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Abstract: We report the results of density functional theory (DFT) calculations of the 57Fe Mössbauer isomer
shifts (δFe) for a series of 24 inorganic, organometallic, and metalloprotein/metalloporphyrin model systems
in S ) 0, 1/2, 1, 3/2, 2, and 5/2 spin states. We find an excellent correlation between calculation and experiment
over the entire 2.34 mm s-1 range of isomer shifts: a 0.07-0.08 mm s-1 rms deviation between calculation
and experiment (corresponding to 3-4% of the total δFe range, depending on the functionals used) with R2

values of 0.973 and 0.981 (p < 0.0001). The best results are obtained by using the hybrid exchange-
correlation functional B3LYP, used previously for 57Fe Mössbauer quadrupole splittings and 57Fe NMR
chemical shifts and chemical shielding anisotropies. The relativistically corrected value of R, Rrel, converges
with the large basis set used in this work, but the exact values vary somewhat with the methods used:
-0.253 a0

3 mm s-1 (Hartree-Fock; HF); -0.316 a0
3 mm s-1 (hybrid HF-DFT; B3LYP), or -0.367 a0

3 mm
s-1 (pure DFT; BPW91). Both normal and intermediate spin state isomer shifts are well reproduced by the
calculations, as is the broad range of δFe values: from [FeVIO4]2- (-0.90 mm s-1 expt; -1.01 mm s-1 calc)
to KFeIIF3 (1.44 mm s-1 expt; 1.46 mm s-1 calc). Molecular orbital analyses of all inorganic solids as well
as all organometallic and metalloporphyrin systems studied reveal that there are three major core MO
contributions to Ftot(0), the total charge density at the iron nucleus (and hence δFe), that do not vary with
changes in chemistry, while the valence MO contributions are highly correlated with δFe (R2 ) 0.915-
0.938, depending on the functionals used), and the correlation between the valence MO contributions and
the total MO contribution is even better (R2 ) 0.965-0.976, depending on the functionals used). These
results are of general interest since they demonstrate that DFT methods now enable the accurate prediction
of δFe values in inorganic, organometallic, and metalloporphyrin systems in all spin states and over a very
wide range of δFe values with a very small rms error.

Introduction
57Fe Mössbauer spectroscopy is a technique widely used to

investigate the structures of metalloproteins, metalloporphyrins,
and model systems and is a potentially powerful tool with which
to deduce both geometric and electronic structures.1 57Fe
Mössbauer spectra are typically dominated by two interac-
tions: the quadrupole splitting, which arises from the non-
spherical nuclear charge distribution in theI* ) 3/2 excited state
in the presence of an electric field gradient at the57Fe nucleus,
and an isomer (or chemical) shift, which arises from differences
in the electron density at the nucleus between the absorber (the
molecule or system of interest) and a reference compound
(usuallyR-Fe at 300 K). This interaction is given by

whereZ represents the atomic number of the nucleus of interest

(iron) and R, 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 andFtot(0) is the
computed charge density at the nucleus. Clearly, it should, in
principle, be possible to compute both interactions from high-
quality wave functions, and in earlier work2-4 quantum chemical
methods have been used to investigate the isomer shifts in a
broad range of (small) inorganic solids, such as K4[Fe(CN)6],
K3[Fe(CN)6], KFeF3, FeF3, and BaFeO4, which cover a wide
range ofδFe isomer shifts values (2.34 mm s-1) and spin states
(S ) 0, 1/2, 1, 2, and5/2). In other work, the metalloproteins
carbonmonoxymyoglobin, carbonmonoxyhemoglobin, and the
corresponding deoxyproteins have been investigated by Trau-
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twein and co-workers.5 However, these earlier studies on
proteins did not benefit from the availability of modern high-
resolution crystallographic structures, and it has been unclear
just how accurately Mo¨ssbauer isomer shifts in macromolecular
systems can be evaluated. In particular, there have been no
comprehensive studies of the six spin states,S ) 0, 1/2, 1, 3/2,
2, and5/2, found in metalloporphyrins and metalloproteins. If it
were shown to be possible to accurately predict the isomer shifts
in all six spin states, then this would make the isomer shift an
even more valuable probe of geometric and electronic structure
in these systems. For example, it could be used in structure
refinement in much the same way that NMR chemical shifts
can be used.6

In our group, we were previously confronted with a similar
problem: how to evaluate57Fe nuclear magnetic resonance
(NMR) chemical shifts (and chemical shift tensors) in metal-
loproteins and metalloporphyrins. In pioneering early work, Bu¨hl
et al. showed that Hartree-Fock (HF) methods are incapable
of accurately predicting metal NMR chemical shifts for a range
of metal nuclei.7 However, Bühl then showed8 that density
functional theory (DFT) methods did permit the accurate
prediction of57Fe,99Ru, and103Rh NMR chemical shifts in small
organometallic complexes, at least when using so-called “hy-
brid” DFT methods in which a small (20%) admixture of
Hartree-Fock exchange is incorporated into the exchange-
correlation functional. We then used this approach to success-
fully predict the 57Fe and59Co NMR chemical shifts (and
chemical shift anisotropies) in a series of inorganic (59Co) and
metalloporphyrin /metalloprotein (57Fe) model compounds,9,10

and following on this success, we and others9,11-13 also
successfully used DFT methods to predict57Fe Mössbauer
quadrupole splittings in a series of diamagnetic metalloporphy-
rins and related systems.9,11-13 However, it remained to be seen
to what extent it might be possible to use these same methods
to predict57Fe Mössbauer isomer shifts in paramagnetic spin
state (S ) 1/2, 1, 3/2, 2, and5/2) metalloporphyrins and model
compounds. Fortunately, Wilkens et al.14 recently showed that
use of the hybrid exchange-correlation functional, B3LYP, also
permitted the accurate calculation of spin densities (and hence
NMR hyperfine shifts) in a paramagnetic system, which
suggested that this approach might also be applicable to
predictingδFe values in paramagnetic materials.

In this paper, we first discuss the effects of basis set size and
calculational method (HF, pure, and hybrid DFT methods) on
the evaluation of isomer shifts in the four inorganic systems
previously investigated by Nieuwpoort et al.,4 K4[Fe(CN)6]

(S ) 0), K3[Fe(CN)6] (S ) 1/2), KFeF3 (S ) 2), and FeF3
(S) 5/2), including the effects of relativistic corrections on the
determination of the coefficientR (eq 2), where a “consensus
value” (based on 31 determinations) ofRrel ) -0.267( 0.115
a0

3 mm s-1 (the relativistically corrected value ofR) has been
obtained previously.4,12,15-17 Second, we have investigated the
evaluation of 24 isomer shifts, covering both inorganic and
metalloporphyrin/metalloprotein model systems, in all six spin
states covering a wide experimental range of 2.34 mm s-1.
Third, we have investigated how the various molecular orbitals
contribute to the overall charge density at the Fe nucleus,
Ftot(0), and hence the experimental57Fe Mössbauer isomer shifts.

Experimental Section: Computational Methods

Electronic structure calculations were carried out by using the
Gaussian-9818 and AIM-2000 programs19 on Silicon Graphics (Mountain
View, CA) O-200, O-300, and O-2000 computers. In most cases, the
structures used were based on published X-ray crystallographic
structures.4,20-31 For the other three cases, geometry-optimized structures
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were taken from ref 11. In the case of the inorganic salts and the oxide
BaFeO4, small clusters were employed in the calculations,2-4,15 i.e.,
[Fe(CN)6]4- for K4[Fe(CN)6], [Fe(CN)6]3- for K3[Fe(CN)6], [FeF6]4-

for KFeF3, [FeF6]3- for FeF3, and [FeO4]2- for BaFeO4. For metal-
loporphyrins/metalloproteins, porphyrin substituents (such as phenyls)
were replaced by hydrogens in exactly the same manner as reported
previously for57Fe NMR chemical shift calculations.9 The experimental
isomer shift data1,9,11,23,25,32-35 were all from the literature. For the basis
set dependence studies on the inorganic complexes, we used STO-3G,
3-21G, 6-311G, and “locally dense”36 split valence basis sets, the latter
consisting of a Wachters’ all electron basis for Fe (62111111/3311111/
3111)37 together with a 6-311G* basis for the other heavy atoms. For
the metalloporphyrins, we used the Wachters’ basis for Fe, 6-311G*
for all heavy atoms, and 6-31G* for hydrogens. Numerous pure and
hybrid exchange-correlation functionals were investigated in initial
work, but only B3LYP and BPW91 functional results are discussed in
the text (where B3LYP represents Becke’s three-parameter functional38

with the Lee, Yang, and Parr correlation functional39 and BPW91
represents a pure DFT approach: Becke’s 88 exchange40 and a Perdew-
Wang 91 correlation functional41), basically as described previously.6,9

Results for other hybrid functionals described previously9 did not give
improved results. For diamagnetic systems restricted methods were used,
while for paramagnetic systems spin-unrestricted methods were em-
ployed, i.e., UBPW91 and UB3LYP. To determineFtot(0) values and
the different MO contributions toFtot(0), we used the AIM 2000
program.19 Molecular orbitals were computed using Gaussian 98 and
displayed using Cerius2.42

Results and Discussion

Inorganic Systems and the Evaluation ofrrel. Molecular
orbital calculations give information on the charge or electron
density at the nucleus,Ftot(0), which is related to the isomer
shift via eq 2. However, the charge densities obtained via HF
or DFT methods are, of course, not the fully relativistic values
which might be obtained from Dirac-Fock theory. Conse-
quently, it is customary to correct the nonrelativistic charge
densities by use of a relativistic scaling factor S, and in most
cases S is taken to be 1.30.2,16 However, the evaluation of S
has clearly been shown to be basis set dependent.16 Moreover,
it also seems possible that S may vary with the type of theory
used to evaluate it. For example, HF methods ignore electron

correlation effects, and as shown previously, HF methods do
not permit the evaluation of57Fe (or95Mo or 103Rh) metal ion
NMR chemical shifts.7,8 It is also possible that S values will
depend on a given Fe dn electron configuration and might also
vary between the different s shells of the iron atom.2 Clearly,
then, it might simply be impossible to accurately evaluate57Fe
Mössbauer isomer shifts in metalloporphyrins and related
systems, since fully relativistic calculations on such large
molecules are not currently feasible.

To begin with, we first investigated the effects of calculational
method (HF, DFT, hybrid HF-DFT; basis set dependence) on
the prediction of the relativistic correction factors and thereby
onFtot(0) for five different iron configurations, comparing these
results with earlier relativistic results. The HF results were
essentially identical to those of Yamada and Tominaga,16 with
minimal (STO-3G) and small (3-21G) basis sets giving apparent
S values of 1.93 and 1.70, respectively, in poor accord with
accepted values. However, the larger 6-311G and Wachters’
basis sets yielded S) 1.30, independent of the calculational
methods used, again in good accord with previous work.2,16We
therefore used this value to deduce relativistically corrected
charge densities in Table 1, where the computed∆Ftot(0) values
are given relative to those found for the 3d64s0 configuration
for HF, pure, and hybrid DFT methods using both 6-311G and
Wachters’ basis sets. It can be seen that there is generally good
accord with the relativistic results,∆Frel(0).

Next, we investigated aRrel prediction in a series of four
inorganic systems, K4[Fe(CN)6] (S) 0), K3[Fe(CN)6] (S) 1/2),
KFeF3 (S ) 2), and FeF3 (S ) 5/2), relatively small systems
which cover all of the spin states commonly seen in metallo-
proteins and metalloporphyrins. These compounds have been
investigated previously by Nieuwpoort et al.4 using Hartree-
Fock based methods and form a “benchmark” series with which
to test the effects of using different DFT methods, as well as
basis sets, on determination of the coefficientRrel. Table 2 shows
the Ftot(0) values obtained on these four systems when using
HF and DFT (BPW91, B3LYP) methods, as a function of basis
set size. For the HF calculations, the small basis calculations
give either poor correlations betweenFtot(0) and experiment or
unusualRrel values. However, for either the 6-311G or Wachter’s
Fe basis HF calculations, theR2 values are quite high, andRrel

) -0.266a0
3 mm s-1 (6-311G) orRrel ) -0.253a0

3 mm s-1

(Wachters’). The rms error values are, however, also moderately
high (0.25, 0.19 mm s-1 for 6-311G, Wachters’, respectively).
For the DFT calculations using the pure exchange-correlation
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Table 1. Charge Densities at Iron for Different Calculational
Methods and Basis Sets: Comparison with Relativistic Results

∆Ftot(0) (au)b

basis
∆Frel(0)

(au)a HF BPW91 B3LYP

6-311G 3d54s1 11.61 11.71 12.47 12.22
3d64s2 9.35 8.97 9.56 10.60
3d64s1 6.11 6.54 7.48 7.24
3d54s0 3.01 3.04 2.89 2.89

Wachters’ 3d54s1 11.61 11.57 12.31 12.05
3d64s2 9.35 9.43 6.60c 9.74
3d64s1 6.11 6.72 7.74 7.49
3d54s0 3.01 2.89 2.70 2.70

a Relativistic charge densities,Frel(0), are from ref 3.∆Frel(0) is referenced
to Frel(0) for the 3d64s0 configuration.b ∆Ftot(0) is referenced toFtot(0) of
3d64s0 and multiplied by the relativistic correction factor, S) 1.30. c The
computed electronic state is 3d6.674s1.33, so itsFtot(0) is smaller than expected
for 3d64s2.
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functional (BPW91), theR2 values are clearly higher than those
obtained by using HF theory and the rms error values are also
very good (0.07 mm s-1), but theR values for the larger basis
calculations are also higher (Rrel ) -0.381,-0.367 a0

3 mm
s-1). Finally, for the hybrid DFT (B3LYP) method (which
contains 20% HF exchange), theR2 values for the two larger
basis calculations are again very good (0.989, 0.994), the rms
error values are good (0.10, 0.07 mm s-1), and in addition, the
Rrel values decrease to-0.323,-0.316a0

3 mm s-1. As can be
seen in Table 2, there is convergence in the basis at about the
6-311G level forRrel values as a function of basis set size, for
HF, B3LYP, and BPW91 DFT calculations. For the HF
calculation, we findRrel ) -0.253a0

3 mm s-1, essentially the
-0.22( 0.02a0

3 mm s-1 value reported previously by others4

and in very good accord with the “consensus” value of-0.267
( 0.115a0

3 mm s-1, but for the pure density functional BPW91,
Rrel ) -0.381 to-0.367 a0

3 mm s-1. This is clearly larger
than the consensus value ofR but still within the range of
-0.267( 0.115a0

3 mm s-1 reported over the years, and the
rms error andR2 values are also clearly improved over the HF
calculation. These initial results clearly indicate, therefore, that
betterR2 and rms error results are obtained by using the DFT
method. However, the values ofRrel obtained appear to be too
high when using the pure density functional. On the other hand,
HF methods ignore electron correlation and do not permit
accurate evaluation of other properties such as metal ion (e.g.,
57Fe) NMR chemical shifts, so one must question the quality
of pure HF wave functions. We therefore next investigated the
use of the hybrid B3LYP functional. As noted above, the B3LYP
functional incorporates the effects of both electron correlation
and HF exchange and has been found to permit the accurate
prediction of both local (57Fe NMR chemical shifts, chemical
shift anisotropies,57Fe Mössbauer quadrupole splittings) and
nonlocal (2H, 13C, 15N, 19F NMR hyperfine shift) spectroscopic
properties. As shown in Table 2, by using the large Wachters’
basis, we obtain excellentR2 and rmsd values (0.994, 0.07 mm
s-1) in addition to a much smallerRrel of -0.316a0

3 mm s-1.

This value is only 18% higher than the “consensus” value of
-0.267( 0.115a0

3 mm s-1 and is well within one standard
deviation of the accepted value. These results suggest, therefore,
that at least part of the origin of the variations inR arises from
neglect of electron correlation in HF (or other, semiempirical)
calculations. Since we also know that HF methods do not permit
57Fe NMR shift calculations, while DFT methods do permit such
calculationssas well as 57Fe Mössbauer quadrupole split-
tings9sit appeared that DFT methods might also be more
appropriate forδFe/Ftot(0), isomer shift/charge density calcula-
tions, in both inorganic and organometallic systems. We
therefore next tested this hypothesis by investigatingδFe

predictions in 20 different systems (24 structures) covering all
spin states and a very wide range ofδFe values.

Since both of the DFT methods gave excellentR2 and rmsd
results for the four small inorganic systems (Table 2), we
evaluatedδFe/Ftot(0) values with both the pure DFT (BPW91)
and hybrid (B3LYP) functionals to see to what extent the
experimental results could be reproduced by the calculations.
The molecules or systems chosen cover the range of isomer
shifts from -0.90 to 1.44 mm s-1, all spin states, and Fe(0),
Fe(II), Fe(III), and Fe(VI) oxidation states and include numerous
metalloporphyrins and metalloproteins. These calculations cover,
therefore, most of the major types of Fe bonding seen
experimentally. They also provide a test of a number of potential
problems with predictingδFe: Are protein crystal structures
sufficiently accurate to enableδFe predictions? Does the neglect
of second-order Doppler effects prevent accurateδFecalculations
in the systems investigated? Are theδFe predictions accurate?
Are the R values reasonable? Are there particular problems
associated with any specific spin state or oxidation state? Are
there problems associated with the use of Gaussian type basis
functions? Do numerical basis sets have to be employed? Are
there any indications of the need for fully relativistic calcula-
tions?

As shown in Figure 1A and Table 3, we first found an
excellent correlation betweenδFe and Ftot(0) for the BPW91

Table 2. Effects of Basis Sets and Calculational Method on Computed Total Charge Densities at Iron

Ftot(0) (au)

method compounds S
δFe

expt

(mm/s)a STO-3G 3-21G 6-311G LDBSb

HF K4[Fe(CN)6] 0 -0.07 7810.22 8879.61 11620.75 11623.53
K3[Fe(CN)6] 1/2 -0.15 7810.42 8880.84 11622.01 11624.68
KFeF3 2 1.44 7808.95 8877.30 11616.77 11619.31
FeF3

5/2 0.69 7809.86 8880.49 11619.84 11622.26
R2 0.958 0.622 0.931 0.956
R (relativistic) -0.606 -0.351 -0.266 -0.253
rms error (mm/s) 0.19 0.71 0.25 0.19

BPW91 K4[Fe(CN)6] 0 -0.07 7810.28 8876.30 11621.76 11617.45
K3[Fe(CN)6] 1/2 -0.15 7810.29 8876.61 11622.10 11617.79
KFeF3 2 1.44 7811.57 8875.57 11618.85 11614.42
FeF3

5/2 0.69 7809.88 8875.77 11620.14 11615.75
R2 0.490 0.895 0.993 0.993
R (relativistic) 0.750 -0.971 -0.381 -0.367
rms error (mm/s) 0.93 0.31 0.07 0.07

B3LYP K4[Fe(CN)6] 0 -0.07 7810.26 8876.56 11617.14 11614.15
K3[Fe(CN)6] 1/2 -0.15 7810.27 8876.95 11617.56 11614.57
KFeF3 2 1.44 7811.56 8876.27 11613.60 11610.55
FeF3

5/2 0.69 7809.87 8876.39 11615.74 11612.60
R2 0.497 0.714 0.989 0.994
R (relativistic) 0.742 -1.75 -0.323 -0.316
rms error (mm/s) 0.92 0.58 0.10 0.07

a ExperimentalδFe values are from low-temperature experiments or extrapolated to low temperature, as shown in Table 3.b This designates the locally
dense basis set described in the Experimental Section.
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correlation, and the results shown can be expressed by the
following equation:

or alternatively, the57Fe Mössbauer isomer shift is given by

For the 20 compounds investigated (24 computed structures,
Table 3), we findR2 ) 0.973, R ) -0.471 a0

3 mm s-1,
corresponding to a relativistically correctedRrel ) -0.362a0

3

mm s-1, using the S) 1.30 value computed previously. When
theseδFe values are plotted versus experiment (Figure 1B), we
find an rms error of 0.080 mm s-1 for the 2.34 mm s-1 range.
The relativistically corrected value ofRrel ) -0.362, is,
however, arguably too high, as might also be expected on the
basis of the four model compound results (Table 2), although
it could perhaps also be argued that any HF or semiempirically
derivedR values are too low, due to the complete neglect of
electron correlation. In any case, we next computed theFtot(0)
values using the B3LYP hybrid XC functional (which contains
the effects of both electron correlation and HF exchange) and

obtained the results shown in Table 3 and Figure 2. Figure 2A
shows the correlation betweenδFeandFtot(0) and can be fitted by

or alternatively, the57Fe Mössbauer isomer shift is given by

For the 20 compounds investigated (24 calculated points),
we findR2 ) 0.981 and a relativistically correctedRrel ) -0.311
a0

3 mm s-1 (using S) 1.30). Figure 2B shows the calculation
versus experimentδFe correlation, where there is a 0.067 mm
s-1 rms error, corresponding to only 2.86% of the entire 2.34
mm s-1 range ofδFe values. Thus, the B3LYP calculations
provide both a betterR2 value (0.981 versus 0.973) and a more
conventional, relativistically correctedRrel ) -0.311a0

3 mm
s-1 value, consistent, we believe, with the better performance
of B3LYP in computing the57Fe NMR and other spectroscopic
observables reported previously.8,9 These results are of consider-
able interest, since they clearly show that it is now possible to
evaluateδFe for all six Fe spin states: theR2 value is as high

Figure 1. Graphs showing correlation between experimental57Fe Möss-
bauer isomer shifts (δFe) and (A) the total charge density at the57Fe nucleus,
Ftot(0), computed by using the BPW91 functional and the Wachters’ Fe
basis and (B)δFe computed from eq 4.

Ftot(0) ) -2.123δFe + 11617.30 (3)

δFe ) -0.471[Ftot(0) - 11617.30] (4)

Figure 2. Graphs showing correlation between experimental57Fe Möss-
bauer isomer shifts (δFe) and (A) the total charge density at the57Fe nucleus,
Ftot(0), computed by using the B3LYP functional and Wachters’ Fe basis
and (B)δFe computed from eq 6.

Ftot(0) ) -2.475δFe + 11614.16 (5)

δFe ) -0.404[Ftot(0) - 11614.16] (6)
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as 0.981, the rms error as low as 0.067 mm s-1, and Rrel )
-0.311a0

3 mm s-1. The statistical probability that theR2 value
is zero isp < 0.0001.

The observation of such largeR2 values and small rms errors
strongly suggests that the use of the large, locally dense basis
set approach should be generally applicable to other inorganic
as well as organometallic/metalloporphyrin/metalloprotein sys-
tems, independent of oxidation or spin state. For example, even
the previously difficult system [FeO4]2- (S ) 1),3 which has
an experimentalδFe ) -0.90 mm s-1, is quite well reproduced
in the present calculations (-0.99, -1.01 mm s-1, BPW91,
B3LYP). While it might be argued that such good overall
agreement between calculation and experiment is simply
fortuitous and that fully relativistic, second-order Doppler
corrected calculations need to be employed, possibly using
crystallographic structures determined at 4.2 K, and that allδFe

values should be determined at 4.2 K (or lower), thep < 0.0001
value (N ) 24), rms error (0.067 mm s-1; 2.34 mm s-1 range),
and Rrel ) -0.311 a0

3 mm s-1 values would seem to argue
against this. Indeed, the uniform S) 1.30 value has been used
in many previous studies,2,15-17 and in 15 of the systems

investigated,δFe results are already reported at very low
temperatures, where second-order Doppler effects are expected
to be negligible, and the results obtained on these systems are
not statistically different from those obtained at the higher
temperatures.

What, then, are the major contributions to the small residual
errors seen between calculation and experiment? In some early
calculations, we found in theR andâ subunits of deoxyhemo-
globin that there were quite large differences betweenF(0) for
the two iron sites, which are simply not reflected in the
experimental values ofδFe. While we initially thought that this
might just be due to crystallographic uncertainties (because
deoxyhemoglobin is a very large molecule), on further inves-
tigation we found that this was not the case. Rather, we found
that truncating the precision of the Cartesian coordinates in the
wave function files (n ) 8 decimal places) generated by
Gaussian 98 when being read into the AIM2000 program could
result in erroneous charge densities. ComputedFtot(0) results
for theR andâ chains forn ) 3-8 are given in Table 4. Clearly,
for n ) 4, there are 1.04 (BPW91) and 1.07 au (B3LYP)
differences inF(0) between the two chains, but this decreases

Table 3. Experimental 57Fe Mössbauer Isomer Shifts, Computed Charge Densities at Iron, and Computed Isomer Shifts for
Metalloporphyrins/Metalloproteins and Model Systems

Ftot(0) (au) δFe
calc c (mm/s)

compound structurea S
δFe

expt b

(mm/s) T (K) BPW91 B3LYP BPW91 B3LYP

1 K4[FeII(CN)6] [4] 0 -0.0732 143 11617.45 11614.15 -0.07 0.00
2 Fe(CO)5 [11] 0 -0.1832 143 11617.73 11614.46 -0.20 -0.12
3 Fe(CO)3(cyclobutadiene) [11] 0 0.0211 77 11617.38 11614.14 -0.04 0.01
4 Fe(CO)3(1,4-dibutadiene) [11] 0 0.1211 4.2 11617.37 11614.13 -0.03 0.01
5 Fe(TPP)(1-MeIm)(i-PrNC) [20] 0 0.259 77 11616.57 11613.21 0.34 0.38
6 Fe(TPP)(pyr)2 [21] 0 0.4133 77 11616.21 11612.79 0.51 0.55
7 carbonmonoxymyoglobin [22] 0 0.271 4.2 11616.76 11613.45 0.25 0.29

[Fe(TMP)(N-MeIm)2]ClO4
d 1/2 0.2823 4.2

8 molecule 1 [23] 11616.69 11613.57 0.29 0.24
9 molecule 2 [23] 11616.67 11613.55 0.30 0.25

Fe(OEP)(NO)e 1/2 0.3534 100
10 Fe(OEP)(NO) [24] 11616.44 11613.26 0.41 0.36
11 Fe(OEP)(NO) [24] 11616.47 11613.30 0.39 0.35
12 K3[FeIII (CN)6] [4] 1/2 -0.1532 143 11617.79 11614.57 -0.23 -0.17
13 Fe(TPP) [25] 1 0.5225 4.2 11616.08 11612.71 0.57 0.59
14 FeVIO4

2- [26] 1 -0.9032 143 11619.40 11616.65 -0.99 -1.01
15 [Fe(OEP)(3-Clpy)]ClO4 [27] 3/2 0.361 4.2 11616.39 11613.31 0.43 0.34

deoxymyoglobinf 2 0.921 4.2
16 1BZP [22] 11615.45 11611.99 0.87 0.88
17 1A6N [28] 11615.47 11611.91 0.86 0.91

deoxyhemoglobing 2 0.9251 4.2
18 R-chain [29] 11615.55 11612.09 0.82 0.84
19 â-chain [29] 11615.53 11612.04 0.83 0.86
20 KFeIIF3 [4] 2 1.4435 0 11614.42 11610.55 1.36 1.46
21 Fe(TPP)Cl [30] 5/2 0.411 4.2 11616.15 11613.03 0.54 0.46
22 metmyoglobin [22] 5/2 0.421 4.2 11616.21 11613.11 0.51 0.42
23 Fe(TPP)Br [31] 5/2 0.451 4.2 11616.14 11613.03 0.55 0.46
24 FeIIIF3 [4] 5/2 0.6935 0 11615.75 11612.60 0.73 0.63

a References for structures are provided in brackets.b The experimental references for isomer shifts are listed as superscripts.c Computed by using eqs
4 and 6, respectively, for BPW91 and B3LYP.d Two molecules in the unit cell.e Two different crystal structures for the same molecule, Cambridge Structural
Database IDs RIQSUF and RIQSUF01 for10 and11, respectively.f PDB structure codes for16, 17 shown below.g Two subunits from the same PDB file
1IBE.

Table 4. Effects of Coordinate Precision on Computed Ftot(0) Values (au)

method deoxyhemoglobin n ) 3 n ) 4 n ) 5 n ) 6 n ) 7 n ) 8

BPW91 R-chain 11556.23 11615.10 11615.54 11615.55 11615.55 11615.55
â-chain 11576.08 11614.06 11615.52 11615.53 11615.53 11615.53
difference 19.85 1.04 0.02 0.02 0.02 0.02

B3LYP R-chain 11552.79 11611.64 11612.08 11612.09 11612.09 11612.09
â-chain 11572.61 11610.57 11612.03 11612.04 11612.04 11612.04
difference 19.82 1.07 0.05 0.05 0.05 0.05
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to 0.02 (BPW91), 0.05 au (B3LYP) atn ) 5, andFtot(0) is
essentially constant forn g 6. For the B3LYP calculations, the
computedδFe values are 0.84 and 0.86 mm s-1 for theR andâ
subunits, close to the 0.925 reported experimentally.1 For
deoxymyoglobin, we obtainδFe ) 0.88 and 0.91 mm s-1 for
the 1BZP and 1A6N structures, respectively, in even better
accord with the experimental value of 0.92 mm s-1. This
improvement may be related to the higher resolution (1.15 Å)
of the myoglobin structure over the 1.80 Å resolution of the
1IBE structure used for the deoxyhemoglobinR and â chain
calculations.

These theoretical results appear encouraging in that they
enable the accurate prediction ofδFe values for a wide range of
compounds using calculational methods which have been
thoroughly tested by several groups in the calculation of other
spectroscopic properties, such as NMR chemical shifts and NMR
hyperfine shifts. This leads to the conclusion that the wave
functions so obtained are quite reliable and that there might be
additional information of interest in the actual magnitudes of
the various contributions toFtot(0), the charge density at the
nucleus. In the results discussed above, we just looked at
Ftot(0), the total charge density at the nucleus. However, using
the AIM2000 program,19 it is possible to obtain the various MO
contributions toF(0). This basic approach has been investigated
previously by other workers.2-4 However, with other than
minimal basis sets (which do not permit accurate prediction of
the other spectroscopic observables), it is not possible to break
down the MO contributions into pure Fe 1s, 2s etc. atomic
orbital contributions, but it is possible to investigate the
individual MOs, which may be of primarily Fe 1s, 2s etc.
character, basically as described below. To begin with, we
therefore investigated the four inorganic systems described
above: K4[FeII(CN)6] (S) 0), K3[FeIII (CN)6] (S) 1/2), KFeIIF3

(S ) 2), and FeIIIF3 (S ) 5/2). Again, we used HF, pure DFT
(BPW91), and hybrid HF-DFT (B3LYP) methods with four
different basis sets. In all calculations, we found that there were
three single “core” MOs (for each spin up and spin down state)
making the major contribution to the total charge density, as
noted previously by Nieuwpoort et al.4 The variations in the
computedFtot(0) values with chemical structure were very small
for the three core MOs, as evidenced, for example, by the rmsd
values shown in Table 5. However, the “valence” MO contribu-
tions (summed over all upper occupied MOs, not pure AOs),
Fval(0), although they make the smallest overall contribution to
Ftot(0), were found to vary considerably between the different
chemical structures. The results of Table 5 are also of interest
in that they show that the individualF(0) contributions vary
somewhat with basis set size and method of calculation.
However, as the basis set size increases, and on introduction of
electron correlation (in the DFT calculations), an arguably more
chemically reasonable picture arises in which both the variance
and even more clearly the overallrange in F(0) values follow
the pattern,∆|Fval(0)| . ∆|Fi(0)| (i ) 1, 2, and 3, whereFi(0)
is charge density contribution from theith core MO). This effect
was also noted in early work by Walker, Simanek, and
others.15a,h,43 That is, the core MOs (primarily Fe 1s, 2s, 3s
atomic orbitals), which contribute∼99.9% to Ftot(0), are
essentially invariant to changes in the chemistry, while the higher

occupied MO contributions (Fval(0)) are extremely sensitive to
changesin chemical bonding, even though they contribute only
∼0.1% toFtot(0).

To investigate this effect in more detail, we then computed
the MO contributions toF(0) for all of the 24 structures shown
in Table 3, covering the full 2.34 mm s-1 range: S) 0, 1/2, 1,
3/2, 2, and5/2 as well as d2, d5, d6, and d8 iron configurations.
We show in Tables 6 and 7 the various contributions toFtot(0)
from the BPW91 and B3LYP calculations. These results show
that there is very little variation in the core MOF(0) values for
a given calculational method, and in fact essentially all of the
variation inFtot(0) is given in theFval(0) contributions, which
are, however, those which might reasonably be expected to
reflect the changes in chemical bonding that exist between the
different chemical systems. This result is not at variance with
previous conclusions from valence-electron-only calculations,
where the dominant change inFtot(0) arises from theF3s(0)
contribution.5 In those calculations, the core contributions are
orthogonalized to the valence MOs in order to account for
polarization effects, whereas in our approach the admixture of
the core atomic orbitals to the valence molecular orbitals, and

(43) Watson, R. E. Technical Report No. 12, Solid State and Molecular Theory
Group, Massachusetts Institute of Technology, 1959 (unpublished).

Figure 3. Graphs showing correlations betweenδFe (expt) and the sum of
the valenceF(0) contributions to the total charge density.(A) BPW91
calculations and (B) B3LYP calculations. Data from Tables 6 and 7.
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thus part of the core polarization, is assigned to the valence
MO contribution.

This effect can be seen most clearly in Figure 3, where we
plot the experimentalδFe values as a function of the computed
Fval(0). The statistics are, for BPW91,R2 ) 0.915,N ) 24, p
< 0.0001, and for B3LYP,R2 ) 0.938,N ) 24, p < 0.0001.
And, as expected, the correlation between the valenceF(0) and
the totalF(0) (Figure 4) is also extremely high. For BPW91,R2

) 0.976,N ) 24, p < 0.0001, and for B3LYP,R2 ) 0.965,N
) 24, p < 0.0001. These results strongly suggest, therefore,
that it is the valence MOF(0) which is primarily responsible
for the changes inFtot(0), due to changes in chemical bonding,
as opposed to the core MOF(0) contributions, which are
remarkably constant in all 24 systems. Also, these results do
not give any evidence to support the idea that there are large
changes in relativistic scaling factor S which depend on Fe dn

Table 5. Effects of Computational Method and Basis Sets on Different MO Contributions to the Total Charge Densities at Iron

method basis set compound S F1(0) F2(0) F3(0) Fval(0)

HF STO-3G K4[FeII(CN)6] 0 6773.65 921.49 111.88 3.20
K3[FeIII (CN)6] 1/2 6773.64 921.70 111.96 3.12
KFeIIF3 2 6773.73 921.39 112.02 1.81
FeIIIF3

5/2 6773.68 922.04 112.16 1.98
rmsd 0.04 0.29 0.12 0.73

3-21G K4[FeII(CN)6] 0 8026.60 741.41 107.95 3.65
K3[FeIII (CN)6] 1/2 8026.58 741.46 108.79 4.01
KFeIIF3 2 8027.87 740.74 107.42 1.27
FeIIIF3

5/2 8027.78 740.89 109.48 2.34
rmsd 0.71 0.36 0.91 1.26

6-311G K4[FeII(CN)6] 0 10456.16 1018.76 141.28 4.55
K3[FeIII (CN)6] 1/2 10455.99 1018.72 142.24 1.06
KFeIIF3 2 10456.65 1018.61 139.89 1.62
FeIIIF3

5/2 10456.25 1018.47 142.14 2.98
rmsd 0.28 0.13 1.09 1.56

LDBSa K4[FeII(CN)6] 0 10456.79 1020.62 141.41 4.71
K3[FeIII (CN)6] 1/2 10456.63 1020.56 142.28 5.21
KFeIIF3 2 10457.29 1020.43 140.00 1.59
FeIIIF3

5/2 10456.88 1020.29 142.19 2.90
rmsd 0.28 0.15 1.05 1.67

BPW91 STO-3G K4[FeII(CN)6] 0 6772.45 918.48 115.84 3.51
K3[FeIII (CN)6] 1/2 6772.45 918.51 115.86 3.47
KFeIIF3 2 6772.48 918.77 115.99 4.33
FeIIIF3

5/2 6772.49 918.67 115.97 2.75
rmsd 0.02 0.14 0.08 0.65

3-21G K4[FeII(CN)6] 0 8025.18 735.20 111.37 4.55
K3[FeIII (CN)6] 1/2 8025.18 735.19 111.50 4.74
KFeIIF3 2 8026.58 734.74 111.62 2.63
FeIIIF3

5/2 8026.51 734.69 111.47 3.10
rmsd 0.79 0.28 0.10 1.05

6-311G K4[FeII(CN)6] 0 10461.32 1008.61 146.22 5.61
K3[FeIII (CN)6] 1/2 10461.28 1008.58 146.34 5.90
KFeIIF3 2 10461.69 1008.72 145.42 3.02
FeIIIF3

5/2 10461.53 1008.61 145.95 4.05
rmsd 0.19 0.06 0.41 1.35

LDBSa K4[FeII(CN)6] 0 10454.93 1010.48 146.35 5.69
K3[FeIII (CN)6] 1/2 10454.89 1010.44 146.47 5.99
KFeIIF3 2 10455.30 1010.61 145.65 2.86
FeIIIF3

5/2 10455.13 1010.48 146.18 3.95
rmsd 0.19 0.07 0.36 1.48

B3LYP STO-3G K4[FeII(CN)6] 0 6772.32 919.33 115.16 3.45
K3[FeIII (CN)6] 1/2 6772.32 919.37 115.18 3.40
KFeIIF3 2 6772.36 919.66 115.35 4.19
FeIIIF3

5/2 6772.37 919.56 115.34 2.60
rmsd 0.03 0.16 0.10 0.65

3-21G K4[FeII(CN)6] 0 8025.01 736.46 110.75 4.34
K3[FeIII (CN)6] 1/2 8025.00 736.45 110.95 4.55
KFeIIF3 2 8026.38 735.97 111.37 2.55
FeIIIF3

5/2 8026.31 735.92 111.17 2.99
rmsd 0.77 0.30 0.27 0.99

6-311G K4[FeII(CN)6] 0 10456.24 1010.08 145.46 5.36
K3[FeIII (CN)6] 1/2 10456.19 1010.04 145.64 5.69
KFeIIF3 2 10456.68 1010.12 144.24 2.56
FeIIIF3

5/2 10456.41 1009.96 145.48 3.89
rmsd 0.22 0.07 0.65 1.44

LDBSa K4[FeII(CN)6] 0 10451.14 1011.96 145.59 5.46
K3[FeIII (CN)6] 1/2 10451.08 1011.90 145.77 5.81
KFeIIF3 2 10451.58 1012.02 144.49 2.43
FeIIIF3

5/2 10451.30 1011.85 145.67 3.77
rmsd 0.22 0.07 0.60 1.57

a This designates the locally dense basis set described in the Experimental Section.
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configuration. Rather, our results imply that it is overwhelmingly
the valence MOF(0) values which change with chemistry and
that the S values are relatively constant. This agrees well with
a previous study2 in which S was found to be relatively
insensitive to orbital occupancy. Of course, it is possible that
therearedifferences in S for different core orbitals, but if there
are then they most likely do not vary with chemistry, since
assumption of a uniform value already gives excellent results.
In the future, it is possible that fully relativistic calculations
might yield even further improved results, but a∼0.07 mm s-1

rms error over the 2.34 mm s-1 range for 20 different systems
appears to be a good start. In fact, it seems likely that

uncertainties in crystallographic structures (especially in systems
such as heme proteins), when combined with experimental
uncertainties inδFe measurement, may make further improve-
ments quite difficult to obtain.

The observation that the core MO contributions are all
relatively invariant to chemical bonding changes also helps
explain theδFe trends seen experimentally with changes in
oxidation and spin state. For example, it is well-known thatδFe

decreases with increasing oxidation state since there are fewer
d electrons to shield the iron s electrons, soF(0) increases. Thus,
FeVIO4

2- has the smallest isomer shift, while Fe(II) systems
such as deoxymyoglobin, deoxyhemoglobin, and KFeF3 have

Table 6. MO (R,â) Contributions to the Total Charge Densities at Iron (BPW91)a

compound S F1
R(0) F1

â(0) ∆F1(0) F2
R(0) F2

â(0) ∆F2(0) F3
R(0) F3

â(0) ∆F3(0) Fval
R(0) Fval

â(0) ∆Fval(0)

1 K4[FeII(CN)6] 0 5227.46 -0.37 505.24 -0.13 73.17 0.70 2.85 2.83
2 Fe(CO)5 0 5227.45 -0.41 505.22 -0.16 73.09 0.53 3.11 3.35
3 Fe(CO)3(cyclobutadiene) 0 5227.47 -0.36 505.24 -0.13 73.04 0.43 2.94 3.02
4 Fe(CO)3(1,4-dibutadiene) 0 5227.47 -0.35 505.24 -0.13 73.06 0.48 2.91 2.96
5 Fe(TPP)(1-MeIm)(i-PrNC) 0 5227.53 -0.23 505.28 -0.06 73.14 0.62 2.34 1.82
6 Fe(TPP)(pyr)2 0 5227.55 -0.19 505.29 -0.03 73.12 0.6 2.14 1.41
7 carbonmonoxymyoglobin 0 5227.53 -0.25 505.27 -0.06 73.11 0.57 2.47 2.09
8 [Fe(TMP)(N-MeIm)2]ClO4

1/2 5227.52 5227.53 -0.25 505.06 505.47 -0.08 73.31 73.10 0.76 2.39 2.31 1.84
9 [Fe(TMP)(N-MeIm)2]ClO4

1/2 5227.52 5227.53 -0.25 505.06 505.47 -0.08 73.31 73.10 0.76 2.39 2.29 1.82
10 Fe(OEP)(NO) 1/2 5227.55 5227.55 -0.20 505.08 505.47 -0.05 73.15 72.94 0.44 2.44 2.25 1.83
11 Fe(OEP)(NO) 1/2 5227.54 5227.55 -0.21 505.08 505.47 -0.06 73.15 72.93 0.43 2.47 2.28 1.89
12 K3[FeIII (CN)6] 1/2 5227.44 5227.45 -0.41 505.02 505.42 -0.17 73.33 73.13 0.82 3.05 2.95 3.13
13 Fe(TPP) 1 5227.58 5227.59 -0.13 504.87 505.72 -0.02 73.17 72.76 0.27 2.50 1.90 1.54
14 FeVIO4

2- 1 5227.39 5227.40 -0.51 504.87 505.53 -0.20 73.52 73.09 0.95 3.83 3.77 4.74
15 [Fe(OEP)(3-Clpy)]ClO4

3/2 5227.55 5227.56 -0.19 504.71 505.82 -0.07 73.40 72.81 0.56 2.47 2.06 1.67
16 deoxymyoglobin 1BZP 2 5227.60 5227.62-0.08 504.53 506.04 -0.03 73.25 72.48 0.08 2.18 1.74 1.06
17 deoxymyoglobin 1A6N 2 5227.60 5227.62-0.09 504.46 506.10 -0.05 73.32 72.47 0.15 2.14 1.76 1.04
18 deoxyhemoglobinR 2 5227.60 5227.61 -0.09 504.55 506.02 -0.04 73.26 72.49 0.10 2.23 1.79 1.16
19 deoxyhemoglobinâ 2 5227.60 5227.62 -0.09 504.47 506.09 -0.05 73.30 72.46 0.11 2.24 1.76 1.14
20 KFeIIF3 2 5227.64 5227.66 0.00 504.42 506.19 0.00 73.28 72.37 0.00 1.54 1.32 0.00
21 Fe(TPP)Cl 5/2 5227.55 5227.58 -0.17 504.36 506.16 -0.09 73.57 72.59 0.51 2.32 2.02 1.48
22 metmyoglobin 5/2 5227.55 5227.57 -0.18 504.31 506.18 -0.12 73.61 72.61 0.57 2.38 2.00 1.52
23 Fe(TPP)Br 5/2 5227.56 5227.58 -0.16 504.37 506.15 -0.09 73.55 72.59 0.49 2.33 2.01 1.48
24 FeIIIF3

5/2 5227.55 5227.58 -0.17 504.24 506.25 -0.13 73.65 72.54 0.53 2.08 1.87 1.09
rmsd 0.12 0.05 0.25 0.99

a ∆Fi(0) (i ) 1, 2, 3, val) are referenced to the data of KFeIIF3.

Table 7. MO (R,â) Contributions to the Total Charge Densities at Iron (B3LYP)a

compound S F1
R(0) F1

â(0) ∆F1(0) F2
R(0) F2

â(0) ∆F2(0) F3
R(0) F3

â(0) ∆F3(0) Fval
R(0) Fval

â(0) ∆Fval(0)

1 K4[FeII(CN)6] 0 5225.57 -0.44 505.98 -0.06 72.79 1.10 2.73 3.03
2 Fe(CO)5 0 5225.55 -0.49 505.97 -0.08 72.74 1.00 2.97 3.52
3 Fe(CO)3(cyclobutadiene) 0 5225.57 -0.44 505.98 -0.06 72.70 0.91 2.81 3.19
4 Fe(CO)3(1,4-dibutadiene) 0 5225.57 -0.43 505.98 -0.05 72.72 0.95 2.79 3.14
5 Fe(TPP)(1-MeIm)(i-PrNC) 0 5225.64 -0.3 506.01 0.00 72.73 0.98 2.22 2.01
6 Fe(TPP)(pyr)2 0 5225.66 -0.25 506.02 0.02 72.70 0.90 2.02 1.60
7 carbonmonoxymyoglobin 0 5225.63 -0.32 506.01 -0.01 72.73 0.96 2.36 2.29
8 [Fe(TMP)(N-MeIm)2]ClO4

1/2 5225.61 5225.62 -0.35 505.76 506.22 -0.05 73.03 72.76 1.30 2.33 2.25 2.15
9 [Fe(TMP)(N-MeIm)2]ClO4

1/2 5225.61 5225.62 -0.35 505.76 506.22 -0.05 73.03 72.76 1.30 2.31 2.25 2.13
10 Fe(OEP)(NO) 1/2 5225.64 5225.65 -0.29 505.73 506.27 -0.01 72.89 72.54 0.94 2.35 2.18 2.10
11 Fe(OEP)(NO) 1/2 5225.64 5225.65 -0.30 505.73 506.27 -0.02 72.88 72.54 0.94 2.37 2.22 2.16
12 K3[FeIII (CN)6] 1/2 5225.54 5225.55 -0.50 505.72 506.18 -0.12 73.02 72.75 1.28 2.95 2.86 3.38
13 Fe(TPP) 1 5225.69 5225.70 -0.19 505.57 506.46 0.00 72.82 72.30 0.62 2.33 1.86 1.76
14 FeVIO4

2- 1 5225.47 5225.48 -0.63 505.53 506.36 -0.14 73.44 72.84 1.79 3.81 3.72 5.10
15 [Fe(OEP)(3-Clpy)]ClO4

3/2 5225.63 5225.66 -0.30 505.34 506.61 -0.07 73.22 72.42 1.15 2.39 2.05 2.01
16 deoxymyoglobin 1BZP 2 5225.70 5225.74-0.13 505.11 506.85 -0.06 72.98 71.91 0.40 1.96 1.73 1.26
17 deoxymyoglobin 1A6N 2 5225.71 5225.75-0.13 505.11 506.85 -0.06 72.97 71.91 0.39 1.93 1.69 1.19
18 deoxyhemoglobinR 2 5225.70 5225.74 -0.15 505.09 506.85 -0.07 72.99 71.91 0.41 2.03 1.78 1.38
19 deoxyhemoglobinâ 2 5225.70 5225.74 -0.13 505.10 506.86 -0.06 72.99 71.91 0.41 1.99 1.74 1.30
20 KFeIIF3 2 5225.77 5225.81 0.00 505.12 506.90 0.00 72.78 71.71 0.00 1.28 1.14 0.00
21 Fe(TPP)Cl 5/2 5225.63 5225.68 -0.26 504.95 506.95 -0.12 73.44 72.15 1.10 2.18 2.04 1.79
22 metmyoglobin 5/2 5225.62 5225.67 -0.28 504.90 506.97 -0.15 73.50 72.17 1.18 2.25 2.02 1.84
23 Fe(TPP)Br 5/2 5225.64 5225.69 -0.26 504.96 506.95 -0.11 73.43 72.15 1.08 2.19 2.04 1.80
24 FeIIIF3

5/2 5225.63 5225.68 -0.28 504.83 507.02 -0.17 73.55 72.12 1.18 1.92 1.85 1.34
rmsd 0.14 0.05 0.39 1.02

a ∆Fi(0) (i ) 1, 2, 3, val) are referenced to the data of KFeIIF3.
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the largest isomer shifts, with most of the changes inF(0) being
located in the higher occupied MOs. In addition, there is also
a clear effect of spin state onF(0). For example, for Fe(II),δFe

increases in the orderS) 0, 1, 2, while for Fe(III),δFe increases
in the order S) 1/2, 3/2, 5/2. That is,δFe increases with increasing
spin state in both ferrous and ferric complexes, since usually
the iron-ligand distances in high-spin compounds are larger
than those in low-spin compounds, and this larger distance leads
to a reduced electron density at the Fe nucleus, and hence an
increasedδFe.

Finally, it is also of some interest to investigate in a more
graphical manner the various MOs computed by using the DFT
method, especially since, as we will show elsewhere, the
computed wave functions also provide considerable data on spin
density distributions (NMR hyperfine shifts44 and ESR hyperfine
coupling constants45), and it is of general interest to compare
results on electronic structure obtained by using DFT methods
with, e.g., ligand field approaches (which have been less
successful in predicting, e.g.,δFe values1). By way of example,

we show in Figure 5 the three major MOs contributing toF(0)
for carbonmonoxymyoglobin, together with the three MOs
containing the Fe d electrons. Clearly, we obtain the expected
(dxz,dyz)4(dxy)2 configuration from ligand field theory. However,
as emphasized by Debrunner,1 ligand field methods do not
readily enable the prediction of experimentalδFe values, while
as demonstrated above, use of the hybrid DFT method and basis
set scheme we have chosen does permit accurate prediction of
δFe values for a wide range of systems, making the iron-57
Mössbauer isomer shift an even more useful probe of geometric
and electronic structure.

Conclusions

The results we have described above are of interest for a
number of reasons. First, we have found that57Fe Mössbauer
isomer shifts can be quite accurately predicted for a broad range
of inorganic, organometallic, and metalloporphyrin/metallopro-
tein model compounds. The experimental range ofδFe values
is 2.34 mm s-1, while the rms deviation between calculation
and experiment is only 0.080 mm s-1 (BPW91) or 0.067 mm
s-1 (B3LYP), for systems containing d2 to d8 iron, and all spin
states (S ) 0, 1/2, 1, 3/2, 2, 5/2) are quite accurately predicted.
Second, we reproduce the “consensus” value ofRrel ) -0.267
( 0.115a0

3 mm s-1 by using the HF method, a result which
increases by only about 20% when using the DFT/B3LYP
method, which also enables the prediction of other properties,
such as the57Fe NMR chemical shift and the57Fe NMR
chemical shift anisotropy, as well as NMR hyperfine shifts.14,44

While several of the computational methods provide good linear
correlations between experimental isomer shifts and theoretical
charge densities at the iron nuclei, the derivedR values vary
considerably. However, the B3LYP functional provides good
R, δFe as well as other property values, so in most cases it
appears to be the method of choice. Third, our results suggest
that there are only minor changes in the core MOF(0) values
with changing chemistry, even though they contributeJ99.9%
to the overall charge density at the nucleus. The major changes
in F(0) with varying chemistry are due to higher occupied MOs
or valence contributions. When taken together, these results
indicate that use of the DFT method, especially incorporating

(44) Mao, J.; Zhang, Y.; Oldfield, E., unpublished results.
(45) Gossman, B.; Zhang, Y.; Oldfield, E., unpublished results.

Figure 4. Graphs showing correlation between the total charge density at
the nucleus (Ftot(0)) and the total valence shell charge density contribution.
(A) BPW91 calculations and (B) B3LYP calculations. Data from Tables 6
and 7.

Figure 5. Molecular orbitals for carbonmonoxymyoglobin model system.
(A-C) The three major MOs contributing toF(0), the charge density at
the iron nucleus (primarily the Fe 1s, 2s, and 3s orbitals). (D-F) The three
major iron d-electron-containing MOs, (dxz,yz)4,(dxy)2. The contour values
of these six MOs are all(0.08 au.
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the B3LYP hybrid exchange-correlation functional, enables
excellent predictions of57Fe Mössbauer isomer shifts, making
this method a generally applicable one, even for complex
paramagnetic metalloporphyrins and metalloproteins. In the
future, it should therefore be possible to add the isomer shift to
the list of properties which can be used to refine the local
geometries of heme proteins, in much the same way that NMR,
IR, and Mössbauer quadrupole splittings have been used
already.6
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