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ABSTRACT: The complete iron vibrational spectrum of the
five-coordinate high-spin complex [Fe(OEP)(2-MeHIm)],
where OEP = octaethylporphyrinato and 2-MeHIm = 2-methyl-
imidazole, has been obtained by oriented single-crystal nuclear
resonance vibrational spectroscopy (NRVS) data. Measurements
have been made in three orthogonal directions, which provides
quantitative information for all iron motion. These experimental
data, buttressed by density functional theory (DFT) calculations,
have been used to define the effects of the axial ligand orientation.
Although the axial imidazole removes the degeneracy in the
in-plane vibrations, the imidazole orientation does not appear
to control the direction of the in-plane iron motion. This is in
contrast to the effect of the imidazolate ligand, as defined by DFT calculations, which does have substantial effects on the
direction of the in-plane iron motion. The axial NO ligand has been found to have the strongest orientational effect (Angew.
Chem., Int. Ed., 2010, 49, 4400). Thus the strength of the directional properties are in the order NO > imidazolate > imidazole,
consistent with the varying strength of the Fe−ligand bond.

■ INTRODUCTION

Iron porphyrinate derivatives or hemes are involved in a wide
variety of biological processes including oxygen storage and
transport, oxygen utilization, catalysis, and electron transport.
Given the large variety of processes, it is surprising to realize that
almost all systems utilize the same porphyrin ligand, proto-
porphyrin IX. Thus the question immediately arises, how can fine
control be achieved when the essential macrocycle does not
change? A probable issue leading to control is the manipulation of
iron electronic structure, that is., variation of the population and
energies of the d electron manifold. In this paper, we have explored
one aspect, out of many, that could influence the physicochemical
properties of heme derivatives, namely, the effect of axial ligand
orientation. Prior studies of six-coordinate complexes have shown
that the specific and relative orientations of planar axial ligands with
respect to the coordinate system defined by the Fe−Np

1 directions
of the macrocycle have profound effects on the electronic structure
including spin states.
In the earliest study, Scheidt and co-workers showed that

for the iron(III) system [Fe(OEP)(3-ClPy)2]ClO4 different
crystalline polymorphs with the same relative orientation of
the planar pyridine ligands (parallel to each other) but differing

absolute orientations led to different spin states for iron.2−4

Analysis of the system by X-ray structure determinations, mag-
netic susceptibility, and Mössbauer spectroscopy made clear
that the absolute ligand orientation was the defining factor in
the spin state differences.
Blumberg and Peisach’s5,6 analysis, as well as that of

others,7−10 of the low-spin iron(III) heme EPR spectra has
shown that the spectral parameters are sensitive to the identity
of axial ligands. These EPR parameters are readily analyzed
in terms of a crystal field parameter, showing a connection
to changing electronic structure features. Subsequently, a series
of studies demonstrated that EPR parameters (and electronic
and structural details) are also sensitive to the relative and
absolute orientation of planar axial ligands (both imidazoles and
pyridines). This is seen for systems with bulky imidazole
ligands that give rise to an unusual EPR signal now termed
the large gmax signal.

11−13 Structure analysis14,15 showed that
this is the result of the two ligands having relative perpendicular
orientations.
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A study with imidazole itself, combined X-ray structural
and EPR studies14,16 showed that the relative orientation of
parallel aligned planar ligands lead to distinct EPR signals. These
could be interpreted in terms of differing g-values, rhombicities,
and tetragonalities. These results and conclusions were further
confirmed by a single-crystal EPR study.17 A later analysis defined
a relationship between the dihedral angle of parallel imidazole
planes and the closest Fe−Np vector.

18 Further orientation effects
were analyzed in a series of complexes prepared by Safo.19−21

Later additional derivatives led to further elaboration of these
orientation effects.22−30

Thus for six-coordinate iron(III) species, spectroscopic and
structural studies demonstrate that the axial ligand orientations
have real effects on electronic structure. The same orientation
effects on electronic structure are probable for six-coordinate
iron(II) species. Similar relative and absolute orientations of
axial ligands can be formed with the iron(II) species, although
achieving relative perpendicular orientations in the solid state
proved challenging.31 Most have parallel axial ligand planes.32,33

Unfortunately, only Mössbauer spectroscopy can readily interrogate
the iron(II) species that show distinctly different structures.31−33

These species do show distinctly different Mössbauer spectra con-
sistent with changes in orientation and bonding that also has a core
conformation component.31

Another class of complexes where axial ligand orientation is
clearly important are the five-coordinate species [M(Por)(Im)]
where Por and Im are generalized porphyrins and imidazoles,
respectively. In these derivatives, the preferred orientation for
the imidazole plane has the imidazole plane close to eclipsing
an Fe−Np bond.34−42 In an early theoretical study based on
iterative Hückel calculations, Chipman and Scheidt provided
a bonding rationalization for the preferred orientation, which
extends to metals other than iron.43

These axial ligand orientational results have led us to carry out
a detailed oriented single-crystal vibrational study of [Fe(OEP)-
(2-MeHIm)] to study the possible effects of ligand orientation
for the in-plane motion of iron. This five-coordinate, high-spin
molecule and several related species are models for the heme
site of deoxymyoglobin and deoxyhemoglobin. Vibrational
spectroscopy is widely applied to probe the structure, dynamics,
and reactivity of biological molecules, particularly resonance
Raman44−51 and infrared difference,52,53 far-infrared,54 and
synchrotron-based far-infrared55 spectroscopies. However,
selection rules inherent to infrared and Raman spectroscopies
prevent the observation of many important active-site vibrations.
Importantly, the in-plane vibrations of the heme iron related to
the determination of the Fe−pyrrole bond strength (Fe−Np)
have not been identified in resonance Raman spectra. However,
Nuclear Resonance Vibrational Spectroscopy (NRVS) or Nuclear
Inelastic Scattering (NIS) allows measurement of the complete set
of iron vibrational modes over a wide energy range (0−800 cm−1).
Moreover, the NRVS intensity is directly related to the magnitude
and direction of the iron motion, so the method has a unique
quantitative component in the measured vibrational spec-
trum.56−60 We have previously used oriented single-crystal
measurements of heme derivatives to assign the in-plane and
out-of-plane vibrations, utilizing this directional feature of the
vibrational spectrum. Peripheral substituents can have a large effect
on the dynamics of the iron, especially for in-plane motions.61,62 In
addition, we have shown that the in-plane anisotropy is related to
the orientation of the axial NO in [Fe(OEP)(NO)],64 confirming
the possibility of observable anisotropy based on the first-principle
calculation of NRVS.65

In earlier vibrational investigations of high-spin five-coordinate
iron(II) imidazole and imidazolate species, we had examined
the nature of the out-of-plane and generalized in-plane vibrations
by NRVS.66,67 In this paper, we expand on this earlier work
to the maximal extent experimentally feasible with more detailed
investigations of axial ligand control of the directions of iron
motion. We have explored the iron motion of [Fe(OEP)-
(2-MeHIm)] in specific directions. Single-crystal measurements
probed two in-plane, orthogonal directions: x, parallel to the
imidazole plane, and y, perpendicular to the imidazole, thus
providing unique information on the effects of imidazole
orientation on the vibrational spectrum.

■ EXPERIMENTAL SECTION
General Information. All reactions and manipulations for the

preparation of the iron(II) porphyrin derivatives were carried
out under argon using a double manifold vacuum line, Schlenkware,
and cannula techniques. Dichloromethane, toluene, and hexanes
were distilled under argon from CaH2 and sodium/benzophenone,
respectively. Chlorobenzene was purified by washing with concen-
trated sulfuric acid, then with water until the aqueous layer was neutral,
dried with sodium sulfate, and distilled twice over P2O5. Ethanethiol
(ACROS) was used as received, 2-methylimidazole was purchased
from Aldrich, recrystallized from toluene, and dried under vacuum.
95% 57Fe2O3 was purchased from Cambridge Isotopes. H2OEP
was synthesized by literature methods.68 [57Fe(OEP)]2O was prepared
by washing a solution of [57Fe(OEP)Cl] in dichloromethane with
2 M aqueous sodium hydroxide solution, drying the collected organic
layers with sodium sulfate followed by recrystallization from
dichloromethane/hexanes. 57Fe-enriched [Fe(OEP)Cl] was prepared
using the metalation method described by Landergren and Baltzer.69

[57Fe(OEP)(2-MeHIm)] was synthesized and crystallized according to
Hu et al.39

Crystal Alignment. [57Fe(OEP)(2-MeHIm)] crystallizes in the
triclinic system with two molecules per cell that are related by an
inversion center.39 There is thus a single molecule in the asymmetric
unit. This solid-state feature allows the best arrangements for the
oriented crystal NRVS experiments, which is to have the porphyrin
plane parallel and the imidazole plane parallel or perpendicular with
respect to the incident beam. This orientation permits the recording
of the vibrational spectrum parallel and perpendicular to the imidazole
plane. The Miller indices of the target planes were calculated in
Mercury 2.2. The Miller indices of the porphyrin and imidazole
planes, defined by 24 and 5 atoms, were determined to be (3,3,8) and
(−6,−4,3), respectively. A second crystal and crystal mounting is
required to obtain the out-of-plane measurement, which has been
obtained from a previous study.66

A crystal of [Fe(OEP)(2-MeHIm)] was mounted in a 0.8 mm
diameter, thin-walled, boron-rich, X-ray diffraction capillary tube in an
inert-atmosphere drybox. The crystal was immobilized in the capillary
tube with a small amount of Apiezon grease. The capillary tube was
sealed and glued to the end of a copper wire affixed to a goniometer
head pin with epoxy resin. The wire was adjusted so that the crystal
would be within a few millimeters of the X-ray beam when the
assembly was affixed to the diffractometer. After an initial indexing,
the dihedral angle between the porphyrin plane (3,3,8) and the plane
perpendicular to the goniometer head phi axis was calculated in the
“oriented scan” portal of APEX II software using an“up” designation.
The wire was then adjusted in the direction required to achieve 0° for
this dihedral angle, followed by reindexing at the new position. After
several adjustments of the copper wire, the dihedral angle was less than
10°, and then adjustments were made using the goniometer head arcs
until the angle was 0° ± 0.5°.

The ϕ rotation required to align the imidazole plane perpendicular
to the beam was calculated by inputting its Miller index (−6,−4,3) into
the “oriented scans” portal of the APEX II software using a “toward
source” designation, this position and a 90° rotation around the
goniometer axis give the two desired orientations, corresponding to
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perpendicular and parallel orientations of the 2-methylimidazole plane
with respect to the incident X-ray beam.
NRVS Measurements. Measurements were conducted at sector

3-ID of the Advanced Photon Source, Argonne National Laboratory.
The polycrystalline powder sample of [Fe(OEP)(2-MeHIm)] was
prepared by mixing with a small amount of Apiezon N grease and
placing in a sealed cell which was directly mounted onto a He flow
cryostat, and cooled to 20 K. For the single crystal measurements,
the oriented crystal of [Fe(OEP)(2-MeHIm)] was mounted so that
the rotation axis of the goniometer head was parallel or perpendicular
to the incident beam. Vibrational spectra were measured using an
in-line high-resolution monochromator operating at 14.4125 keV with
1.0 meV bandwidth scanning the energy of the incident X-ray beam.63

Spectra were recorded between −50 and 80 meV in steps of 0.25 meV,
and all scans were normalized to the intensity of the incident beam
and added. NRVS raw data were converted to the vibrational density
of states (VDOS) using the program Phoenix.57,70

Vibrational Predictions. All calculations including structure
optimizations and frequency analysis have been performed on [Fe(OEP)]
and [Fe(OEP)(2-MeHIm)] complexes using the Gaussian09 program
package71 without constraints and using the spin unrestricted DFT
method. The reported structure with the high-spin state (S = 2) for
[Fe(OEP)(2-MeHIm)] was used for the initial geometries for struc-
ture optimizations. Structural optimization of [Fe(OEP)(2-MeHIm)]
was explored with several different functionals. A comparison of the

optimized geometry for the different functionals and the observed
structure are given in the Results. Final results utilized the GGA
functional BP8672 with the triple-ζ valence basis set with polarization
(TZVP)73 for iron and 6-31G* for C, H, and N atoms.74 Frequency
calculations were performed on the fully optimized structures at the
same basis level to obtain the vibrational frequencies with the 57Fe
isotope set.

The Gaussian09 output files from DFT calculation can be used to
generate predicted mode composition factors with our scripts.76 The
mode composition factors ejα

2 for atom j and frequency α are the
fraction of total kinetic energy contributed by atom j (here: 57Fe, a
NRVS active nucleus). The normal mode calculations are obtained
from the atomic displacement matrix together with the equation:

=
∑αe

m r

m rj
j j

i i

2
2

2 (1)

where the sum over i runs over all atoms of the molecule, mi is the
atomic mass of atom i, and ri is the absolute length of the Cartesian
displacement vector for atom i. The polarized mode composition
factors are defined in terms of two distinct in-plane directions, which
can be calculated from a projection of the atomic displacement vectors
x or y (eq 2, shown for x).77

=
∑αe

m x

m rj x
j j

i i
,

2
2

2
(2)

The out-of-plane atomic displacement perpendicular to the
porphyrin plane for a normal mode is obtained from a projection of
the atomic displacement vector z (eq 2). The x, y, and z components
of the iron normal mode energy for [Fe(OEP)(2-MeHIm)] (HS) with
eFe
2 ≥ 0.005 are given in Supporting Information, Tables S1 and S2
referred to different definitions of the coordinate system.

■ RESULTS
NRVS spectra were collected on oriented single crystals of
[Fe(OEP)(2-MeHIm)] in two distinct sets of experiments.
These specially oriented spectra are possible because [Fe-
(OEP)(2-MeHIm)] crystallizes in the triclinic space group P1 ̅
with a single molecule in the asymmetric unit. This requires
that any molecular plane is parallel to all other such planes in
all molecules of the entire crystal. This includes both the
porphyrin and the imidazole planes. Moreover, the Fe−Np
vectors are collinear in the crystal.
The first measurement aligned the porphyrin plane per-

pendicular to the exciting X-ray beam, which provides
information on the out-of-plane iron motion, and has been
reported previously.66 The second set of measurements has the
porphyrin plane collinear with the exciting X-ray beam and with
the coordinated imidazole plane either parallel or perpendicular
to the X-ray beam. This provides detailed information on the in-
plane iron motion. These in-plane spectra, taken in orthogonal
directions, are shown in Figure 1. The two in-plane spectra are
clearly distinct and demonstrate that the planar axial ligand has

Figure 1. Comparison of the Fe VDOS in [Fe(OEP)(2-MeHIm)] in
the directions parallel (top panel) and perpendicular (bottom panel)
to the imidazole plane.

Table 1. Comparison of Calculated, Energy-Minimized DFT Structures for [Fe(OEP)(2-MeHIm)]

method(ref.) Fe−Np
a avea,b Fe−NIm

a ΔN4
a,c NIm−Fe−Np

d,e ref.

crystal structure 2.072 2.074 2.076 2.087 2.077(7) 2.135(3)/2.182f 0.34 19.5 39
BP86/TZVP/6-31G*72 2.084 2.086 2.092 2.095 2.089(5) 2.180 0.32 23.6 tw
BP86/TZVP/6-31+G*72 2.085 2.086 2.097 2.094 2.090(6) 2.178 0.31 24.5 tw
B3LYP/TZVP/6-31G*78 2.101 2.104 2.117 2.118 2.110(9) 2.206 0.39 34.8 75
M06/TZVP/6-31G*79 2.096 2.099 2.097 2.095 2.097(2) 2.148 0.40 23 tw
M06L/TZVP/6-31G*80 2.075 2.077 2.076 2.076 2.076(1) 2.194 0.29 31.1 tw

aDistances in Å. bAveraged value for the four Fe−Np distances.
cDisplacement of iron from the plane of the four nitrogen atoms. dValue in degrees.

eDihedral angle between NIm−Fe−Np plane and the imidazole plane. fTwo positions of imidazole.
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removed the degeneracy of the 4-fold symmetric metalloporphyr-
in. A major objective for taking these in-plane measurements was
to understand the anisotropic nature of the spectra including
the effects of the imidazole orientation on the in-plane motion of
the iron.
We used DFT calculations for help with spectral assign-

ments. We performed comparisons of the crystal structure with
the predicted structures with several DFT functionals and basis
sets as shown in Table 1. The basis set generally used was
6-31G* for H, C, and N, and TZVP for Fe. For a BP86
calculation we also used the diffuse function 6-31+G* added to
N to better allow for molecular polarity and possible partial
change on the donor atoms. The comparison of the struc-
tural predictions and the experimentally determined structure
are given in Table 1.
The calculations reproduce the experimentally observed

Fe−Np bond distances to within 0.02 Å except the B3LYP
functional, although the majority of the calculations slightly
overestimate this parameter. The Fe−N(Im) bond distance is
predicted by the BP86 functional to within 0.01 Å compared
with the crystal structure. The B3LYP functional provides poor
results for several of the geometric parameters and can
therefore not be recommended for the systems under study
here.83 The BP86 functional performs better with respect to
agreement with experimental data within 0.015 Å for all bonds.
The out-of-plane displacement from the four nitrogen atom
plane, ΔN4, is an important feature of the molecular structure
likely to influence the NRVS spectrum. The BP86 functional
calculations predicts this to within 0.02 Å, better than other
functionals. All functional/basis set combinations overestimate
the NIm−Fe−Np dihedral angle, perhaps because of limi-
tations of the single molecular model in the calculations.
The BP86 calculation predicts this dihedral angle to within
5° of the experimental value of 19.5°. Better predictions were
obtained from the BP86 functionals with a suitable basis set,
with good agreement with experimental data; the addition
of the diffuse function 6-31+G* for the improvement of the
calculations is negligible. The BP86 predictions in the three

measured directions are given in Supporting Information,
Figures S2 to S4. The prediction of the vibrational spectra
given by the various models are displayed in Supporting
Information, Figures S5 to S8, and the better fits between
experiment and predictions shown by the BP86 functional
are apparent.

Figure 2. Directional contributions to the VDOS of [Fe(OEP)(2-MeHIm)] for the x and y directions. For x (top panel), the exciting beam is parallel
to the porphyrin plane and the imidazole plane; for y (bottom panel), the beam is parallel to the porphyrin plane and perpendicular to the imidazole
plane. In each panel, the solid bars represent the DFT-predicted eFe

2 values; the solid line is the experimentally observed spectrum and the filled
spectrum is the predicted spectrum based on the sum of 15 cm−1 (fwhh) Gaussians with areas determined by the e2 values. The numbers on the
filled (predicted) spectra are the values of the apparent peak maxima.

Figure 3. MOLEKEL illustration showing the two predicted lowest
frequency in-plane modes for [Fe(OEP)(2-MeHIm)] and their
comparison with the similar modes in [Fe(OEP)]. In all MOLEKEL
illustrations, arrows represent the mass-weighted displacements
of the individual atoms. For ease of visualization each arrow is 100
(mj/mFe)

1/2 times longer than the zero-point vibration amplitude of
atom j. e2 values are listed below each frequency. Color scheme: cyan =
iron, green = carbon, blue = nitrogen. In this and other figures,
hydrogens are omitted for clarity.
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■ DISCUSSION
The NRVS spectra of the high-spin five-coordinate iron(II)
complexes have been noted to be very strongly overlapped and
require the use of oriented crystal spectra to resolve the various
spectral components. The experimental NRVS data in the two
orthogonal in-plane directions are compared with the predicted
vibrational spectra (x and y directions defined in the molecule)
in Figure 2. The most striking feature of the experimental
spectra are in the 220−270 cm−1 region where three broad
features (with approximately equal intensity) are seen in the

spectrum taken parallel to the imidazole plane whereas there is
only a single broad peak (with shoulder) in the spectrum taken
perpendicular to the imidazole plane.
The central issue of this investigation was to understand

the significance of the axial imidazole ligand and possible
orientation effects on the in-plane vibrational spectrum and the
origins of the loss of x, y degeneracy. We had previously shown
that the orientation of the axial NO ligand in [Fe(OEP)(NO)]
dominated the direction of the in-plane iron motion and not the
in-plane Fe−Np bonds.64 This led to in-plane iron vibrations
that were largely parallel and perpendicular to the projection of
the FeNO group on the porphyrin plane, for example, the iron
motion directions are approximately 45° away from the in-plane
Fe−Np (bond) directions. Could the same effect be present in
the five-coordinate imidazole derivatives?
To aid in understanding the probable directional properties

of the vibrational spectrum, we compare the predicted in-plane
vibrations of [Fe(OEP)(2-MeHIm)] with the analogous predicted
vibrations in four-coordinate [Fe(OEP)] which exhibits approx-
imate x, y degeneracy. In Figures 3 to 5, we compare modes
in [Fe(OEP)] and [Fe(OEP)(2-MeHIm)] that involve similar
atomic motions on the basis of vibrational correlational
analysis.62,81,82 In all illustrations the iron motion is exactly
in the porphyrin plane, or nearly so, and the porphyrin plane is
parallel to the page. We note that in [Fe(OEP)] the iron motion
is exactly along the Fe−Np bond directions, as expected, but
in [Fe(OEP)(2-MeHIm)] the motion deviates from these
directions. However, the deviations are not completely consistent
with the imidazole directing the iron motion either parallel or
perpendicular to the imidazole plane. We can conclude that
the iron−imidazole interactions have some effect on iron motion
but not as dramatic as the effects from Fe−NO interactions in
[Fe(OEP)(NO)].

Figure 4. MOLEKEL illustration showing the four predicted
midfrequency range in-plane modes for [Fe(OEP)(2-MeHIm)] and
their comparison with the similar modes in [Fe(OEP)]. e2 values are
listed below each frequency. The 221.7 cm−1 mode has a modest
amount of out-of-plane character.

Figure 5. MOLEKEL illustration showing the two predicted highest
frequency in-plane modes for [Fe(OEP)(2-MeHIm)] and their com-
parison with the similar modes in [Fe(OEP)]. e2 values are listed
below each frequency.
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To best illustrate the direction of iron motion, we show in
Figure 6 the direction of the predicted iron motion in terms of
two different coordinate systems, both defined in the molecular
structure. In the top panel of Figure 6, the coordinate system
is defined with x and y parallel and perpendicular to the
axial imidazole plane, whereas in the bottom panel x and y are
defined along the Fe−Np bond directions. The two coordinate
systems are also illustrated in the figure. Figures 3 to 6 clearly
show that the predicted motions of the iron are close to but not
exactly along the Fe−Np bonds.
We thus conclude that the effects of the imidazole ligand

orientation on the direction of the in-plane iron motion in
[Fe(OEP)(2-MeHIm)] are modest, even though the imida-
zole−iron interactions do lead to a loss of the in-plane x, y
degeneracy.88 This is in distinct contrast to the predictions for
the imidazolate complex where the iron−imidazolate inter-
actions not only lead to the loss of the x, y degeneracy but also
to distinct shifts in the directions of the in-plane iron motion.
For the imidazolate complex, [Fe(OEP)(2-MeIm−)]−, the DFT
predictions show that the direction of the in-plane iron motions
are along the directions parallel and perpendicular to the
imidazolate plane, and far from being along Fe−Np

directions.67,89 This is illustrated in Figure 7, which is analogous
to Figure 6. As can be seen, there is a strong reversal of the
orientation of the iron motion directions with respect to the
orientation of the axial ligand. Unfortunately, the crystal system
for the imidazolate complexes did not permit an experimental
verification of the DFT predictions. As we have noted
previously,67 the iron in-plane motions are found to shift to
lower frequencies for the imidazolate derivatives, consistent
with stronger Fe−ligand π bonding in the imidazolate. This
comparison is found for both the OEP and TPP derivatives of
imidazole and imidazolate.

■ SUMMARY
The series of the three complexes ([Fe(OEP)(L)], L = NO,
imidazolate, and imidazole) for which we have explored iron
motion directionality show that the axial ligand effects on
direction of the in-plane iron motion follows the order NO >
imidazolate > imidazole. This series follows the order of the
importance of iron to ligand π-backbonding, with the smallest
π-bonding in the imidazole complex.75 The axial Fe−N bond
distances in the three systems are 1.722,90 2.058,91 and 2.147 Å,39

respectively.

Figure 6. Bar graph showing DFT-predicted directional characteristics of all 30 modes of the imidazole complex [Fe(OEP)(2-MeHIm)] with
e2Fe > 0.01 for two different definitions of the orthogonal coordinate system. In the top panel x is defined as parallel to the imidazole plane and y is
defined as perpendicular to the imidazole plane, whereas in the bottom panel x and y are defined along the Fe−Np bond directions. (Coordinate
directions also shown in the porphyrin outlines.) Color code: ex

2, green; ey
2, red; ez

2, blue.
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