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Abstract: We have investigated the57Fe Mössbauer quadrupole splittings in the following compounds by
using density functional theory, and in some cases via experiment: Fe(CO)3(cyclo-butadiene), Fe(CO)5, Fe-
(CO)3(1,4-butadiene), CpFe(CO)2Me, Fe(CO)3(propenal), CpFe(CO)2Cl, (CO)(pyridine)(DMGBPh2)2Fe(II)
(DMG ) dimethylglyoximato), (CO)(pyridine)(DMGBBN)2Fe(II) (BBN) 9-borabicyclo[3.3.1]nonane), (CO)-
(1-methylimidazole)(5,10,15,20-tetraphenylporphinato)Fe(II), (CO)(pyridine)(5,10,15,20-tetraphenyl-porphinato)-
Fe(II), (nitrosobenzene)(pyridine)(5,10,15,20-tetraphenylporphinato)Fe(II), (pyridine)2(5,10,15,20-tetraphe-
nylporphinato)Fe(II), (1-methylimidazole)2(5,10,15,20-tetramesitylporphinato)Fe(II), and (trimethylphos-
phine)2(2,3,7,8,12,13,17,18-octaethylporphinato)Fe(II). The electric field gradients at iron were evaluated by
using a locally dense basis approach: a Wachters’ all electron representation for iron, a 6-311++G2d basis for
all atoms directly bonded to iron, and either a 6-31G* basis for all other atoms or, in the case of the
metalloporphyrins, a 6-31G*/3-21G* or 4-31G* basis, with the smaller basis being used on the peripheral
atoms. Using a value of 0.16× 10-28 m2 for the quadrupole moment of57Fem, we find good agreement
between theoretical and experimental quadrupole splittings: a slope of 1.04, anR2 value of 0.975, and a
root-mean-square error of 0.18 mm s-1, for the 14 compounds examined. We have also investigated the
effects of the CO ligand tilt and bend on the57Fe quadrupole splittings in several heme models. The theoretical
results provide no support for the very large (40°) Fe-C-O bond angles suggested by several diffraction
studies onPhyseter catodoncarbonmonoxymyoglobin (P21 crystals). In contrast, the experimental results for
(CO)(1-MeIm)(5,10,15,20-tetraphenylporphinato)Fe(II), which contains a linear and untilted Fe-CO, are in
very close accord with the experimental values for CO-myoglobin: 0.35 mm s-1 for the model system versus
0.363-0.373 mm s-1 for MbCO, withVzzoriented perpendicular to the porphyrin plane, as found experimentally.
Calculations on metalloporphyrins at the more distorted X-ray geometries yield quadrupole splittings around
2 mm s-1, inconsistent with experiment.

Introduction

The nature of metal-ligand bonding in heme proteins has
been the topic of lively debate for over 30 years.1-5 In principle,
one of the more powerful spectroscopic techniques for probing

the iron center is57Fe Mössbauer spectroscopy.6,7 However,
there has been relatively little work reported on the theoretical
analysis of iron-57 Mo¨ssbauer data in organometallic, metal-
loporphyrin, and protein systems.8-10 The principal reasons for
this are that, first, heme protein structures are themselves part
of the focus of the debate,5 and without a good initial structure
the problem of computing spectroscopic observables becomes
more difficult. Second, the level of theory needed to compute
Mössbauer quadrupole splittings has been uncertain.10 Electron
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correlation effects might possibly play a role, but until recently
efficient methods for the incorporation of electron correlation
(and exchange) have been computationally expensive. Third,
the relatively large size of porphyrin macrocycles exacerbates
the cost of high level theoretical calculations greatly, so that
highly simplified models such as (NH2)4 and bis(amidinato)
fragments have frequently been used,11,12 and few direct
comparisons with experiment have been possible. Fourth,
Sternheimer corrections, which are not always known to high
accuracy, have been used in some calculations. As a result,
unambiguous correlations between theory and experiment for
metalloporphyrins and metalloproteins have not been forthcom-
ing. Fortunately, however, there have been many recent
developments in the use of density functional theory (see e.g.
ref 13), which has the computational advantage that formal speed
typically scales asN3 (whereN is the number of basis functions),
rather than theJN5 for other correlated methods, resulting in a
number of accurate electric field gradient tensor calculations,
e.g. for 2H,35/37Cl, and 127I.14,15 These developments, when
coupled with recent hardware improvements, encouraged us to
reinvestigate57Fe Mössbauer quadrupole splittings (which are
related to the computationally determined57Fe electric field
gradients, EFGs) in a series of small organometallic model
compounds, as well as in several macrocycles: bis(dimethyl-
glyoximato)Fe(II) complexes, and in porphyrin macrocycles as
well. Using parallel processing, we find that57Fe EFGs can
now be readily evaluated, even in metalloporphyrins, at least
for low-spin d6 complexes. In this paper, we discuss primarily
results on CO-hemes, but the general approach is equally
applicable to O2, RNC, RNO, and R2S ligand binding in other
systems as well, and has the advantage over other methods that
not only are Sternheimer corrections not necessary,16 but as a
bonus, 57Fe NMR chemical shifts are available from the
calculations as well.17,18

Experimental Section

Synthetic Aspects.The following compounds were synthesized by
using standard methods: Fe(CO)3(cyclo-butadiene),19 CpFe(CO)2Me,20

Fe(CO)3(propenal),21CpFe(CO)2Cl,22 (CO)(pyr)(DMGBPh2)2Fe(II) (DMG
) dimethylglyoximato),23 (CO)(pyr)(DMGBBN)2Fe(II) (BBN )
9-borabicyclo[3.3.1]nonane),23 and (CO)(pyr)(5,10,15,20-tetraphe-
nylporphinato)Fe(II).24 (CO)(1-methylimidazole)(TPP)Fe(II) and (Ph-
NO)(pyr)(TPP)Fe(II) (TPP) 5,10,15,20-tetraphenylporphinato) were

both prepared from (TPP)FeCl, and their structures determined crys-
tallographically. The synthesis and structure of (PhNO)(pyr)(TPP)-
Fe(II) and theN-methylimidazole adduct of TPP, (CO)(1-MeIm)(TPP)-
Fe(II), will be discussed elsewhere.25,26

Fe(CO)5 was purchased from Aldrich (Milwaukee, WI) and Fe(CO)3-
(1,4-butadiene) from Alfa (Ward Hill, MA).
Mo1ssbauer Spectroscopy. For 57Fe Mössbauer spectroscopic

measurements, we used a Ranger Scientific, Inc. (Burleson, TX) MS-
900 Mössbauer spectrometer equipped with a VT-900 transducer and
a Kr-CO2 gas proportional counter. The source was57Co in a 6µm
rhodium foil having an 8 mm active diameter, and an initial activity of
25 mCi (Amersham Life Sciences, Arlington, Heights, IL). Zero-field
measurements were performed at low temperatures by using a Janis
Model 10DT SuperVaritemp cryostat (Janis Research Company, Inc.,
Wilmington, MA). High-field measurements utilized a Janis Model
9TMOSS-0M-1.5 cryostat, which consists of a 9 T peak-field super-
conducting magnet having its field parallel to theγ-ray beam, together
with a bucking coil to provide zero-field at the source position. The
transducer for the high-field measurements was a “home-built” version
of the Ranger VT-900 adapted for vertical operation with a vacuum
enclosure. Samples were sealed in thin delrin containers using epoxy
resin.
Computational Aspects. All electric field gradient calculations were

performed by using the Gaussian-9427 program. Small molecule
calculations were carried out on International Business Machines
(Austin, TX) RS/6000 computers (Models 340, 350, 360, 365, and
3CT), while the larger systems were investigated by using Silicon
Graphics/Cray Research (Mountain View, CA) Origin-200, Origin-
2000, and Power Challenge multiple processor machines, in parallel.
For the small molecules, we used both X-ray and quantum chemical
geometry optimized structures. These geometry optimizations were
based on the methods used by Bu¨hl for 57Fe chemical shift calcula-
tions,28 and basically involved using Wachters’ all electron basis for
iron,29,30Pople’s31 6-31G* basis for all other atoms, and a Becke-Perdew
(BP86) exchange-correlation functional.32 For these model compounds,
the EFGs were then calculated by using Becke’s three parameter
functional33 with the Lee, Parr, and Yang correlation functional34sthe
B3LYP hybrid exchange correlation (XC) functional. We also used
Wachters’ all electron basis on iron, a 6-311++G2d basis for all atoms
directly bonded to iron, and a 6-31G* basis for the more distant atoms.
A more detailed discussion of basis/functional/structural questions is
given in the Results and Discussion section.
For the two heme model systems (CO)(pyr)(TPP)Fe and (PhNO)-

(pyr)(TPP)Fe and for the two DMG complexes, we used the following
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(28) Bühl, M. Chem. Phys. Lett.1997, 267, 251-257.
(29) Wachters, A. J. H.J. Chem. Phys.1970, 52, 1033-1036. Wachters,

A. J. H. IBM Technol. Rept. RJ5841969.
(30) Basis sets were obtained from the Extensible Computational

Chemistry Environment Basis Set Database, Version 1.0, as developed and
distributed by the Molecular Science Computing Facility, Environmental
and Molecular Sciences Laboratory, which is part of the Pacific Northwest
Laboratory, P.O. Box 999, Richland, WA 99352, and is funded by the U.S.
Department of Energy. The Pacific Northwest Laboratory is a multiprogram
laboratory operated by Battelle Memorial Institute for the U.S. Department
of Energy under contract DE-AC06-76RLO 1830. Contact David Feller,
Karen Schuchardt, or Don Jones for further information.

(31) Hehre, W. J.; Ditchfield, R.; Pople, J. A.J. Chem. Phys.1972, 56,
2257-2261.

(32) Becke, A. D.Phys. ReV. A 1988, 38, 3098-3100. Perdew, J. P.
Phys. ReV. B 1986, 33, 8822-8824.

(33) Becke, A. D.J. Chem. Phys.1993, 98, 5648-5652.
(34) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785-789.
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procedures for energy convergence and electric field gradient (EFG)
tensor calculations: Step 1, iron was represented by a LANL2DZ
effective core potential35 and 3-21G* basis sets were used for all other
atoms, together with the B3LYP hybrid exchange-correlation func-
tional.27 Step 2, as in Step 1, but Wachters’ all electron basis set29,30

was used for iron. Step 3, as in Step 2, but a 6-31G* basis was used
instead of the 3-21G* basis. Step 4, in the final calculations, we used
the following locally dense basis: Wachters’ all electron basis
(62111111/3311111/3111) on iron, 6-311++G2d for all directly attached
atoms plus the oxygen in the CO group, 6-31G* for other atoms two
bonds away from the iron, and 3-21G* bases elsewhere. For the
calculation of (CO)(1-MeIm)(TPP)Fe, Step 1 was done at the Hartree-
Fock level with Wachters’ iron basis set and 3-21G* on all other atoms.
In Step 2, the basis sets on the first shell of atoms were replaced by
6-31G*. In Step 3, as in Step 2, but with the B3LYP XC functional.
Step 4 was the same as described for the other systems. A similar
approach was also used for the bis(pyridine), bis(N-methylimidazole),
and bis(trimethylphosphine) adducts described below. The (CO)(pyr)-
(DMGBBN)2Fe and (CO)(1-MeIm)(TPP)Fe systems, shown in Figure
1, parts A and B, respectively, are examples of very large systems in
which the locally dense basis approach was employed.

We also investigated the effects of CO ligand tilt and bend (τ and
â) on the computed quadrupole splittings. Here, we used first of all a
published porphyrin core geometry,36 but the porphyrin ring substituents
(at Câ) were replaced by hydrogens, and an axial imidazole was
included, oriented in the same way as reported in the crystal structure
of carbonmonoxymyoglobin.37 We carried out theoretical, quantum
chemical geometry optimizations of the Fe-C and C-O bond lengths
at fixed ligand tilt and bend angles using a B3LYP hybrid exchange-
correlation functional, Wachters’ (62111111/3311111/3111) Fe basis
set, a 6-31G* basis on the carbonyl group and the five nitrogen atoms,
together with a 3-21G basis on the remaining atoms. The definitions
of tilt and bend we use are that tilt is the angle between the
perpendicular to the porphyrin plane and the Fe-C bond vector (0° is
untilted) and bend is the angle between the Fe-C and C-O bond
vectors (0° is unbent). These Gaussian-94 geometry optimizations, and
EFG calculations, were performed on a cluster of Silicon Graphics/
Cray (Mountain View, CA) Origin-200 computers in this laboratory,
in addition to use of SGI Origin-2000 and Power Challenge computers
at the National Center for Supercomputing Applications (Urbana, IL),
using up to eight processors. Finally, we also calculated the electric
field gradients at iron in the three recently reported heme structures in
carbonmonoxymyoglobin (recorded at pH values of 4, 5, and 6), using
the experimentally deduced metalloporphyrin geometries.38

Results and Discussion

In Mössbauer spectroscopy, the observed spectra of low spin-
d6 iron complexes generally consist of a quadrupole split doublet
having a peak separation,∆EQ, that is related to the elements
of the electric field gradient tensor at the nucleus by:

wheree is the electron charge,Q the quadrupole moment of
theI* ) 3/2 14.4 keV excited state,Vzz is the largest component
of the EFG tensor, and by convention:

In the presence of an applied field, each molecule has its EFG
oriented differently in the field, and consequently has a different
Hamiltonian, with different eigenvalues. Numerical methods
can, however, be used to evaluate such powder spectra as a
function ofVii, from which∆EQ, η, and the sign of∆EQ can be
deduced.39,40 We determined the zero-field∆EQ values for
eleven of the compounds of interest, and typical results are
shown in Figure 2, including results for the new system, (CO)-
(TPP)(1-MeIm)Fe(II). We also determined both the sign and
magnitude of∆EQ for three of these systems, as shown in Figure
3. The signs of∆EQ for the bis(pyridine), bis(1-methylimida-
zole) and bis(trimethylphosphine) metalloporphyrins were al-
ready deduced by Grodzicki et al.16 and are shown in Table 1.
For the remaining compounds, all values are taken to be positive,
based on the excellent accord between experimental and
theoretical signed and unsigned∆EQ values (see below), except
in the case of (PhNO)(pyr)(TPP)Fe. Here, Mansuy et al. have
determined a negative value for∆EQ in the relatediPrNO adduct
of TPP,41 but with a similar ∆EQ value to that we have
determined. We then determined theoretically the57Fe electric
field gradient tensor elements for the compounds discussed
above, using the locally dense basis set approach together with
the B3LYP hybrid exchange-correlation functional. These
results are presented in Table 1.
Now, unfortunately, there has been considerable uncertainty

over the years as to the actual magnitude ofQ, the quadrupole
moment of the excited iron nucleus57Fem, with values ranging
from -0.19 × 10-28 to +0.44 × 10-28 m2 having been
reported.42 However, in two recent studies,42,43the topic of the
actual value ofQ has been reinvestigated in great detail, and
the most recent values determined forQ are 0.16((5%)× 10-28

m2 43 and 0.11(2)× 10-28 m2.42 In this work, we use the most
precise recent determination,Q ) 0.16((5%)× 10-28 m2, to
convert our theoreticalVii results into the Mo¨ssbauer quadrupole
splitting,∆EQ.
We show in Table 1, and graphically in Figure 4 (O), the

results of our∆EQ calculations for the 14 compounds investi-
gated. We find very good agreement between theory and
experiment for the six systems where the sign is known
unambiguously, and similarly good accord for the other eight
where the sign was inferred. The slope of the correlation line
for all 14 points is 1.04 (versus 1 for the ideal correlation), the
R2 value is 0.975, and the root-mean-square error of the
calculated points from experiment is 0.18 mm s-1. These results
are very promising, since they suggest that quantum chemical
methods may now be used with some confidence to investigate
Mössbauer quadrupole splittings in even larger systems, such
as the dimethylglyoximato complexes, and of course in metal-
loporphyrins as well. For example, for the (CO)(pyr) complexes
of DMG, we compute∆EQ values of 1.15 and 1.41 mm s-1,
which compare quite favorably with the experimental results
of 1.31 and 1.51 mm s-1, Table 1. Similarly, in the (CO)(pyr)
porphyrin system, even though the EFG is much smaller, there
is likewise good accord: a computed 0.37 mm s-1 versus the
0.57 mm s-1 determined experimentally, Figure 2. Moreover,
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the calculations also provide the correct sign for∆EQ, in each
of the six systems where the sign has been determined
experimentally. In addition, the root-mean-square errors be-
tween theory and experiment are quite small, and the slope
between theory and experiment is very close to the ideal value
of 1. At present, the origins of the residual errors which are
seen are uncertain, and could originate from residual lattice
effects, structural uncertainties, and motional averaging, as well
as deficiencies in the basis sets and functionals used, and
remaining uncertainties in the magnitude of the nuclear quad-
rupole moment itself. Of course, these are important questions,
the answers to which will likely influence conclusions drawn
from the calculations. We therefore chose to investigate further
a wide variety of functional/basis set/structure/all electron-ECP
combinations, to see to what extent the resultant EFGs (∆EQ)
depended on these parameters. Results are given in Table 2.
As anticipated based on Bu¨hl’s iron-57 NMR chemical shift
work,28 best accord with experiment is obtained when using
the B3LYP hybrid functional, which incorporates Hartree-Fock
exchange, rather than the pure BPW91 XC functional (calcula-
tions 1, 2 versus 3-10). More specifically, comparison between
calculations 2 and 3 shows a major improvement with B3LYP.
Use of effective core potentials (calculations 8-10) yields poor
results for two different functionals and two decontraction
schemes, as expected. There is also a small difference in∆EQ
when using different Fe-C and C-O bond lengths, as shown
in calculations 1 and 2, but the effect is minor. Removal of
the phenyl rings causes only a small error (after correcting for
the effects of the BPW91 functional, which clearly contributes
∼0.3 mm s-1), calculations 2-4. Table 2 also shows the results
of several locally dense basis calculations, which indicate no
major effects are due to the mixed basis schemes used.

Also of interest in the results we have presented so far is the
observation that the quadrupole splitting of the heme model
compound, (CO)(NMeIm)(TPP)Fe, of 0.35 mm s-1, Figure 2A,
is extremely close to the∼0.36-0.37 mm s-1 observed in
carbonmonoxymyoglobin and carbonmonoxyhemoglobin.7,44,45

Since this model compound has a linear and untilted Fe-C-O
angle,26 this similarity appears to support the notion of a linear
and untilted Fe-C-O bond in the heme proteins themselves,
but in order to test this hypothesis, it is necessary to investigate
how the57Fe quadrupole splitting varies with ligand distortion.
We therefore carried out a study of how∆EQ varies with ligand
tilt and bend, using geometry optimization of the Fe-C and
C-O bond lengths at each new geometry. Results for these
optimized bond lengths, together with the total molecular
eigenenergies, are given in Table 3. Clearly, the C-O bond
length is quite constant over a wide range of geometries,
although the Fe-C bond length varies rather more, Table 3.
The results for the energies are generally consistent with those
of Ghosh and Bocian46 and Parinello et al.47 For example, a
20° bend corresponds to a 3.1 kcal increase in energy in this
study, to be compared with values of∼3.5 and∼3.1 kcal
calculated by these workers.46,47

Next, we show in Table 4 and Figure 5 the results of the
electric field gradient tensor calculations as a function of ligand
tilt and bend, including both the quadrupole splitting,∆EQ, and
the EFG asymmetry parameter,η, in Table 4. For carbonmon-
oxymyoglobin, the experimental value for the quadrupole

(44) Trautwein, A.; Maeda, Y.; Harris, F. E.; Formanek, H.Theor. Chim.
Acta (Berlin)1974, 36, 67-76.

(45) Parak, F.; Thomanek, U. F.; Bade, D.; Wintergerst, B.Z. Natur-
forsch. Ser. C1977, 32, 507-512.

(46) Ghosh, A.; Bocian, D. F.J. Phys. Chem.1996, 100, 6363-6367.
(47) Rovira, C.; Ballone, P.; Parrinello, M.Chem. Phys. Lett.1997, 271,

247-250.

Figure 1. Structures of representative molecules used in calculations:
(A) (CO)(pyr)(DMGBBN)2Fe(II) and (B) (CO)(1-MeIm)(TPP)Fe(II).

Figure 2. 57Fe Mössbauer spectra of (A) (CO)(1-MeIm)(TPP)Fe(II)
and (B) (CO)(pyr)(TPP)Fe(II) atT ) 77 K andB0 ) 0 T.
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splitting is+0.363 to+0.373 mm s-1, but theη value is more
uncertain, with values of<0.4 to 0.75 mm s-1 having been
reported.44,45 For the geometry optimized structures we have
investigated, Table 4, there is relatively close agreement for
the quadrupole splitting andη between theory and experiment
for the 0°,0° tilt-bend structure, where a value of 0.52 mm s-1

(η ) 0.283) is obtained, Table 4 and Figure 5. However, the
quadrupole splitting of the 20°, 20° geometry is also close to
the experimental value, Table 4 and Figure 5, although its energy
is some 11 kcal higher than the linear structure.
The effects of ligand tilt and bend on both the Mo¨ssbauer

quadrupole splitting and the total molecular eigenenergy are
shown graphically in Figure 6. Here, it can be seen that both
∆EQ and the energy increase rapidly as the Fe-C-O group is

bent, at a fixed 0° tilt. At a 20° tilt, ∆EQ increases with
increasing bend, and at∼20° tilt, 20° bend, there is a very close
agreement with the 0°, 0° ∆EQ result as noted above, Figure 6.
However, the energy penalty is very large, effectively ruling
out such a conformation. Of course, these results alone cannot
rule out small deviations from linearity, and other spectroscopic
parameters, such as the57Fe NMR chemical shift, and the13C
and 17O NMR spectroscopic parameters will in the future all
be needed in order to further refine the Fe-C-O structure, by
using for example the Bayesian probability or Z-surface
approach.48 However, our results do support the idea of a very

Figure 3. Zeeman perturbed57Fe Mössbauer spectra and simulations for four systems. (A) CpFe(CO)2 Cl: T ) 4.2 K,B0 ) 8.5 T,∆EQ ) +1.82
mm s-1, η ) 0.30,δ ) 0.27 mm s-1, Γ (width) ) 0.30 mm s-1. (B) (CO)(pyr)(DMGBPh2)2Fe(II): T ) 4.2 K,B0 ) 6 T, ∆EQ ) 1.23 mm s-1, η
) ∼1.0,δ ) 0.15 mm s-1, Γ ) 0.32 mm s-1. The sign of∆EQ is indeterminate ifη is exactly 1 but is assumed positive in Table 1 based on related
DMG complexes having similar∆EQ, η values (ref 52). (C) Fe(CO)5: T ) 4.2 K,B0 ) 8.5 T,∆EQ ) +2.52 mm s-1, η ) 0.4,δ ) 0 mm s-1, Γ
) 0.33 mm s-1. (D) (butadiene)Fe(CO)3: T ) 4.2 K, B0 ) 6 T, ∆EQ ) -1.34 mm s-1, η ) 0.4,δ ) 0.12 mm s-1, Γ ) 0.57 mm s-1.

Table 1. Eigenvalues of the Electric Field Gradient Tensor for
57Fe in 14 Compounds Together with Calculated and Experimental
Mössbauer Quadrupole Splittings

electric field gradient
tensor elements (au)

quadrupole
splittings

∆EQ (mm s-1)

system V11 V22 V33 calcd exptl

Fe(CO)3(cyclo-butadiene)a -0.988 0.477 0.510 1.60 1.52b

Fe(CO)5a -1.574 0.786 0.788 2.55+2.51c
Fe(CO)3(1,4-butadiene)a -0.516 -0.384 0.903 -1.47 -1.34c
CpFe(CO)2Mea -1.190 0.216 0.974 2.05 1.76b

Fe(CO)3(propenal)a -1.149 0.073 1.076 2.08 1.70b

CpFe(CO)2Cl -1.167 0.443 0.724 1.91+1.82c
(CO)(pyr)(DMGBPh2)2Fe -0.616 0.010 0.606 1.15 1.31b

(CO)(pyr)(DMGBBN)2Fe -0.801 0.112 0.689 1.41 1.51b

(CO)(1-MeIm)(TPP)Fe -0.269 0.110 0.159 0.44 0.35b

(CO)(pyr)(TPP)Fe -0.223 0.063 0.161 0.37 0.57b

(PhNO)(pyr)(TPP)Fe -0.561 -0.149 0.709 -1.21 -1.42d
(pyr)2(TPP)Fe -0.682 0.296 0.386 1.11+1.15e
(1-MeIm)2(TMP)Fe -0.613 0.220 0.393 1.00+1.07e
(PMe3)2(OEP)Fe -0.062 0.028 0.034 0.10+0.35e

aCalculation performed at the geometry optimized structure.b ∆EQ
determined in this laboratory.c Signed∆EQ determined in this labora-
tory. d ∆EQ determined in this laboratory; sign based on (iPrNO)(TP-
P)(nPrNH2) (ref 41). eFrom ref 16.

Figure 4. Graph showing the correlation between the experimental
quadrupole splitting and that computed via DFT for the 14 compounds
listed in Table 1 (O) and the tilt-bend results from Table 3 (b). The
slope) 1.04,R2 ) 0.975, and the root-mean-square error) 0.18 mm
s-1 for these 14 compounds. AQ value of 0.16× 10-28 mm s-1 was
used, as discussed in the text.
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close-to-linear and untilted Fe-C-O unit in carbonmonoxy-
myoglobin, not least because the splitting in the (CO)(NMeIm)-
(TPP)Fe system is virtually identical with that seen in MbCO.
In earlier work, a number of authors reported highly distorted

Fe-CO units,49-51 and very recently this idea has been

reinforced for sperm whaleP21 crystals at pH 4, 5, and 6, in
which Fe-C-O bond angles of up to∼125° have been
reported.38 Are these structures consistent with the Mo¨ssbauer
results? To help answer this question, we have used the
metallocycle geometries reported in the three recent crystal-
lographic structures38 to predict the corresponding57Fe Möss-
bauer quadrupole splittings. The results we have obtained are
shown in Table 5, and the X-ray structures and their corre-
sponding predicted quadrupole splittings are shown in Figure
7, together with results for the model (CO)(1-MeIm)(TPP)Fe
compound. As can be seen from Table 5 and Figure 7, the
predicted57Fe Mössbauer quadrupole splittings for the three
distorted myoglobin structures are about 2 mm s-1, five times
larger than the experimental values of∼0.36-0.37 mm s-1 for
P21 sperm whale myoglobin, and the linear26 (CO)(1-MeIm)-
(TPP)Fe model compound, where∆EQ ) 0.35 mm s-1, Figure
2A. In contrast, the calculated value for this model system is
0.44 mm s-1, well within the 0.18 mm s-1 root-mean-square
error found in Figure 4 for a range of compounds. These
residual errors are most likely due to small structural uncertain-
ties. For example, we find for the (CO)(1-MeIm)(TPP)Fe model
a calculated∆EQ of 0.44 mm s-1, but for the second linear/
undistorted model structure based on the porphyrin of Kim and
Ibers,36 we calculate∆EQ ) 0.52 mm s-1 (at the 0°, 0° tilt-
bend geometry)sstill within the 0.18 mm s-1 root-mean-square
error noted above.

(48) Pearson, J. G.; Wang, J.-F.; Markley, J. L.; Le, H.; Oldfield, E.J.
Am. Chem. Soc.1995, 117, 8823-8829.

(49) Norvell, J. C.; Nunes, A. C.; Schoenborn, B. P.Science1975, 190,
568-570.

(50) Powers, L.; Sessler, J. L.; Woolery, G. L.; Chance, B.Biochemistry
1984, 23, 5519-5523.

(51) Kuriyan, J.; Wilz, S.; Karplus, M.; Petsko, G.J. Mol. Biol. 1986,
192, 133-154.

Table 2. 57Fe G94/DFT EFG Calculations for Model Iron CON-Methylimidazole Porphyrins as a Function of Molecular Structure, Basis
Sets, and Exchange-Correlation Functionals

system structurea functional basis sets qzz(au) qxx(au) qyy(au) ∆EQ (mm/s)

1. Fe TPP riding B3LYP Fe Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -0.2686 0.1096 0.1591 0.44
2. Fe TPP opt. B3LYP Fe Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -0.3583 0.1522 0.2061 0.59
3. Fe TPP opt. BPW91 Fe Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -0.5240 0.2317 0.2923 0.86
4. Fe P riding BPW91 Fe Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -0.4322 0.1812 0.2510 0.71
5. Fe P xray BPW91 Fe Wachters/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -0.4230 0.1841 0.2389 0.69
6. Fe P C2cap BPW91 Fe Wachters/6-311++G(2d) CO/6-31G* others -0.3088 0.1360 0.1728 0.50
7. Fe P riding BPW91 Fe Wachters/6-311++G(2d) CO&N/6-31G* porphyrin ring/3-21G* H-0.4464 0.1876 0.2588 0.73
8. Fe P riding BPW91 Fe LANL2DZ/6-311++G(2d) CO&N/6-31G* CR /3-21G* others -0.6254 0.2888 0.3366 1.02
9. Fe P riding BPW91 Fe LANL2(Modif)/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -0.7490 0.3515 0.3974 1.22
10. Fe P riding BPW91 Fe Stuttgart ECP/6-311++G(2d) CO&N/6-31G* CR/3-21G* others -0.6981 0.3262 0.3718 1.14

expt 0.35

aRiding) riding model geometry optimization, see ref 26 for details,d(C-O) ) 1.094 Å; opt.) Fe-C, C-O geometry optimized (d(Fe-C)
) 1.805 Å andd(C-O) ) 1.149 Å), Table 3; X-ray) X-ray geometry, ref 26,d(C-O) ) 1.061 Å; C2-cap, the porphyrin structure is that of the
C2-cap CO iron porphyrin of Kim and Ibers (Kim, K.; Ibers, J. A.J. Am. Chem. Soc.1991, 113, 6077-6081).

Table 3. Results of Geometry Optimization of the Fe-C and
C-O Bond Lengths in the Fe-C-O Unit in (CO)(1-methylimida-
zole)(porphinato)iron(II) as a Function of Ligand Tilt and Benda

angles (deg) bond lengths (Å)

tilt bend Fe-C C-O energy (hartrees)

0 0 1.8201 1.1476 -2586.34710992
0 20 1.8424 1.1475 -2586.34223258
0 40 1.9483 1.1454 -2586.32699571
20 0 1.7974 1.1512 -2586.32824784
20 20 1.8084 1.1524 -2586.33000569
20 40 1.8394 1.1477 -2586.31382686
40 0 1.8215 1.1641 -2586.24878457
40 20 1.8292 1.1565 -2586.23372963
40 40 1.8721 1.1521 -2586.15216391
a Structures were optimized by using G94/DFT with a B3LYP XC

functional, Wachters’ (62111111/3311111/3111) Fe basis set, 6-31G*
on the CO group and the five attached nitrogen atoms, and 3-21G on
the remaining atoms. The only parameters that were allowed to change
during the geometry optimization were the Fe-C and C-O bond
lengths.

Table 4. Eigenvalues of the Electric Field Gradient Tensor and
Predicted Mo¨ssbauer Quadrupole Splittings andη Values for
(CO)(1-methylimidazole)(porphinato)Fe(II) as a Function of Ligand
Tilt and Benda

ligand geometry EFG tensor elementsb

tilt
(deg)

bend
(deg)

V11
(au)

V22
(au)

V33
(au) η

∆EQ
(mm s-1)

0 0 -0.3179 0.1140 0.2039 0.283 0.52
0 20 -0.4710 0.1645 0.3065 0.301 0.77
0 40 -0.8918 0.3561 0.5357 0.201 1.45
20 0 -0.3579 -0.0022 0.3601 0.99 -0.67
20 20 -0.3372 0.1296 0.2076 0.23 0.55
20 40 -0.5453 0.1720 0.3732 0.37 0.90
40 0 -0.5531 -0.3600 0.9131 0.21 -1.49
40 20 -0.4799 -0.1467 0.6266 0.53 -1.06
a The Fe-C and C-O geometries were from Table 3.b The locally

dense basis/B3LYP approach was used to evaluate the Fe EFG, as
described in the text.

Figure 5. Iron-57 Mössbauer quadrupole splitting tilt-bend surface.
∆EQ becomes more positive on increasing FeCO bend, but more
negative with increasing tilt.τ andâ are both in degrees.
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Finally, it is worth noting that in addition to the eigenvalues
of the electric field gradient tensor, the theoretical calculations
also give the orientations of the EFG in the molecular frame,
which in some cases can be compared with experimental results,
and with predictions based on symmetry. For example, with
the bis-amino complexes Fe(TPP)(pyr)2 and Fe(TPP)(1-MeIm)2,
we find as expected7 a close to axially symmetric tensor with
Vzz oriented along the porphyrin normal, Figure 8A,B. With
the Fe(TPP)(NMeIm)(CO) complex, our model for MbCO,Vzz
is again oriented along the porphyrin normal Figure 8C, exactly
as found in MbCO itself, at pH 7.45 In calculations based on
the pH 4, 5, and 6 crystallographic structures,Vzz is tilted from
the heme normal (15° at pH 6, 18° at pH 5, and 24° at pH 4),
with Vzz closely tracking the Fe-C bond vector, and single
crystal Mössbauer studies of these systems would clearly be of
interest.
Also of interest is the observation that linear and untilted Fe-

C-O metallocycles do not necessarily have close to axially
symmetric field gradient tensors. For example, in the case of
the two dimethylglyoxime complexes, we find quite axially
asymmetric tensors (η ) 0.97, 0.72) with much larger∆EQ
values than in MbCO or its model system. Large, positive∆EQ
values (+1.19,+1.14 mm sec-1) and relatively largeη (0.55,
0.75) have been reported previously for other dimethylglyoxi-
mato CO adducts,52 and it is clear that here, the asymmetry in
the metallocycle-two separate dimethylglyoximato ligands,

contributes to the largeη values found both experimentally and
theoretically. However,Vzz is again oriented perpendicular to
the plane of the metallocycle, as shown in Figure 8D.
In summary then, the results we have presented above indicate

that iron-57 Mössbauer quadrupole splittings, at least for
diamagnetic d6 and d8 systems, can now be predicted to an
accuracy of∼0.2 mm s-1. For MbCO and HbCO, small (∼10°)
ligand distortions cannot be ruled out based on either Mo¨ssbauer
spectroscopic or purely energetic considerations alone, and

Figure 6. Graph showing the effects of Fe-C-O fragment tilt and
bend geometry on the57Fe Mössbauer quadrupole splittings, and the
change in total energy from that found in a linear, untilted system.
The tilt and bend distortions are shown in degrees. The Fe-C and C-O
bond lengths are given in Table 3.

Table 5. Eigenvalues of the Electric Field Gradient Tensor and
Predicted Mo¨ssbauer Quadrupole Splittings andη Values for pH 4,
5, and 6 MbCO Model Systems and
(CO)(1-methylimidazole)(5,10,15,20-tetraphenylporphinato)Fe(II)

EFG tensor elementsa

system qzz (au) qxx (au) qyy (au) η
∆E

(mm s-1)

MbCO
pH 4 -1.433 0.437 0.997 0.391 2.38
pH 5 -1.142 0.353 0.788 0.38 1.89
pH 6 -1.224 0.289 0.936 0.529 2.07

Fe(TPP)(CO)(1-MeIm)-0.269 0.110 0.159 0.182 0.44

a Evaluated with the large locally dense basis set described in the
text: Fe (62111111/3311111/3111)/6-311++G(2d)/6-31G*/3-21G*/
B3LYP. The MbCO porphyrin structures were taken from ref 38.

Figure 7. Figure illustrating the heme/Fe-C-O geometries found (ref
38) and Mössbauer quadrupole splittings predicted forPhyseter catodon
carbonmonoxymyoglobin,P21 crystallographic form, at different pH
values, and in (CO)(1-MeIm)(TPP)Fe(II): (A) MbCO, pH) 4; (B)
MbCO, pH) 5; (C) MbCO, pH) 6; (D) (CO)(1-MeIm)(TPP)Fe(II).

Figure 8. Orientation of the principal components of the57Fe electric
field gradient tensors for four metallocycles: (A) (pyr)2(TPP)Fe; (B)
(1-MeIm)2(TMP)Fe; (C) (CO)(1-MeIm)(TPP)Fe; and (D) (CO)(pyr)-
(DMGBBN)2Fe. The principal components,|Vzz| g |Vyy| g |Vxx|, are
indicated.
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additional pieces of spectroscopic information, such as13C, 17O,
and57Fe NMR chemical shifts, will need to be considered for
future refinements, as discussed elsewhere.17,18

Conclusions

The results we have presented above represent the first
accurate calculations of57Fe Mössbauer quadrupole splittings
in a wide variety of organometallic and metalloporphyrin
complexes using density functional theory. The correlation
between theory and experiment is good (R2 ) 0.975, root-mean-
square error 0.18 mm s-1) when all 14 compounds are
considered, placing some confidence in the quality of the results
obtained. The slope between theory and experiment is 1.05,
using aQ value of 0.16× 10-28 m2. Of particular interest is
the reproduction of the quadrupole splittings of macrocycles:
dimethylglyoximato and porphinato complexes. This enables
a test of the idea that Fe-CO geometries are highly distorted
in the crystalline solid state in heme proteins, which they appear
not to be. There is thus reason to be optimistic that57Fe

Mössbauer quadrupole splittings, as well as electric field
gradient tensor orientations, may now become even more useful
in testing ideas about other metal-ligand geometries, such as
with O2, RNO, RNC, and R2S ligands, and in paramagnetic
systems as well, where related metal-ligand geometry questions
exist.53
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