which further increases to∼1.4 × 104 au using the Pauli
treatment. For comparison, fully relativistic Dirac calculations40

yield ∼1.5× 104 au forF(0). So, relativistic effects are manifest
in F(0). However, as long as there is an excellent correlation
betweenδFe and F(0) for a given theoretical method, the
Mössbauer isomer shifts can be accurately predicted, even
though the absoluteF(0) values may be 15-20% smaller. This
important point has been discussed in detail by us before,21 and
has also been discussed by other groups.11,41By comparing the
F(0) results in Tables 1 and 3, it can also be seen that theF(0)
values in the ZORA calculations (BPW91/STO) have a good
correlation with the results of the nonrelativistic BPW91/GTO
calculations for1-3 (R2 ) 0.984), suggesting that they might
also be used to predictδFe. However, the Pauli-type relativistic
calculations in these high-spin, trigonal, ferrous complexes are
poorly correlated with experiment.

We next investigate the role that the ligands play in
contributing to the smallδFe and unusually small∆EQ values
in the high-spin 3-coordinate Fe(II) complexes. We consider
first the FeN2X complexes (X) Cl, 1; X ) Me, 2) and then
the FeS3 complex 3. The computed spin densities of these
nominallyS ) 2 systems (see Table 1) clearly show a smaller
spin density on the iron center than is observed in other, more
conventional high-spin ferrous systems.23 This suggests a more
significant ligand contribution. And, since these DFT calcula-
tions give a good account of the∆EQ and δFe observables, it
seems reasonable to believe that the wave functions are quite
accurate, in which case it should be possible to use an MO
analysis to probe these questions in more depth, basically as
reported previously for a range of heme model systems.23,29 In
particular, we are interested in comparing the MO results from
these DFT calculations with the results of a previous crystal

field analysis13 to try to determine, for example, the origins of
the differences in∆EQ observed between complexes1 and2,
where the only structural differences are the presence of a Cl-

in 1 and a CH3
- in 2, which results, however, in∆EQ ) -1.61

(1) and+1.74 (2) mm s-1 values.
The crystal field model produces the same picture as the

frontier MO approach for1 and2,13 putting the four unpaired
electrons in iron 3d orbitals with an energy order of dxy > dx2-y2

> dxz > dyz. Our DFT calculations produce more detailed MO
results, however, as shown, for example, in Figures 5 and 6.
The four iron 3d orbitals are again found to be occupied by the
four unpaired electrons (S ) 2), and theR HOMOs of both1
and2 are the same, consisting of the iron dxy orbital (Figures
5A and 6A), indicating that the crystal field and DFT analyses
have the same general MO features. However, the current DFT
results also show that there are extensive ligand contributions
to these frontier molecular orbitals, in accord with the suggestion
of a large ligand contribution made in the experimental
investigation.13 There are even side chain orbitals in some
frontier MOs in these complexes (see Figure 5 in particular),
indicating the complexity of the electronic properties in these
systems and consequently the necessity of using large structural
models. Since the third ligands (Cl- in 1, Me- in 2) are different
in these twoâ-diketiminates, the DFT results show different
MO features, which are likely to be responsible for the different
EFG features seen in these two complexes, and which are not
accounted for by a simple crystal field picture.13 For example,
despite the common characteristics of theR HOMOs, R MOs
containing dxz have a different ordering. Also, the other two
MOs containing unpaired electrons exhibit different types of
ligand interactions. In complex2, the third ligand (CH3-) makes
an obvious contribution to itsR HOMO - 1 (Figure 6B). On
the other hand, no Cl- orbital contribution is found in any of
the four singly occupied 3d orbitals, Figure 5A-D. There is a
large ligand contribution for sites directly bonded to iron, which

Figure 5. Isosurface representations of the frontier molecular orbitals
for complex1: (A) R HOMO; (B) R HOMO - 1; (C) R HOMO - 2;
(D) R HOMO - 3; (E) â HOMO; (F) â HOMO - 1 (contour values
(0.1 au).
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increases the charge density at iron and thereby reducesδFemore
in 2 (0.48 mm s-1) than in1 (0.74 mm s-1).13 The presence of
a strong electron-donating ligand (CH3

-) in the direct bonding
sites in thexy plane and in the frontier MOs could also be a
possible reason for the much more positive∆EQ observed for
2 (+1.74 mm s-1) than for1 (-1.61 mm s-1),13 since in general
more electron density in thexy plane of the EFG principal axis
system makesVzz(∆EQ) more positive,16 and in these complexes
the EFG principal axis system obtained in the DFT calculations
was found to basically coincide with the Cartesian coordinate
system shown in Figure 1. The structural difference between
these two high-spin ironâ-diketiminates also results in a
different energy level ordering among the d orbitals. In2, the
ordering is dxy > dx2-y2 > dxz > dyz, the same as predicted by
the crystal field model.13 But in 1, dx2-y2 is lower than dxz, since
dx2-y2 in 1 (see Figure 5C) is almost nonbonding when compared
to the strongerσ antibonding interaction of the CH3- orbitals
with dx2-y2 in 2 (see Figure 6B). The dxz interactions in both
complexes are about the same. Theâ frontier MOs are very
similar in both molecules, as shown in Figures 5E,F and 6E,F.
For these two complexes, although our calculations support the
crystal field analysis in putting dxy, dx2-y2, dxz, and dyz in
energetically higher states than dz2,13 our results do not put dz2

immediately after these fourR orbitals, or theâ HOMO (Figures
5E and 6E).

The structural core of complex3 has a symmetry (C3h)
different from those of1 and2, and has the following frontier
MO ordering, based on the crystal field analysis:13 e′ (dxy, dx2-y2)
> e′′ (dxz, dyz) > a′ (dz2). This result is also basically reproduced
in the DFT calculations, as shown in Figure 7. The four unpaired
electrons in this high-spin ferrous system occupy two sets of
degenerate MOs:R HOMO/R HOMO - 1 andR HOMO -
2/R HOMO - 3. dz2 is found to immediately follow the other
four iron 3d orbitals for bothR- and â-type orbitals (Figure
7E,F). The dx2-y2 (R HOMO) and dyz (R HOMO - 2) orbitals
can be clearly seen in Figure 7A,C, but the dxy (R HOMO - 1)

and dxz (R HOMO - 3) orbitals are slightly canted (Figure
7B,D). It should also be noted that these DFT-derived MOs
again show the importance of ligand contributions, as found
for the 3-coordinate ironâ-diketiminates. The difference now
is that there is significant ligand character in the direct iron
bonding sites in each of these four orbitals in complex3, while
one or two of these orbitals in1 and 2 do not contain any
significant ligand character. As a result, the quadrupole splitting
of 3 is the smallest of those observed.

Conclusions

The results we have described above are of interest for a
number of reasons. First, we have found that the unusual57Fe
Mössbauer quadrupole splittings and isomer shifts in 2- and
3-coordinate high-spin iron-thiolate complexes15 and model
systems13 can be quite accurately calculated using spin-
unrestricted DFT methods, as long as large-scale basis sets and
structural models are used. For an overall data set containing
2-6-coordinates complexes we findR2 ) 0.975 (0.978) and a
∼4% rmse (BPW91, B3LYP) for∆EQ (N ) 27) andR2 ) 0.973
(0.981) and a∼3% rmse (BPW91, B3LYP) forδFe (N ) 28).
Second, our results show that use of either GTO or STO basis
sets can generate good predictions for both Mo¨ssbauer quad-
rupole splittings and isomer shifts, but there is no apparent
advantage in using STO basis sets over GTO basis sets. Third,
we investigated the utility of approximate treatments of rela-
tivistic effects using the Pauli and ZORA formalisms. Both
produced similar∆EQ results but offered no advantage over
nonrelativistic∆EQ predictions. However, the relativistic treat-
ments did affect the absolute values ofF(0). Only the ZORA
formalism was found to yield correctly orderedF(0) values, and
this approach may have potential in predictingδFe values.
Fourth, our MO investigations provide a firm theoretical basis
for the experimental proposal of an important ligand contribution
to the unusual EFGs13 seen in planar, high-spin, 3-coordinate
iron complexes.

Figure 6. Isosurface representations of the frontier molecular orbitals
for complex2: (A) R HOMO; (B) R HOMO - 1; (C) R HOMO - 2;
(D) R HOMO - 3; (E) â HOMO; (F) â HOMO - 1 (contour values
(0.1 au).

Figure 7. Isosurface representations of the frontier molecular orbitals
for complex3: (A) R HOMO; (B) R HOMO - 1; (C) R HOMO - 2;
(D) R HOMO - 3; (E) R HOMO - 4; (F) â HOMO (contour values
(0.08 au).
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When taken together, the results described above clearly
indicate that large-scale spin-unrestricted nonrelativistic DFT
methods can quite accurately predict the unusually small13

Mössbauer quadrupole splittings in 3-coordinate Fe(II) systems,
as well as provide accurate predictions of the small Mo¨ssbauer
isomer shifts in both 2- and 3-coordinate complexes. This
success can be expected to lead to more quantitative investiga-
tions of the geometric and electronic structures of paramagnetic
metalloproteins and model systems.
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