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Abstract: We report the results of a series of density functional theory (DFT) calculations aimed at predicting
the 57Fe Mössbauer electric field gradient (EFG) tensors (quadrupole splittings and asymmetry parameters)
and their orientations in S ) 0, 1/2, 1, 3/2, 2, and 5/2 metalloproteins and/or model systems. Excellent results
were found by using a Wachter’s all electron basis set for iron, 6-311G* for other heavy atoms, and 6-31G*
for hydrogen atoms, BPW91 and B3LYP exchange-correlation functionals, and spin-unrestricted methods
for the paramagnetic systems. For the theory versus experiment correlation, we found R2 ) 0.975, slope
) 0.99, intercept ) -0.08 mm sec-1, rmsd ) 0.30 mm sec-1 (N ) 23 points) covering a ∆EQ range of 5.63
mm s-1 when using the BPW91 functional and R2 ) 0.978, slope ) 1.12, intercept ) -0.26 mm sec-1,
rmsd ) 0.31 mm sec-1 when using the B3LYP functional. ∆EQ values in the following systems were
successfully predicted: (1) ferric low-spin (S ) 1/2) systems, including one iron porphyrin with the usual
(dxy)2(dxzdyz)3 electronic configuration and two iron porphyrins with the more unusual (dxzdyz)4(dxy)1 electronic
configuration; (2) ferrous NO-heme model compounds (S ) 1/2); (3) ferrous intermediate spin (S ) 1)
tetraphenylporphinato iron(II); (4) a ferric intermediate spin (S ) 3/2) iron porphyrin; (5) ferrous high-spin
(S ) 2) deoxymyoglobin and deoxyhemoglobin; and (6) ferric high spin (S ) 5/2) metmyoglobin plus two
five-coordinate and one six-coordinate iron porphyrins. In addition, seven diamagnetic (S ) 0, d6 and d8)
systems studied previously were reinvestigated using the same functionals and basis set scheme as used
for the paramagnetic systems. All computed asymmetry parameters were found to be in good agreement
with the available experimental data as were the electric field gradient tensor orientations. In addition, we
investigated the electronic structures of several systems, including the (dxy)2(dxz,dyz)3 and (dxz,dyz)4(dxy)1

[Fe(III)/porphyrinate]+ cations as well as the NO adduct of Fe(II)(octaethylporphinate), where interesting
information on the spin density distributions can be readily obtained from the computed wave functions.

Introduction

The nature of metal-ligand bonding in heme proteins has
been the topic of lively debate for several decades.1-5 Part of
the debate often focuses on how small molecule ligands, such
as CO, O2, NO, CN-, N3

-, H2O, and so forth bind to the iron
site. Here, X-ray crystallography is the most widely used
technique to derive structural information.6-10 However, when

local as opposed to more global structural information is of
interest, then other spectroscopic methods can play a role and
in fact may be even more suitable for probing how, for example,
small molecules such as CO bind to Fe.11-13 For example, in
recent work, we used a combination of13C NMR, 17O NMR,
57Fe NMR,57Fe Mössbauer, and IR spectroscopies to investigate
CO binding to myoglobin. By using density functional theory
(DFT) to make correlations between the spectroscopic
observables and structure, we concluded that CO bound with
a tilt τ ) 4° and a bendâ ) 7° (for the A1 substate).11

This result was subsequently confirmed by a high-resolution
synchrotron X-ray structure determination6 which found
τ ) 4.7° andâ ) 7.4°.

The CO- and O2-bonded heme proteins we investigated were,
however, diamagnetic, and many interesting metalloproteins are
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paramagnetic. There is considerable spectroscopic information
on, for example, the Mo¨ssbauer electric field gradients (the
quadrupole splittings,∆EQ, and the electric field gradient (EFG)
tensor asymmetry parameters,η) on paramagnetic systems in
the literature14-19 together with IR,20-24 electron spin resonance
(ESR),15,25-27 and NMR hyperfine shifts15,28-32 in paramagnetic
proteins and model systems. It would, therefore, clearly be of
interest to be able to predict at least some of these parameters
theoretically, since then structural-spectroscopic correlations
could be made on paramagnetic systems in much the same way
as we investigated the topic of CO-heme bonding, leading to
local structure predictions/refinements and the confidence to
carry out more in-depth studies about electronic structure.

In previous work, there have been a number of reports of
the calculation of Mo¨ssbauer spectroscopic observables.33-35

However, it is not clear how general these methods are. For
example, can they predict the Mo¨ssbauer∆EQ observables in
all S ) 0, 1/2, 1, 3/2, 2, and5/2 spin states? What about the
asymmetry parameters? Can the methods used to predict
Mössbauer results also be applied to predicting NMR contact
shifts (spin densities,FRâ)? What about hyperfine interactions
in ESR?

In this paper, we investigate some of these questions by
computing Mössbauer EFG parameters in both diamagnetic
and paramagnetic heme proteins and model systems. Unlike
earlier studies, we investigated a relatively large number
of paramagnetic molecules (16 structures) chosen to be
representative of the possible spin states (S) 1/2, 1, 3/2, 2, and
5/2) in addition to seven diamagnetic systems, which for the
first time covers a Mo¨ssbauer∆EQ range as large as∼6 mm
sec-1. No empirical parameters were used. In addition, we
use the results obtained to investigate the electronic structures
(spin densities) in several interestingS) 1/2 metalloporphyrins
having different ground states, together with an analysis of
the bonding in an NO metalloporphyrin adduct.

Experimental Section

The Mössbauer quadrupole splitting is related to the components of
the electric field gradient tensor at the nucleus as follows:14

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

In this work, we used the Gaussian-98 program36 to compute the
complete electric field gradient tensor at iron. After diagonalization,
one obtains the principal components of the traceless second rank
tensor: Vxx, Vyy, and Vzz. To obtain the quadrupole splitting,∆EQ,
all that is needed is the value forVzz plus Q, the quadrupole moment
of the 57Fe I* ) 3/2 excited state. Over the years, there has been
considerable uncertainty as to the exact value ofQ, ranging from
-0.19 × 10-28 to +0.44 × 10-28 m2.37 Fortunately, this topic
was reinvestigated in great detail recently.37,38 The most precise
determination38 of Q ) 0.16((5%) × 10-28 was previously found by
us to permit excellent predictions of experimental∆EQ values for a
variety of diamagnetic organometallic complexes, hemes, and heme
model compounds,12,13and consequently this value was adopted again
here.

To compute the EFG tensor at iron, we utilized the Gaussian-98
program.36 We used the “locally dense” basis set approach39 used
previously in which Fe has a Wachters’ basis (62111111/3311111/
3111),40 all other heavy atoms have a 6-311G* basis, and hydrogen a
6-31G* basis. Both the pure functional BPW91 (Becke 88 exchange41

and PW9142 correlation functionals) and the hybrid functional B3LYP
(Becke’s three-parameter functional43 with the LYP44 correlation
functional) were utilized, and calculations on the paramagnetic systems
were of the spin-unrestricted type. A smaller set of calculations using
B3PW91 (Becke’s three-parameter functional43 with the PW9142

correlation functional), BHandHLYP (B stands for the Becke treatment41
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of the exchange functional, HandH means half Hartree-Fock
exchange and half Slater exchange, the correlation part being the LYP
functional44) and mPW1PW91 (Adamo and Barone’s Becke-style
one-parameter functional45 using modified PW exchange and PW91
correlation42) functionals and 20 other basis set schemes, together with
restricted open-shell (RO) calculations, were also investigated (data
not shown), but the basis set scheme/functionals discussed above
performed best; indeed, this scheme is essentially identical to that we
used previously for57Fe NMR shift calculations12 as well as Vii/∆EQ

calculations in diamagnetic systems.13 The only difference between the
current and previous basis sets used lies in the slightly enlarged and
uniform basis for the ligand atoms, which we used to facilitate accurate
spin density calculations. Calculations were carried out by using Silicon
Graphics (Mountain View, CA) O-200, O-300, and O-2000 computers.
Visualizations were made by using the Cerius2 program.46

We investigated all five possible paramagnetic spin states:S) 1/2,
1, 3/2, 2, and 5/2 (d5, d6), together with a reinvestigation of seven
S ) 0 (d6, d8) systems studied previously,12,13 but using the
computational methods described above. The molecules investigated
are described below and were used to create the structures used for the
DFT calculations. When protein structures were investigated, only the
heme-imidazole moiety was considered. The following modifications
were typically made: phenyl groups of TPP (TPP) 5,10,15,20-
tetraphenylporphyrinato) and the mesityl groups of TMP (TMP)
5,10,15,20-tetramesitylporphyrinato) were replaced with hydrogen
atoms, and counterions (BF4

- and ClO4
-) were not included in the

calculations. In deoxymyoglobin, deoxyhemoglobin, and metmyoglobin,
heme periphery substituents were replaced by hydrogen atoms, as
described previously for other heme protein systems.11,12 The axial
histidine ligand was represented by 5-methylimidazole. The justification
for these truncations is severalfold: first, DFT calculations on full
proteins are still beyond current computational resources; second, in
previous work on57Fe NMR shifts and Mo¨ssbauer quadrupole splittings
on heme protein models, we found good accord with experimental
results using this approach;11,12 and third, it seems unlikely that the
inclusion of protein atoms would affect the results, since, for example,
experimental Mo¨ssbauer EFG data on hemoglobin and myoglobin from
numerous different species show no changes with protein structure.18

While peripheral substituents can affect heme structure, our approach
is to use existing X-ray structures (of both heme models and of hemes
in metalloproteins) which already include such effects, since, as shown
by Rovira et al.,47 the use of geometry optimization on isolated
porphyrins may lead to electronic ground states different from those
seen in proteins, which can be expected to complicate the prediction
of experimental Mo¨ssbauer results. Thus, we focus here on predicting
experimental spectroscopic results using experimental structures. The
structures of the paramagnetic systems investigated were as follows:

S ) 1/2. For ferric low-spin hemes,15 we used systems which
represented both the usual (dxy)2(dxzdyz)3 state and the more unusual
(dxzdyz)4(dxy)1 configuration. In the former case, [Fe(TMP)(N-MeIm)2]-
ClO4 was selected (N-MeIm ) N-methylimidazole) and both of the
molecules in the unit cell48 (1) and (2) were investigated. For the latter
spin state, two complexes, [Fe(TPP)(t-BuNC)2]ClO4 (3) and [Fe(OEP)-
(t-BuNC)2]ClO4 (4),49 were considered (OEP) 2,3,7,8,12,13,17,18-
octaethylporphinato;t-BuNC) tert-butylisocyanide). Both3 and4 have
strongπ-acceptor ligands, and it has been shown that the porphyrinate
ring is strongly ruffled49 and that EPR, Mo¨ssbauer, IR and1H NMR

results imply a (dxy)1 ground state.49 Calculations on two crystal
structures of the ferrousS ) 1/2 system Fe(OEP)(NO)21 (5) and (6)
were also performed, as a prelude to heme-NO structure prediction.

S ) 1. For the ferrous intermediate spin complex, Fe(TPP) (7) was
chosen.50

S ) 3/2. For the intermediate spin ferric complex, we investigated
the [Fe(OEP)(3-Cl-py)]ClO4 (8) system (3-Cl-py) 3-chloropyridine).51

S ) 2. For S ) 2 calculations, the truncated heme moieties from
two recent deoxymyoglobin structures were selected (Brookhaven
Protein Database; http://www.rcsb.org/pdb/; 1BZP,6 9 and 1A6N,52 10).
We also investigated the hemes from deoxyhemoglobin, with bothR
(11) and â (12) subunits being calculated using the PDB structure
1IBE.53

S) 5/2. For high-spin ferric systems, both the heme from the protein
(metmyoglobin (13), 1BZ66) and the model compounds (Fe(TPP)Cl
(14),54 Fe(TPP)Br (15),55 and [Fe(TPP)(EtOH)2]BF4 (16)56) were used,
representing both five- and six-coordinate geometries.

We also investigated the heme moieties in theS ) 0 systems
carbonmonoxymyoglobin, MbCO (17), Fe(TPP)(1-MeIm)(iPrNC) (18),
Fe(CO)5 (19), Fe(CO)3(1,4-butadiene) (20), Fe(CO)(propenal) (21), and
Fe(CO)3(cyclobutadiene) (22) investigated previously (but with different
functionals/basis sets): structures are cited in refs 12 and 13, in addition
to Fe(II)(TPP)(pyr)2, (pyr ) pyridine) (23).57

Results and Discussion

We show in Tables 1 and 2 the calculated57Fe Mössbauer
electric field gradient tensor information computed by using the
UBPW91 and UB3LYP functional approach and the locally
dense basis set scheme described above, for 16 paramagnetic
metalloporphyrins and model compounds. In addition, we also
show results for sixS) 0 systems investigated previously, but
with the current functional/basis schemes (spin restricted
calculations), together with results for Fe(II)(TPP)(pyr)2. The
excellent reproduction of all of the experimental quadrupole
splitting results is clear from Tables 1 and 2 and is depicted
graphically in Figures 1 and 2. For the BPW91 calculation, we
find R2 ) 0.975, slope) 0.99, intercept) -0.08 mm sec-1,
and a root-mean-square deviation (rmsd) of 0.30 mm s-1 for
23 calculated molecules. For the B3LYP calculations, we find
R2 ) 0.978, slope) 1.12, intercept) -0.26 mm sec-1, and
rmsd) 0.31 mm sec-1. The addition of other diamagnetic data
points from previous B3LYP calculations13 into the current
B3LYP data set has essentially no effect on the correlation:
R2 ) 0.976, slope) 1.12, intercept) -0.21 mm sec-1,
and rmsd) 0.29 mm sec-1 (N ) 33). We also show in
Tables 1 and 2 values of∆S1 and∆S2, which are the deviations
of the computed expectation values of the operatorS2 from ideal
values, before and after annihilation, respectively. As indicated
by the small ∆S1 and the close-to-zero∆S2 values for
both BPW91 and B3LYP results, these U-type calculations do
not suffer from significant spin contamination, although, as
expected, the effects are largest for the integral spin systems
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Mössbauer Quadrupole Splittings A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 46, 2002 13923



(∼2-3%, before annihilation). When considering the large
range of the experimental data, 5.63 mm s-1, the wide range of
spin states, and the fact that there was no geometry optimization
or structural refinement on any of the crystal structures used,
these results show that it is now possible to quite accurately
predict Mössbauer∆EQ values in paramagnetic as well as the
diamagnetic heme systems and related molecules.12,58

As shown in Figure 3 for the heme model complexes, larger
deviations between theory and experiment appear to occur for
those systems with poorer crystal structures, that is, those with
the largerR1 values in Tables 1 and 2 (R ) 0.667,p < 0.05,N
) 12 andR ) 0.916,p < 0.0001,N ) 12, respectively, for the
BPW91 and B3LYP predicted values from the theory versus
experiment correlations). It may thus be possible to improve
the quality of the predictions even further, by geometry
optimization. However, it is also clear that the rms error of
∼0.30 mm sec-1 over the 5.63 mm sec-1 range in∆EQ is

(58) Grodzicki, M.; Flint, H.; Winkler, H.; Walker, F. A.; Trautwein, A. X.J.
Phys. Chem.1997, 101, 4202-4207. Zakharieva, O.; Schu¨nemann, V.;
Gerdan, M.; Licoccia, S.; Cai, S.; Walker, F. A.; Trautwein, A. X.J. Am.
Chem. Soc.2002, 124, 6636-6648.

Table 1. Computational EFG and Related Electronic Properties from the BPW91 Calculations

compound S IDa R1
b

expt∆EQ
c

(mm s-1) expη
T

(K)
Vxx

(au)
Vyy

(au)
Vzz

(au)
∆EQ

calc

(mm s-1) ηcalc FRâ
Fed ∆S1

e ∆S2
e

17 MbCO 0 1BZR ref 6 +0.3514 <0.4 4.2 0.126 0.183-0.308 0.50 0.18
18 Fe(TPP)(1-MeIm)(iPrNC) 0 FATYEE 0.066312 +0.3312 77 0.188 0.203 -0.390 0.63 0.04
19 Fe(CO)5 0 ref 13 +2.5113 0.4 4.2 0.669 0.687-1.356 2.20 0.01
20 Fe(CO)3(1,4-butadiene) 0 ref 13 -1.3413 0.4 4.2 -0.311 -0.526 0.837 -1.37 0.26
21 Fe(CO)(propenal) 0 ref 13 +1.7013 4.2 0.068 0.962 -1.030 1.87 0.87
22 Fe(CO)3(cyclobutadiene) 0 ref 13 +1.5213 77 0.463 0.483 -0.946 1.53 0.02
23 Fe(TPP)(pyr)2 0 FUXTUN ref 57a +1.1557b 77 0.386 0.555 -0.941 1.53 0.18
1 [Fe(TMP)(N-MeIm)2]ClO4

1/2 VOFMAE1 0.04648 -2.3148 4.2 -0.406 -1.180 1.586 -2.67 0.49 0.96 0.0145 0.0002
2 VOFMAE2 0.04648 -2.3148 4.2 -0.341 -1.201 1.542 -2.62 0.56 0.96 0.0143 0.0002
3 [Fe(TPP)(t-BuNC)2]ClO4

1/2 TUPXOR 0.10449 -1.8949 0.09 4.2 -0.626 -0.780 1.406 -2.28 0.11 0.77 0.0091 0.0001
4 [Fe(OEP)(t-BuNC)2]ClO4

1/2 TUPXUX 0.05249 -1.8049 0.41 4.2 -0.324 -0.715 1.039 -1.72 0.38 0.69 0.0088 0.0001
5 Fe(OEP)(NO) 1/2 RIQSUF 0.041221 +1.2622 100 0.351 0.459 -0.811 1.32 0.13 0.94 0.0197 0.0003
6 Fe(OEP)(NO) 1/2 RIQSUF01 0.042121 +1.2622 100 0.347 0.469 -0.816 1.33 0.15 0.88 0.0012 0.0000
7 Fe(TPP) 1 0.07450 +1.5150 4.2 0.398 0.671 -1.068 1.75 0.26 2.16 0.0438 0.0008
8 [Fe(OEP)(3-Clpy)]ClO4

3/2 FEJCAY 0.09351 +3.2314 4.2 0.768 0.781 -1.548 2.51 0.01 2.60 0.0307 0.0003
9 deoxymyoglobin 2 1BZP ref 6 -2.2214 0.7 4.2 -0.209 -1.147 1.355 -2.36 0.69 3.79 0.1264 0.0005

10 1A6N ref 52 -2.2214 0.7 4.2 -0.503 -1.012 1.515 -2.50 0.34 3.80 0.1527 0.0007
11 deoxyhemoglobin 2 1IBER ref 53 -2.4014 4.2 -0.318 -0.939 1.257 -2.12 0.49 3.80 0.1831 0.0008
12 2 1IBE â ref 53 -2.4014 4.2 -0.357 -1.018 1.375 -2.31 0.48 3.78 0.1262 0.0005
13 metmyoglobin 5/2 1BZ6 ref 6 +1.2414 4.2 0.324 0.427 -0.751 1.22 0.14 4.14 0.0068 0.0000
14 Fe(TPP)Cl 5/2 KANYUT 0.04554 +0.4614 4.2 0.017 0.104 -0.121 0.21 0.72 4.01 0.0069 0.0000
15 Fe(TPP)Br 5/2 BTPPFE 0.05255 +0.7214 4.2 0.044 0.108 -0.152 0.25 0.42 3.97 0.0078 0.0000
16 [Fe(TPP)(EtOH)2]BF4

5/2 TPFETB01 0.05756 +1.8914 4.2 0.347 0.523 -0.870 1.42 0.20 4.18 0.0061 0.0000

a The Protein Database or Cambridge Structure Database IDs are provided.b The structural references are listed as superscripts, andR1 is the conventional
residual factor of the crystal structures used.c The experimental references are superscripted below.d FRâ

Fe is the Mulliken spin density on the iron atom, in
au. e ∆S1 and∆S2 are the deviations of the computed expectation values of the operatorS2 from ideal values, before and after annihilation, respectively.

Table 2. Computational EFG and Related Electronic Properties from the B3LYP Calculations

compound S IDa R1
b

expt∆EQ
c

(mm s-1) expη
T

(K)
Vxx

(au)
Vyy

(au)
Vzz

(au)
∆EQ

calc

(mm s-1) ηcalc FRâ
Fe d ∆S1

e ∆S2
e

17 MbCO 0 1BZR ref 6 +0.3514 <0.4 4.2 0.041 0.102-0.143 0.27 0.42
18 Fe(TPP)(1-MeIm)(iPrNC) 0 FATYEE 0.066312 +0.3312 77 0.083 0.096 -0.180 0.29 0.07
19 Fe(CO)5 0 ref 13 +2.5113 0.4 4.2 0.772 0.796-1.568 2.54 0.02
20 Fe(CO)3(1,4-butadiene) 0 ref 13 -1.3413 0.4 4.2 -0.388 -0.529 0.918 -1.49 0.15
21 Fe(CO)(propenal) 0 ref 3 +1.7013 4.2 0.059 1.079 -1.138 2.08 0.90
22 Fe(CO)3(cyclobutadiene) 0 ref 13 +1.5213 77 0.496 0.515 -1.011 1.64 0.02
23 Fe(TPP)(pyr)2 0 FUXTUN ref 57a +1.1557b 77 0.306 0.382 -0.688 1.12 0.11
1 [Fe(TMP)(N-MeIm)2]ClO4

1/2 VOFMAE1 0.04648 -2.3148 4.2 -0.510 -1.154 1.664 -2.76 0.39 1.02 0.0157 0.0002
2 VOFMAE2 0.04648 -2.3148 4.2 -0.476 -1.184 1.660 -2.77 0.43 1.02 0.0150 0.0002
3 [Fe(TPP)(t-BuNC)2]ClO4

1/2 TUPXOR 0.10449 -1.8949 0.09 4.2 -0.939 -1.110 2.049 -3.32 0.08 1.01 0.0109 0.0001
4 [Fe(OEP)(t-BuNC)2]ClO4

1/2 TUPXUX 0.05249 -1.8049 0.41 4.2 -0.375 -1.104 1.478 -2.49 0.49 1.01 0.0155 0.0002
5 Fe(OEP)(NO) 1/2 RIQSUF 0.041221 +1.2622 100 0.353 0.392 -0.745 1.21 0.05 1.12 0.1091 0.0029
6 Fe(OEP)(NO) 1/2 RIQSUF01 0.042121 +1.2622 100 0.339 0.427 -0.766 1.24 0.12 1.15 0.1005 0.0026
7 Fe(TPP) 1 0.07450 +1.5150 4.2 0.209 0.538 -0.748 1.25 0.44 2.12 0.0296 0.0004
8 [Fe(OEP)(3-Clpy)]ClO4

3/2 FEJCAY 0.09351 +3.2314 4.2 0.837 0.884 -1.721 2.79 0.03 2.76 0.0396 0.0004
9 deoxymyoglobin 2 1BZP ref 6 -2.2214 0.7 4.2 -0.071 -1.483 1.554 -2.84 0.91 3.80 0.0637 0.0027

10 1A6N ref 52 -2.2214 0.7 4.2 -0.080 -1.542 1.621 -2.96 0.90 3.79 0.0619 0.0002
11 deoxyhemoglobin 2 1IBER ref 53 -2.4014 4.2 -0.195 -1.274 1.469 -2.59 0.73 3.80 0.1019 0.0004
12 2 1IBE â ref 53 -2.4014 4.2 -0.316 -1.262 1.578 -2.71 0.60 3.80 0.0762 0.0003
13 metmyoglobin 5/2 1BZ6 ref 6 +1.2414 4.2 0.408 0.484 -0.892 1.45 0.09 4.28 0.0080 0.0000
14 Fe(TPP)Cl 5/2 KANYUT 0.04554 +0.4614 4.2 0.048 0.149 -0.197 0.33 0.52 4.11 0.0110 0.0000
15 Fe(TPP)Br 5/2 BTPPFE 0.05255 +0.7214 4.2 0.072 0.147 -0.218 0.36 0.34 4.07 0.0125 0.0000
16 [Fe(TPP)(EtOH)2]BF4

5/2 TPFETB01 0.05756 +1.8914 4.2 0.431 0.620 -1.050 1.71 0.18 4.29 0.0074 0.0000

a The Protein Database or Cambridge Structure Database IDs are provided.b The structural references are listed as superscripts, andR1 is the conventional
residual factor of the crystal structures used.c The experimental references are superscripted below.d FRâ

Fe is the Mulliken spin density on the iron atom, in
au. e ∆S1 and∆S2 are the deviations of the computed expectation values of the operatorS2 from ideal values, before and after annihilation, respectively.
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already very small. It is also interesting to note that although
in Figures 1 and 2 the intermediate spin species exhibit larger
deviations than do the more conventional spin states, they are
still close enough to the correlation line that they do not degrade
the overall correlation significantly. For example, without the
S ) 3/2 Fe(III) andS ) 1 Fe(II) points, we findR2 ) 0.979,
slope) 1.01, intercept) -0.07 mm s-1, and rmsd) 0.27
mm s-1 when using the BPW91 functional andR2 ) 0.981,
slope) 1.16, intercept) -0.21mm s-1, and rmsd) 0.29 mm
s-1 with B3LYP. This shows that the final computational model
behaves well for all six different spin states investigated,
covering 23 different molecules. The overall agreement between
theory and experiment is comparable to the results reported
previously on solely diamagnetic systems,13 R2 ) 0.975, slope
) 1.04, rmsd) 0.18 mm sec-1 (N ) 14 and a range of 3.93
mm sec-1), the rmsd being about 5% of the overall range for
both diamagnetic and paramagnetic systems.

In addition to predicting∆EQ, the asymmetry parameters,η,
of the electric field gradient tensor in the paramagnetic systems

are also well reproduced. For high-spin ferrous deoxymyoglobin
(S ) 2), we obtainη ) 0.69 for the BPW91 calculation and
η ) 0.91 for the B3LYP result, essentially the same as the
η ) 0.7 result obtained experimentally.14 The computedη
value for the unusual ferric low-spin (dxz,dyz)4(dxy)1 complex
[Fe(TPP)(t-BuNC)2]ClO4 is 0.11 (BPW91) or 0.08 (B3LYP),
which is also very close to the experimental value of 0.09.49

The experimentalη 0.41 measured at 150 K for another ferric
low-spin (dxz,dyz)4(dxy)1 complex [Fe(OEP)(t-BuNC)2]ClO4

49 is
also close to our computed values of 0.38 (BPW91) or 0.49
(B3LYP). However, sinceη values are rather difficult to
measure experimentally, we believe that more confidence in
the predictive ability of the calculations can arguably be placed
in the ∆EQ predictions.

In addition to computing all nine components of the
electric field gradient tensor, the DFT calculations provide
information on the orientations of these components in a
molecular axis system. The orientations of the principal
components of the computed EFG tensors,Vxx, Vyy, and Vzz,
are illustrated graphically in Figure 4 for some of the

Figure 1. Relationship between the theoretical and experimental57Fe
Mössbauer quadrupole splitting parameters (BPW91 functional calculations).
The dotted line represents the ideal 1:1 correlation or “45° slope” line.

Figure 2. Relationship between the theoretical and experimental57Fe
Mössbauer quadrupole splitting parameters (B3LYP functional calculations).
The dotted line represents the ideal 1:1 correlation or “45° slope” line.

Figure 3. Graphs showing differences between predicted (from theory
versus experiment correlations) and experimental quadrupole splitting
parameters as a function of crystallographicR1 factors for the heme model
systems investigated. (A) BPW91,|pred∆EQ - expt∆EQ| ) 0.04+ 4.42R1;
R ) 0.667,p < 0.05,N ) 12; (B) B3LYP, |pred∆EQ - expt∆EQ| ) -0.41
+ 10.35R1; R ) 0.916,p < 0.0001,N ) 12.

Mössbauer Quadrupole Splittings A R T I C L E S
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paramagnetic molecules investigated. Experimental studies on
high spin ferrous (S ) 2) heme proteins18,59 indicate a low
symmetry of the electron wave function, which bears no relation
to the essentially 4-fold symmetry of the porphyrin.14 This can
also be seen from the orientation of the computed EFG tensor
principal axes in deoxymyoglobin (Figure 4A) and particularly
in deoxyhemoglobin (Figure 4B). This effect may come from
the presence of the axial imidazole ligand to the porphyrin in
these deoxy-heme proteins. A recent DFT study47 has already
shown the important effect on the energy gaps among frontier
molecular orbitals by the imidazole ligand and demonstrated
its clear effect in controlling the electronic structure of the iron

porphyrin by small structural distortions in the Fe-imidazole
geometry, and there are large variations in the Fe-imidazole
geometry in the X-ray structures of deoxy-heme proteins. For
example, the distance between iron and its coordinated nitrogen
in the imidazole ligand differs by as much as 0.14 Å in
deoxymyoglobins6 and the deoxyhemoglobinâ subunit.53 The
Mössbauer experiment18 suggested two possible EFG tensor
orientations, and the porphyrin normal was not coincident
with Vzz in either of them. One Mo¨ssbauer result was similar
to our deoxymyoglobin results, while the other was similar to
that we find in deoxyhemoglobin. In contrast, the EFG
tensor orientations coincide well with porphyrin symmetry for
the ferrousS) 1 system (Figure 4C). Experimental studies on
ferric high-spin (S ) 5/2) systems have included both model

(59) Champion, P. M.; Lipscomb, J. D.; Mu¨nck, E.; Debrunner, P. G.; Gunsalus,
I. C. Biochemistry1975, 14, 4151-4158.

Figure 4. Selected EFG tensor orientations for calculated paramagnetic systems. All hydrogen atoms and porphyrin peripheral substituents have been
eliminated for clarity. (A) deoxymyoglobin (S ) 2); (B) deoxyhemoglobin-â (S ) 2); (C) Fe(TPP) (S ) 1); (D) metmyoglobin (S ) 5/2); (E) [Fe(OEP)-
(3-Clpy)]ClO4 (S ) 3/2); (F) [Fe(OEP)(t-BuNC)2]ClO4 (S ) 1/2); (G) [Fe(TMP)(N-MeIm)2]ClO4 (molecule 1) (S ) 1/2); (H) [Fe(TMP)(N-MeIm)2]ClO4

(molecule 2) (S ) 1/2); (I) Fe(OEP)(NO), RIQSUF (S ) 1/2).
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compounds14 and metmyoglobin60 and showed thatVzz is
along the heme normal. This is also what we find in the
DFT calculations, as demonstrated by the metmyoglobin
result, illustrated in Figure 4D. Such a result was also found
theoretically for the ferric intermediate spin complex illustrated
in Figure 4E as well as in some related experimental studies.14

Figure 4F shows, in the unusual ferric low-spin (dxz,dyz)4(dxy)1

complexes, as exemplified by [Fe(OEP)(t-BuNC)2]ClO4, that
although the large porphyrin ruffling distortsVxx and Vyy

away from the porphyrin symmetry axes,Vzz is still essentially
along the heme normal, as found experimentally.49 However,
in two other low-spin ferric (S ) 1/2) molecules (having the
same molecular formula, [Fe(TMP)(N-MeIm)2]ClO4), Vzz is
essentially in the heme plane. But the EFG tensor orientations
of these two [Fe(TMP)(N-MeIm)2]+ molecules differ somewhat,
because of slightly different orientations of the axial ligand,48

N-methylimidazole (Figure 4G and H). In the ferrousS ) 1/2
NO complexes,Vxx and Vyy are along the meso-diagonal
lines of the porphyrin, whileVzz is close to the heme normal
(Figure 4I).

The experimental Mo¨ssbauer spectroscopic studies only
reported single∆EQ values for [Fe(TMP)(N-MeIm)2]ClO4 and
deoxyhemoglobin, while each species has two molecules or
subunits in the unit cell. Our calculations predict slightly
different EFG tensors and tensor orientations for each of the
structurally different pairs of molecules or subunits. In the
case of [Fe(TMP)(N-MeIm)2]ClO4, the EFG predictions differ
by only 0.05 mm s-1, which is too small to be detected
experimentally, but examination of the crystal structure suggests
that this ∆EQ difference may be associated with a 0.01 Å
variation in the axial ligand-iron distance. This kind of
structural sensitivity would be similar to that found in distance-
dependent∆EQ calculations on Fe(P)(pyr)2 models, where
∆EQ decreases by 0.5 mm s-1 when the Fe-Npyr bond length
is reduced by 0.1 Å.34 In contrast to these model compound
studies, any analysis of structural effects on the EFG in the
deoxyhemoglobin subunits will be more complicated because
of the larger uncertainties in the X-ray structure of this large
protein. For example, the distance between iron and its
coordinated nitrogen in the imidazole ligand differs as much as
0.09 Å in R and â subunits. In the case of Fe(OEP)NO, the
two crystal structures investigated are very similar, as reflected
in the close agreement in computed∆EQ values using either
the BPW91 or B3LYP functionals.

The results we have described above give some confidence
in the “quality” of the calculations in the sense that it is now
clearly possible to compute57Fe Mössbauer∆EQ values with
about a 0.3 mm sec-1 rmsd over a 5.63 mm sec-1 range in
∆EQ values with a slope very close to 1 andp < 0.0001, in
addition to being able to reproduce the availableη and EFG
tensor orientation results. In addition, as we shall describe
elsewhere,61 the 1H, 13C, 15N, and 19F NMR hyperfine shifts
can also be quite successfully predicted over an∼6000 ppm
shift range using the calculational schemes described above, in
paramagnetic metalloporphyrin/metalloprotein systems, as can
isotropic hyperfine tensors in ESR spectra.62 This gives some
confidence in the use of this approach to investigate electronic

structure per se, and consequently, we give here a brief
discussion of the electronic structures of several of the more
interesting systems investigated in this work.

For paramagnetic systems, bothR- and â-spin electrons
need to be considered and it is often not a simple matter to
map the individualR,â MOs to a conventional ligand field
picture. Nevertheless, there is considerable interest in the
structures ofS ) 1/2 ferric proteins and model systems,
as well as NO-heme adducts, where there are important
questions related to charge and spin density distributions: what,
for example, is the charge on iron in the NO species? We,
therefore, first investigate the topic of the electronic structure
and spin density distribution in the Fe(III)S ) 1/2 systems
[Fe(TMP)(1-MeIm)2]+ and [Fe(OEP)(t-BuNC)2]+. The former
compound has a highly planar porphyrin and a “conventional”
(dxy)2(dxy,dyz)3 configuration in which dxy, which is in the plane
of the porphyrin, is filled and the unpaired electron resides in
either dxz or dyz.48 On the other hand, [Fe(OEP)(t-BuNC)]2+ has
a very highly distorted porphyrin, because of the strong
π-acceptort-BuNC ligands, and it is thought that the iron
configuration is (dxz,dyz)4(dxy)1 in which the unpaired electron

(60) Harami, T.J. Chem. Phys.1979, 71, 1309-1318.
(61) Mao, J.; Zhang, Y.; Oldfield, E.J. Am. Chem. Soc.2002, 124, 13911-

13920.
(62) Gossman, B.; Zhang, Y.; Oldfield, E., unpublished results.

Figure 5. Isosurface representation of the frontier molecular orbitals for
the [Fe(TMP)(1-MeIm)2]+ model system: (A)RHOMO-1; (B) RHOMO-
3; (C) RHOMO-4; (D) âHOMO; (E) âHOMO-1 (contour values) (0.04,
0.04, 0.04, 0.08, and 0.04 au, respectively).
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is primarily in dxy, in the porphyrin plane, together with
substantial delocalization to the heme meso-positions.49

We show in Figure 5 a selection of occupiedR- andâ-MOs
for the [Fe(TMP)(1-MeIm)2]+ model, from which it can be
seen (Figure 5A-C) that theR-spin dxz, dxy, and dyz orbitals
are occupied, while for theâ spins (Figures 5D and E), we find
that dyz and dxy are occupied. This corresponds to (dxy)2(dxz,dyz)3,
clearly the same picture as the conventional ligand field
description for the metal. The spin-density distribution inS )
1/2 systems is known to map onto theâ-LUMO,63 with a general
similarity in topological distribution, though they are different
in signs, phases, or nodal planes. Theâ-LUMO (isosurface at
(0.09 au) in the [Fe(TMP)(1-MeIm)2]+ model, Figure 6A,
together with the total spin density isosurface (at 0.001 au),
Figure 6B, clearly indicate that most of the spin density is
localized in a dxz/dyz metal orbital. In sharp contrast, however,
for the [Fe(OEP)(t-BuNC)2]+ model, we find that the unpaired
electron is localized in the dxy orbital, Figure 7A and B, in the
plane of the porphyrin, which as can be seen in the side view
in Figure 7C, is highly ruffled. As described elsewhere,49 this

ruffling permits overlap between the porphyrin 3a2u(π) orbital
and the Fe dxy orbital, together with considerable spin density
delocalization onto the porphyrin carbon/hydrogen atoms, and
there is clearly a large spin density visible on the meso-carbons
in Figure 7B, which explains a large upfield meso-H NMR
hyperfine shift seen experimentally.49

Next, we consider the case of Fe(OEP)(NO), where the
valence on Fe is of interest. Here, the Mo¨ssbauer∆EQ is again
predicted with good accuracy in the calculations (experiment,
1.26 mm sec-1; calculated, 1.32 and 1.33 mm sec-1), which
gives some confidence in the calculations. As shown in Figure
8A, the HOMO for the OEP model is primarily of Fe dz

2

character, in general accord with the results of previous
calculations,47,64-66 and as expected, theâ-LUMO (Figure 8B)
reflects the total spin density distribution (Figure 8C), with most
of the spin density localized on Fe. In this case, the Mulliken
spin density on Fe is 0.94 (0.88)e (two different crystal
structures were investigated for this molecule using the BPW91
functional). This result is consistent with other recent DFT
calculations on ferrous NO porphyrins.47,64,66 In contrast, the
NO moiety in this molecule has only a residual spin density, as
pointed out in another recent DFT study.47 Both sets of

(63) George, S. D.; Metz, M.; Szilagyi, R. K.; Wang, H.; Cramer, S. P.; Lu, Y.;
Tolman, W. B.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.J. Am. Chem.
Soc.2001, 123, 5757-5767.

(64) Hayes, P. G.; Ellison, M. K.; Scheidt, W. R.Inorg. Chem.2000, 39, 3665-
3668.

(65) Ghosh, A.; Wondimagegn, T.J. Am. Chem. Soc.2000, 122, 8101-8102.
(66) Patchkovskii, S.; Ziegler, T.Inorg. Chem.2000, 39, 5354-5364.

Figure 6. (A) âLUMO and (B) total spin density of [Fe(TMP)(1-MeIm)2]+

model system (contour values) (0.09 and 0.001 au, respectively).

Figure 7. (A) âLUMO, (B) total spin density (top view), and (C) total
spin density (side view) for the [Fe(OEP)(t-BuNC)2]+ model system (contour
values) (0.09, 0.001, and 0.01 au, respectively).

Figure 8. (A) RHOMO, (B) âLUMO, and (C) total spin density of the
Fe(OEP)(NO) model system (contour values) (0.1, (0.06, and 0.003
au, respectively).
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calculations favor an almost sinusoidal spin density for the NO
moiety, with both N and O atoms having spin densities opposite
to that of Fe, and a compensating spin density in the middle of
the NO bond.47 This supports the picture of an almost neutral
NO (Mulliken formal charge∼-0.1 e) with a very small net
spin density (Mulliken spin densities< 0.1 e). Similarly, the
experimental N-O bond lengths are both∼1.17 Å,21 which
are rather close to free NO (1.15 Å, to be compared with 1.06
Å for NO+ and 1.26 Å for NO-).67,68 Also, the experimental
N-O bond stretching frequency (∼1670 cm-1)21,22 is closer to
a neutral NO value (1876 cm-1, versus 2345 cm-1 for NO+

and 1284 cm-1 for NO-).67,68

To help ensure these results were not dependent on the
calculational methods used, we also performed a relativistic DFT
calculation (using the zero-order regular approximation, ZORA,
method) on one Fe(OEP)NO crystal structure (6) using the
BPW91 functional with an uncontracted triple-ú all electron STO
basis set (ZORA-V) with the Amsterdam Density Functional
(ADF) program.69,70 The computed Mo¨ssbauer quadrupole
splitting and asymmetry parameter (1.34 mm s-1; 0.15) were
very close to the Gaussian-98 results (1.33 mm s-1; 0.13) shown
in Table 1. The Mulliken spin density analysis using ADF also
showed good agreement with the Gaussian-98 values. In
addition, a population analyses based on the Mulliken, Hirshfeld,
and Voronoi deformation density methods (in ADF)70 also
support the picture of an approximately neutral NO fragment
(formal charge< -0.1 e) in this complex. And, finally, an
NBO population analysis71 on the Gaussian-98 results revealed
that iron has approximately 7 d electrons in both BPW91 and
B3LYP calculations, as also found in the ADF Mulliken
population analysis. A simple classification of this NO complex
as (d5)Fe(III) (S ) 1/2) NO- (S ) 0), (d6)Fe(II) (S ) 0) NO
(S ) 1/2), or (d7)Fe(I) (S ) 1/2) NO+ (S ) 0) seems not
to be feasible, on the basis of inspection of the molecular
orbitals, spin, and charge density results,47 although both the
57Fe Mössbauer quadrupole splitting and the14N hyperfine
coupling constant62 can be accurately predicted from the
computed wave functions.

Finally, we expand our discussion on the intermediate spin
system Fe(TPP) (S ) 1), since there exists a wealth of
contradicting experimental and theoretical investigations.33,72-78

For example, NMR,72 X-ray,73-74 and magnetic susceptibility75

measurements suggest a3A2g ground state. An early SW-XR

calculation76 also predicted the same ground state, and a
Hartree-Fock calculation33 showed that3A2g is the lowest
triplet state but with a high-spin ground state. On the other
hand, a3Eg ground state was inferred from the resonance
Raman spectra,77 which was also predicted by a more recent
LDA calculation.78 In all these investigations, aD4h geometry
was assumed. However, with this imposedD4h structure, our
DFT calculation yielded a large and negative quadrupole
splitting of -3.72 mm s-1 (BPW91), in poor accord with the
experimental value of+1.51 mm s-1.50 In this situation,
however, the final charge densities automatically break down
the D4h symmetry, which suggests that a lower symmetry due
to Jahn-Teller distortion might be operating. This phenomenon
was also mentioned in a recent DFT geometry optimization on
Fe(P) without symmetry constraints.47 In fact, theD2d crystal
structure50 has only a very small difference from theD4h

structure, as evidenced by the 0.01 Å structural differences
between neighboring N-CR and CR-Câ bond lengths. The
electronic energy of theD2d molecule is somewhat lower than
that of the correspondingD4h configuration, as expected from
a Jahn-Teller distortion, but the relative ordering of the spin
densities of theR, â, and meso-carbons are the same in both
structures. However, the computed∆EQ for theD2d structure is
1.75 mm s-1 (BPW91), which is now much closer to the
experimental value of 1.51 mm s-1.50 Our B3LYP result for
this intermediate spin system has a similar deviation from the
experimental value. The low-lying excited states78 in this
molecule make it difficult to generate a better result and may
be responsible for the difference between these two functionals.
In our calculations on Fe(TPP), all bond lengths and bond angles
were taken from the crystalD2d structure,50 but planarity of the
molecule, as suggested by DFT optimizations on Fe(P),47 was
also incorporated into the structure. So, the final symmetry-
breaking charge densities of theD4h molecule result in aC4h

configuration. The computed EFG data strongly suggest,
therefore, that it is the structural variations of the porphyrin
bond lengths and bond angles, rather than planarity, that are
responsible for the incorrect EFG sign. Calculations on the
Fe(TPP) unit from other crystal structures of Fe(TPP)L and
Fe(TPP)L′ (L and L′ are axial ligands)79 also yield the correct
EFG sign, but the absolute values (0.62 and 0.54 mm s-1)
deviate considerably from experimental values. It should be
noted that the structural differences are primarily in the Fe-N
bond lengths, which are 1.991, 1.996, and 1.972 Å for Fe(TPP)L,
Fe(TPP)L′, and Fe(TPP), respectively. These Fe-N bond
lengths show an excellent correlation with the computed EFG
data (R2 ) 0.984). The shorter Fe-N bond lengths increase
electron density along thexy direction, which is expected to
result in a larger∆EQ, as is found. These results indicate,
therefore, that EFG results are extremely sensitive to structural
changes around the iron atom, which could potentially be of
use in future structural refinements.

Conclusions

The results we have discussed above are of interest for a
number of reasons. First, we have used DFT methods to compute
the Mössbauer quadrupole splittings for a wide range of
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Mössbauer Quadrupole Splittings A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 46, 2002 13929



paramagnetic heme proteins and model compounds having spin
statesS ) 1/2, 1, 3/2, 2, and 5/2. The calculational schemes
employed also permit evaluation ofS ) 0 heme protein and
model compound results. We find good agreement between
experimental and computed∆EQ values (R2 ) 0.975-0.978,
slope) 0.99-1.12, intercept) -0.08 to-0.26 mm s-1, and
rmsd) 0.30-0.31 mm s-1) using a “locally dense” basis DFT
approach. Use of both pure (BPW91) and hybrid (B3LYP)
functionals give similar results. Second, we find good agreement
between predicted and experimental asymmetry parameter (η)
values. Third, we find that the electric field gradient tensor
orientations are consistent with those reported experimentally.
Fourth, MO, spin density, and other property results are shown
to help explain some interesting aspects of structure and bonding
in several model metalloporphyrin systems. For example, the
MOs and spin density results in theS) 1/2 systems [Fe(TMP)-
(1-MeIm)2]+ and [Fe(OEP)(t-BuNC)2]+ clearly indicate the
presence of different electronic configurations: (dxy)2(dxz,dyz)3

and (dxz,dyz)4(dxy)1, respectively. MO, charge, and spin density
analyses of Fe(OEP)(NO) suggest a picture of an almost neutral
NO moiety with the single unpaired electron mainly localized
on Fe, consistent with other recent theoretical findings.47,64,66

When taken together, these results indicate that it is now
possible to quite accurately predict Mo¨ssbauer electric field
gradient tensor properties (∆EQ, η, orientations) in both
paramagnetic as well as diamagnetic heme proteins and model
compounds. The ability to predict Mo¨ssbauer EFG parameters
can be expected to open up a broad area of research in
investigating the structures of paramagnetic metalloproteins,
where very extensive experimental Mo¨ssbauer data have been
reported.14 Such capabilities should be of general use in the
context of investigating the structures of paramagnetic heme
proteins in particular and paramagnetic metalloproteins and
metalloporphyrins in general.
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