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ABSTRACT: The effects of the deprotonation of coordinated imidazole on
the vibrational dynamics of five-coordinate high-spin iron(II) porphyrinates
have been investigated using nuclear resonance vibrational spectroscopy.
Two complexes have been studied in detail with both powder and oriented
single-crystal measurements. Changes in the vibrational spectra are clearly
related to structural differences in the molecular structures that occur when
imidazole is deprotonated. Most modes involving the simultaneous motion
of iron and imidazolate are unresolved, but the one mode that is resolved is
found at higher frequency in the imidazolates. These out-of-plane results are
in accord with earlier resonance Raman studies of heme proteins. We also
show the imidazole vs imidazolate differences in the in-plane vibrations that
are not accessible to resonance Raman studies. The in-plane vibrations are at
lower frequency in the imidazolate derivatives; the doming mode shifts are
inconclusive. The stiffness, an experimentally determined force constant that averages the vibrational details to quantify the
nearest-neighbor interactions, confirms that deprotonation inverts the relative strengths of axial and equatorial coordination.

■ INTRODUCTION

One of the intriguing features of the hemoproteins, which carry
out a wide variety of biological processes, is that they do so with
a common prosthetic group and a small number of differing
axial ligands. This includes a large number of proteins with the
same proximal histidyl ligand (equivalent to imidazole).
Although the histidyl group is nominally a neutral ligand, the
presence of an N−H group permits modification of the nature
of the histidyl ligand by way of a hydrogen-bonding acceptor
near the heme.1−7 The possible hydrogen bond strengths in the
proteins range from a very weak hydrogen bond in myoglobin
to a very strong one in horseradish peroxidase. Complete
donation in hydrogen bond formation leads to an imidazolate
ligand and we have been examining the issue of imidazolate as a
ligand for some time. As described below, this led us to
recognize the existence of two classes of five-coordination high-
spin iron(II) porphyrinates.8

The possible effects of hydrogen bonding to imidazole
(leading to the limiting state of imidazolate) in heme proteins
has been studied by structure determinations,9,10 experimental
vibrational studies,11−22 and theoretical studies.23−26 It has long
been recognized that there is a distinct difference in the
hydrogen bonding properties to the coordinated histidine in

many dioxygen-binding globins where ν(Fe−NIm) is typically in
the range of 218−221 cm−1 compared to many (but not all)
peroxidases where ν(Fe−NIm) is in the range of >240 cm−1. An
especially interesting case is given by cytochrome c peroxidase,
where the native form has ν(Fe−NIm) at 233 and 246 cm−1,
which decreases to 205 cm−1 when the hydrogen-bonding
residue (Asp235) is mutated to the non-hydrogen-bonding
asparagine.12,13 The two higher frequency bands are attributed
to hydrogen bond tautomers, whereas the lowest frequency is
that of the “isolated” histidine. The imidazolate nature of the
proximal histidine is considered to facilitate the peroxide O−O
bond cleavage.27,28 A theoretical study suggests that hydrogen-
bonding effects have distinct influences on excited states that
lead to whether the heme protein is an O2 carrier or whether
O2 is utilized in an oxidative reaction.23 However, there are
globins where the histidine is thought to be imidazolate-like
(251 cm−1)21 and peroxidases where the histidine is thought to
be imidazole-like (220−233 cm−1).22 Hydrogen-bonding effects
are also known to affect the imidazole binding strength to
isolated iron(III) porphyrinates.29
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This paper is a continuation of our efforts to examine the
differences between the two classes of five-coordinate high-spin
iron(II) porphyrinates, both of which have an S = 2 (quintet)
ground state.8 One class is represented by those species with a
neutral nitrogen donor, primarily imidazoles30−35 but also
including pyrazoles.36 The other class is represented by anionic
ligands, including imidazolate (deprotonated imidazole).37

Differences between the two classes include structural,37

Mössbauer, magnetic circular dichroism, and even-spin EPR
properties.8 All differences appear to result from the differing
populations of the d orbitals with the sixth electron having
distinct character in the two classes. This has been confirmed
by DFT studies that correctly predicted the sign of the
Mössbauer quadrupole splitting constant for the two classes;8

derivatives with neutral nitrogen donors have a negative value
of the quadrupole splitting constant, whereas the anionic class
has positive values. The structural and Mössbauer differences
are readily seen in the experimental results.
In this study, we examine the differences in the vibrational

spectra of two imidazole and imidazolate iron(II) porphyrinate
pairs. We have used the synchrotron-based technique nuclear
vibrational resonance spectroscopy (NRVS) to obtain the
complete vibrational spectrum of these heme derivatives and to
compare differences in the vibrational spectra of the two classes.
We have previously reported the vibrational spectra of the
imidazole derivatives,38 for which we were able to make
complete assignments of the iron modes. We now describe
similar measurements for two imidazolate species and report
the systematic shifts in the vibrational frequencies between
imidazole and imidazolate species.

■ EXPERIMENTAL SECTION
Porphyrin Synthesis. 57Fe-enriched porphyrinates were prepared

using a small-scale metalation procedure described by Landergren and
Baltzer.39 The 95% 57Fe2O3 used in the 57Fe-labeled complexes was
purchased from Cambridge Isotopes. All imidazoles were purchased
from Sigma-Aldrich. The syntheses and crystallization of K(222)[Fe-
(TPP)(2-MeIm−)] and K(222)[Fe(OEP)(2-MeIm−)] were described
previously.37,40 The complexes for investigation, [Fe(TPP)(2-
MeIm−)]− and [Fe(OEP)(2-MeIm−)]−, were prepared as single-
crystal specimens.37 Crushed crystals were used for the powder
samples.
NRVS Measurements and Analysis. NRVS measurements were

performed at sector 3-ID-D of the Advanced Photon Source at
Argonne National Laboratory. The sample was placed in a
monochromatic X-ray beam, whose energy was scanned through the
14.4 keV 57Fe resonance using a high-resolution monochromator41

with an energy bandwidth (full width at half-maximum) of ∼8 cm−1

(1.0 meV). X-rays were distributed across a 4 × 1 mm2 beam cross
section and arrived as a train of pulses 70 ps wide at 154-ns intervals,
with an average flux of 2 × 109 photons/s = 4.6 μW incident on the
sample. An avalanche photodiode detected photons emitted by the
excited 57Fe atoms, which arrive with a delay on the order of the 140
ns 57Fe excited-state lifetime. The counter was disabled during a time
interval containing the arrival time of the X-ray pulse, to suppress the
large background of electronically scattered 14.4 keV photons, which
arrive in coincidence with the X-ray pulse.
Both powder and single crystal samples have been measured.

Polycrystalline powders were prepared by immobilization of the
crystalline material in Apiezon M grease and loaded into polyethylene
sample cups and mounted on a cryostat cooled by a flow of liquid He,
with X-ray access through a beryllium dome. Single crystals were
isolated and mounted in an inert-atmosphere drybox. Crystals were
mounted in 2-mm-diameter, thin-walled (0.01 mm), boron-rich, X-ray
diffraction capillaries purchased from the Charles Supper Co. The
crystals were immobilized in the capillary tube with a small amount of

Dow Corning high-vacuum grease. The capillary tube was sealed and
secured to a small length of 18-gauge copper wire with epoxy. The
copper wire was then secured with epoxy to a brass mounting pin.
Bending the copper wire allowed for enough flexibility to make minor
adjustments in the orientation of the crystal. The brass mounting pin,
holding the crystal, was then mounted on a eucentric goniometer head
to allow for further fine adjustments in the orientation of the crystal.
Crystal orientations were verified by X-ray diffraction before and after
NRVS measurements. A stream of cold N2 gas from a commercial
cryocooler controlled crystal temperature during NRVS measure-
ments.

Both [K(222)][Fe(TPP)(2-MeIm−)] and [K(222)][Fe(OEP)(2-
MeIm−)]37 crystallize in space group P2(1)/n with a single porphyrin
in the asymmetric unit. Because the screw-axis−related porphyrin
planes lie 85° and 78° apart, respectively, it is not possible to
simultaneously orient porphyrin planes orthogonal to the X-ray beam
as required for measuring out-of-plane spectra. Only data for a general
in-plane orientation can be recorded in which the X-ray beam is
parallel to all porphyrin planes in the crystal. For [K(222)][Fe(TPP)-
(2-MeIm−)], a single crystal with dimensions 1.0 × 0.25 × 0.2 mm3

was oriented with the {2,0,1} plane parallel to the plane defined by the
X-ray beam and the goniometer rotation axis, with the X-ray beam
parallel to the planes of all porphyrins, while the {11,0,−3} plane was
chosen for a single crystal of [K(222)][Fe(OEP)(2-MeIm−)] with
dimensions 2.0 × 1.0 × 0.9 mm3.

A spectrum recorded as a function of X-ray energy consists of a
central resonance, due to recoilless excitation of the 57Fe nuclear
excited state at E0 = 14.4 keV, together with a series of sidebands
corresponding to creation or annihilation of vibrational quanta of
frequency ν̅, which have an area proportional to the mean squared
displacement of the Fe and are displaced from the recoilless absorption
by an energy hcν̅.42,43 Normalization of this spectrum according to
Lipkin’s sum rule44 yields the excitation probability S(ν ̅), with peak
areas for each mode representing the mean square amplitude of the Fe.
Subtraction of the central resonance results in a vibrational excitation
probability S′(ν ̅).

The program PHOENIX45 removes temperature factors, multi-
phonon contributions, and an overall factor proportional to inverse
frequency from S′(ν̅) to yield an Fe-weighted vibrational density of
states (VDOS), which defines the vibrational properties at all
temperatures for a harmonic system. Within the harmonic
approximation, the Fourier-log deconvolution procedure employed
by PHOENIX is rigorous for a single 57Fe site in an oriented sample or
in a randomly oriented sample that is vibrationally isotropic.

Measurements were recorded at low temperatures to minimize
multiphonon contributions. The requirement that the ratio S′(ν ̅)/
S′(−ν̅) equals the Boltzmann factor exp(hcν ̅/kBT) yields the sample
temperature. Temperatures determined in this way are more reliable
than the readings from a sensor mounted below the sample, which are
at least 15 K lower. For randomly oriented powder samples, the
determined temperature is 18 K for [K(222)][Fe(OEP)(2-MeIm−)]
and 16 K for [K(222)][Fe(TPP)(2-MeIm−)]. For single crystal
samples, we found 97 K for the in-plane orientation of the
[K(222)][Fe(OEP)(2-MeIm−)] crystal and 120 K for the in-plane
orientation of the [K(222)][Fe(TPP)(2-MeIm−)] crystal.

The stiffness

∫ω π ν ν ν= ⟨ ⟩ = ̅ ̅ ̅
∞

k m
N

c m D
1

4 ( ) ds Fe
2 2 2

Fe
0

2
(1)

determined by the Fe mass mFe and the VDOS-weighted mean square
frequency is an effective force constant that measures the average
strength of nearest neighbor interactions.46,47 The normalization N of
the VDOS D(ν ̅) has a value of 1 for oriented single crystals and 3 for
polycrystalline powder samples.

Vibrational Predictions and Predicted Mode Composition
Factors e2. All calculations including structure optimizations and
frequency analysis have been performed on the [Fe(TPP)(2-
MeIm−)]− and [Fe(OEP)(2-MeIm−)]− complexes using the Gaussian
09 program package.48 The reported structures with high-spin (HS, S
= 2) states were used as the initial geometries for structure
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optimizations. The GGA functional BP8649 and the triple-ζ valence
basis set with polarization (TZVP)50 for iron and 6-31G* for H and C
atoms were used.51 As in our prior work52 for calculating anion
systems, a basis set with diffuse function 6-31+G* was added to the N
atoms, the more negatively charged atoms, in both the porphyrin and
2-MeIm−. Frequency calculations were performed on the fully
optimized structures at the same basis level to obtain the vibrational
frequencies with an 57Fe isotope set. The comparisons of the
optimized geometry with the observed data are given in Results.
The Gaussian 09 output files from the DFT calculation can be used to
generated predicted mode composition factors with our scripts.53 The
mode composition factors ejα

2 for atom j and frequency mode α are the
fraction of a total kinetic energy contributed by atom j (here 57Fe, a
NRVS active nucleus). The normal mode calculations are obtained
with eqs 2 and 3: from the atomic displacement matrix together with
the equation: 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 an averaged porphyrin
plane as in-plane, which can be calculated from a projection of the
atomic displacement vector x and y (eq 2). The out-of-plane atomic
displacement perpendicular to the resulting porphyrin plane for a
normal mode is obtained from a projection of the atomic displacement
vector z (eq 3). The x, y and z components of iron normal mode
energies for [Fe(TPP)(2-MeIm−)]− and [Fe(OEP)(2-MeIm−)]−

(HS) with eFe
2 ≥ 0.01 are given in Table S1 (Supporting Information).
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We also carried out analogous DFT calculations for the neutral
species [Fe(TPP)2-MeHIm)] and [Fe(OEP)2-MeHIm)] in an
identical fashion to the imidazolates except that the basis set 6-31G*
was used for all H, C, and N atoms. As noted earlier,8 the nature of the
β-HOMO and the LUMO are quite dissimilar for the neutral
imidazole complexes compared to the anionic imidazolate complexes.
Diagrams illustrating these orbitals are given in the Supporting
Information.

■ RESULTS
NRVS spectra have been measured for [K(222)][Fe(OEP)(2-
MeIm−)] and [K(222)][Fe(TPP)(2-MeIm−)]. Observed
powder spectra and generalized in-plane spectra are displayed
in the top panels of Figures 1 and 2. The generalized in-plane
spectra were measured at arbitrary orientations in the porphyrin
plane and hence may contain unequal contributions for the x
and y components. This is because the porphyrin species in the
observed monoclinic space group will not in general have their
x and y directions aligned. As we have shown,54 the in-plane x
and y contributions may be affected by the axial ligand
orientation and not be equivalent. Hence the in-plane spectra
may have anisotropic character.
DFT calculations have been performed to aid in the spectral

assignments of the spectra which, as can be readily seen in
Figures 1 and 2, show substantial overlap. The bottom panels of
these figures display the predicted powder and in-plane spectra.
In the predicted in-plane spectra, the x and y directions are
taken to have equal contributions; this may not be true for the
measured in-plane spectra. The calculations predict the overall
features expected for high-spin iron(II) derivatives,55 including
long Fe−Np bonds and a large displacement of the iron out of
the porphyrin plane. Table 1 compares the calculated energy-
minimized structural parameters with those observed in the

crystal structures. It can be seen that the predicted in-plane Fe−
Np distances are slightly longer than the experimentally
observed values and the predicted axial distances slightly
shorter compared to those observed. The out-of-plane
displacement values are in very good accord with the
experimental ones. The predicted axial ligand orientations are
slightly larger than those observed, a feature that is likely due to
the gas-phase calculations in order to achieve the minimum
intramolecular steric interactions.

■ DISCUSSION
The major emphasis of this spectroscopic investigation is to
evaluate the differences in the iron vibrational dynamics
between imidazole- and imidazolate-ligated five-coordinate
high-spin iron(II) porphyrinates. The expected spectroscopic
differences might be predicted on the basis of the structural
differences illustrated in Figure 3. These suggest that three

Figure 1. NRVS spectra for [K(222)][Fe(OEP)(2-MeIm−)] taken as
a powder and as an oriented crystal in a generalized in-plane direction
(top panel). DFT-calculated Fe e2 values are shown as the black bars in
the bottom panel, and the scale is given on the right. The predicted
powder and in-plane spectra are shown as the black and red lines,
respectively. These are based on convolved Gaussians with widths of
14 cm−1 at half height.

Figure 2. NRVS spectra for [K(222)][Fe(TPP)(2-MeIm−)] taken as a
powder and as an oriented crystal in a generalized in-plane direction
(top panel). DFT-calculated Fe e2 values are shown as the black bars in
the bottom panel, and the scale is given on the right. The predicted
powder and in-plane spectra are shown as the black and red lines,
respectively. These are based on convolved Gaussians with widths of
10 cm−1 at half height.
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major groups of iron-based vibrations will be affected. The first
is the out-of-plane vibrations involving the Fe−Im bond, the
second is the in-plane vibrations of iron, and the third is the
out-of-plane doming modes. At this simplest level of analysis,
based solely on bond distance differences, the Fe−Im stretches
would be expected to be at higher frequency for imidazolate
derivatives, whereas the in-plane iron vibrations and the
doming modes would be expected to be found at lower
frequency for the imidazolate derivatives. Possible differences in
mixing of iron vibrations with porphyrin modes may also have
an effect, although the differences in frequencies are not
expected to be so large as to lead to this having a significant
effect.
However, vibrational spectral differences might also be

modulated by the differences in the electronic structure of
the two series of high-spin iron(II) porphyrinates. In an earlier
study of imidazole/imidazolate differences,8 we detailed that

the electronic structures of the two species are quite distinct,
which led to distinctly differing physical properties. The
electronic structure differences can be described by the
variation in the character of the highest occupied β-MO. In
the imidazolate case, this highest occupied orbital is in the
heme plane with dxy and dx2−y2 character, whereas in the
imidazole case the highest occupied orbital is perpendicular to
the heme plane and near to the imidazole plane. These
differences are schematically depicted in the orbital diagrams
given in the Supporting Information. But, we show herein that
the possible electronic effects on the vibrational spectra do not
appear to be a significant factor.
We have shown that the assignment of the iron vibrations in

heme complexes can be greatly aided by the measurement of
oriented single-crystal spectra. Such measurements thus allow
the relatively straightforward assignment of modes in such
systems with either in-plane or out-of plane character.
Unfortunately, the imidazolate species are in crystallographic
space groups that prevent a complete set of oriented single-
crystal measurements. Only generalized in-plane measurements
are possible for both the TPP and OEP systems. This fact,
along with the fact that the iron vibrational spectra have many
overlapped peaks, hinders assignments. Fortunately, some
important modes are resolved in one or the other system and
permit the examination of the questions posed above. Finally,
note that because the generalized in-plane spectrum is not
isotropic in x and y, the difference between the (normalized)
powder spectrum and the in-plane spectrum does not yield a
pure z (out-of-plane) spectrum.56

It can reasonably be expected that the general features of the
vibrational spectra of imidazole and imidazolate derivatives
would be similar. Indeed, the spectra of all are dominated by
strong signals in the 200−300 cm−1 region. Moreover, with the
same porphyrin, the powder spectra envelopes of imidazole/
imidazolate pairs are closely similar. The spectral differences

Table 1. Comparison of Calculated and Experimental Structural Parameters of Imidazolate Derivatives

complex Fe−Np
a,b Fe−Nim

b ΔN4
b,c Δb,d ϕe,f refh

[K(222)][Fe(TPP)(2-MeIm−)] 2.118(13) 2.056(5)g 0.56 0.66 37.4 37
(calcd) 2.14 2.048 0.59 0.66 39.8 tw
[K(222)][Fe(OEP)(2-MeIm−)] 2.113(4) 2.060(2) 0.56 0.65 23.4 37
(calcd) 2.146 2.051 0.59 0.68 42.9 tw

aAveraged value. bin Å. cDisplacement of iron from the mean plane of the four pyrrole nitrogen atoms. dDisplacement of iron from the 24-atom
mean plane of the porphyrin core. eValue in degrees. fDihedral angle between the plane defined by the closest Np−Fe−NIm and the imidazole plane
in degrees. gDisorder with averaged value given. htw = this work.

Figure 3. Comparison of the coordination group parameters of the
averaged structures of [Fe(Porph)(2-MeHIm)] and [K(222)][Fe-
(Porph)(2-MeIm−)].

Table 2. Comparison of Observed and Calculated Normal Modes of the Imidazole and Imidazolate Derivativesa

type
[Fe(TPP)(2-MeHIm)] obsd

(calcd)
[K(222)][Fe(TPP)(2-MeIm−)]

obsd (calcd)
[Fe(OEP)(2-MeHIm)]

obsd (calcd)
[K(222)][Fe(OEP)(2-MeIm−)]

obsd (calcd) description

ip 212, 221 (220, 212, 228,
222)

208 (207, 210, 212, 218)

ip 294 (292, 295) 277 (272, 274) 228 (220, 224, 230b) 224 (216, 226) ν53
ip 408 (407, 411) 394 (390, 392) 256, 291 (263, 288, 289) 244, 266(sh) (250, 256, 260, 271) ν50
oop 216, 226 (197, 201, 203,

212)
oop 248 (266) 254 (260) 218, 230 (220, 230b) ∼260 (248, 256, 264) γ6 (inverse

doming)
ν(Fe−NIm)

oop 83, 116 (83, 87) 58, 103, 127 (80, 85) 72, 139 (116) 60, 115, 125 (103) γ9 (doming)

ref 38 this work 38 this work

aAll frequencies are expressed in cm−1. b230 cm−1 mode has both in-plane (ip) and out-of-plane (oop) character.
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between porphyrins are, for the same axial ligand, quite distinct,
which is in keeping with the earlier observations of the
importance of the peripheral groups on the spectra.57,58 We can
however expect strong similarities within the same porphyrin
families; the lack of complete orientational data for the
imidazolates is a relatively minor problem.
Vibrational assignments for the imidazolate derivatives have

been made on the basis of the (partial) oriented crystal data
and the DFT predictions. Comparison of these predictions and
experimental observations along with the analogous imidazole
derivatives are given in Table 2. We limit entries in the table to
those that have clearly observed features in the experimental
spectra. Given the presence of unresolved peaks, not all modes
will be entered. In particular, some modes involving the
simultaneous motion of iron and imidazole(ate) cannot be
compared. Note that Table 2 also gives the mode description
for both imidazole and imidazolate derivatives.
Figures 4 and 5 display pictorial comparisons of the

vibrational spectra of the 2-MeHIm and 2-MeIm− complexes

with [Fe(OEP)] and [Fe(TPP)]. To further facilitate
comparison of the vibrational spectra of the imidazole/
imidazolate derivatives, we display MOLEKEL depictions59 of
the imidazolates that are closely related to the imidazole
illustrations presented previously in ref 38. The in-plane modes
in the tetraphenylporphyrin derivative illustrated in Figures 6
and 7 represent four distinct pairs of near-degenerate modes.
They are closely related in character to the in-plane modes of
the imidazole derivatives (depicted previously in Figures 4 and
5 of reference38). All of these comparable modes (predicted
and experimental) are shifted to lower values for the
imidazolate derivative. Depictions of the modes of the
octaethylporphyrin derivatives are given in the Supporting
Information. A comparison of Figures S5 and S6 of the
Supporting Information of this paper with Figures S1 and S2 of
the imidazoles in ref 38 again reveal the close similarity.
The predicted character of the very low frequency out-of-

plane modes that include the doming mode are illustrated in
Figures S7 and S8 (Supporting Information). The experimental
spectra are not as well resolved as might be wished, but the
observed spectra do shift to lower frequencies in the

imidazolate derivatives (Table 2) for the TPP derivative but
not for the OEP derivative. As we have noted, we would have
expected with the larger iron atom displacement in the
imidazolate species that the doming mode would have
systematically shifted to lower frequency.
Only a single out-of-plane mode with predicted simultaneous

iron and imidazole motion is well-resolved in the measured
spectra, especially in the TPP derivative. This mode also has
significant γ6 (inverse doming) character, as shown in Figure 8.

Figure 4. Comparison of the vibrational spectra of [Fe(TPP)(2-
MeHIm)] and [K(222)][Fe(TPP)(2-MeIm−)]. The dashed lines and
arrows display the shifts in selected vibrations. We have entered along
the vertical dashed lines the value of the observed frequency (in cm−1)
for the imidazole species. Note that all values of observed frequencies
are given in Table 2 along with the mode assignments. The value of
the frequency shift, along with an arrowhead showing the direction of
the shift, is entered for each correlated pair.

Figure 5. Comparison of the vibrational spectra of [Fe(OEP)(2-
MeHIm)] and [K(222)][Fe(OEP)(2-MeIm−)]. The dashed lines and
arrows display the shifts in selected vibrations. We have entered along
the vertical dashed lines the value of the observed frequency (in cm−1)
for the imidazole species. Note that values of observed frequencies are
given in Table 2 along with the mode assignments. The values of the
frequency shift, along with an arrowhead showing the direction of the
shift, are entered for each correlated pair.

Figure 6. Two DFT-predicted pairs of in-plane Fe modes contributing
to the pair of experimental features at 277 and 394 cm−1 in
[K(222)][Fe(TPP)(2-MeIm−)]. 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. Color scheme: cyan = iron, green = carbon, and
blue = nitrogen. In this and other figures, hydrogens are omitted for
clarity. Except for the predicted 272 cm−1 mode, which has a small
amount of out-of-place iron motion, all iron motion is completely in-
plane.
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For this mode, the imidazolate derivatives display a higher
frequency than the imidazole species. Although it cannot be
ascertained from the experimental data, it is likely that this
pattern would also be observed for the remaining oop modes
with significant simultaneous motion of iron and imidazole.
Experimental verification would require the measurement of
the oop spectra with an appropriate single crystal, which,
despite substantial effort, we have not been able to prepare.
In summary, we observe that the frequency of the in-plane

vibrations are shifted lower in both of the imidazolate
complexes. On the other hand, the observable out-of-plane
mode shifts to higher frequency (Table 2). The magnitude of
the shifts appear substantially different, with the OEP derivative
showing larger shifts than the TPP derivative (which are more
difficult to assess). It would appear that the Fe−NIm stretch
may show differences in mode mixing and in sensitivity to the
environment. The lowest out-of-plane frequencies, which
include the doming mode, appear to shift in the opposite
direction in the two complexes.
Finally, an analysis of the overall molecular stiffness47

provides additional information. The stiffness is an effective

force constant, first described by Lipkin,46 that quantifies the
strength of the Fe coordination sphere, even in cases where
vibrational congestion impedes identification of individual Fe-
ligand vibrations.60 Specifically, the stiffness measures the force
required to displace the Fe along the direction of the X-ray
beam with the other atoms fixed at their equilibrium
positions.47 The measured vibrational density of states provides
a way to experimentally determine the stiffness, with measure-
ments on randomly oriented molecular ensembles yielding an
orientationally averaged value.
The stiffness of the Fe environment determined from

measurements on polycrystalline powders of either [K(222)]-
[Fe(TPP)(2-MeIm−)] or [K(222)][Fe(OEP)(2-MeIm−)] is
slightly but meaningfully lower than the 188 pN/pm value
determined from measurements on the neutral [Fe(TPP)(2-
MeHIm)] complex with a neutral imidazole ligand38 (Table 3).

All stiffnesses fall in the range of values reported for other high-
spin porphyrins and heme proteins, and well below the 280−
340 pN/pm range reported for low-spin heme pro-
teins.47,58,60,61 In particular, the 190 pN/nm stiffness
determined for deoxygenated myoglobin60 agrees well with
that determined for [Fe(TPP)(2-MeHIm)], reflecting the
similar coordination of the Fe, in spite of variations in the
detailed vibrational structure.38

Measurements on oriented single crystals reported here
(Figures 1 and 2) characterize the Fe coordination sphere more
completely by distinguishing the equatorial contribution to the
stiffness. In particular, the substantial decrease, from 209 to 166
pN/pm, in the equatorial stiffness upon deprotonation of
[Fe(TPP)(2-MeHIm)] (Table 3) reflects the increased Fe−Np
bond lengths (Table 1). Although crystal packing did not
permit measurements with the X-ray beam perpendicular to the
porphyrin plane, we deduce that the axial stiffness must be
larger than the isotropically averaged 170 pN/pm stiffness to
compensate for an equatorial value slightly smaller than the
isotropic value. Thus, this observation indirectly confirms the
increased axial stiffness of [K(222)][Fe(TPP)(2-MeIm−)] with
respect to the 153 pN/pm value observed for the neutral
[Fe(TPP)(2-MeHIm)] complex, as expected in light of the
reduced Fe−NIm bond length. Imidazolate protonation thus
inverts the relative strength of axial and equatorial coordination.
In contrast, the stiffnesses (both isotropic and equatorial) are

identical, within uncertainty, for the imidazolate complexes
[K(222)][Fe(TPP)(2-MeIm−)] and [K(222)][Fe(OEP)(2-
MeIm−)] (Table 3), despite significant differences in the
detailed vibrational dynamics of these complexes (Figures 1 and
2). We have previously observed that peripheral substitutions

Figure 7. Four DFT-predicted in-plane Fe modes contributing to the
strong experimental feature at 208 cm−1 in [K(222)][Fe(TPP)(2-
MeIm)−]. All predicted modes, except the mode predicted at 218
cm−1, have a small amount of out-of-plane iron motion.

Figure 8. The out-of-plane Fe mode, predicted at 260 cm−1,
contributing to the experimental feature at 254 cm−1 in [K(222)]-
[Fe(TPP)(2-MeIm−)].

Table 3. Experimental Stiffness Values (in pN/pm)
Characterize the Effect of Imidazole Deprotonation on
Nearest Neighbor Interactions with the Iron in Imidazole
Ligated Porphyrinsa

compound powder equatorial axial

[K(222)][Fe(TPP)(2-MeIm−)] 171 ± 5 166 ± 23 ndb

[K(222)][Fe(OEP)(2-MeIm−)] 178 ± 3 167 ± 7 ndb

[Fe(TPP)(2-MeHIm)] 188 ± 1 209 ± 6 153 ± 9
aNRVS measurements on oriented single crystals with the X-ray beam
direction parallel and perpendicular to the porphyrin plane determined
equatorial and axial stiffnesses, respectively, while measurements on
polycrystalline powders average stiffness over all orientations. bnd =
not determined.
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on the porphyrin ring strongly influence the detailed vibrational
dynamics of the Fe.57,58 The stiffness is insensitive to these
variations and thus provides a robust probe of Fe coordination.

■ SUMMARY
The pattern of iron dynamics of the imidazolate derivatives are
very similar to those of the neutral analogues. Despite
differences in the electronic structure between the two classes,
the frequency shifts of the in-plane and out-of-plane vibrations
are qualitatively predicted by noting the differences in the bond
distances of the two sets of derivatives. This is shown by
comparison of the frequencies of individual modes, when
available, and by the effective force constants describing the
stiffness of the Fe coordination.
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