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Nuclear resonance vibrational spectroscopy (NRVS) reveals the vibrational dynamics of a Mössbauer
probe nucleus. Here, 57Fe NRVS measurements yield the complete spectrum of Fe vibrations in
halide complexes of iron porphyrins. Iron porphine serves as a useful symmetric model for the more
complex spectrum of asymmetric heme molecules that contribute to numerous essential biological
processes. Quantitative comparison with the vibrational density of states (VDOS) predicted for the
Fe atom by density functional theory calculations unambiguously identifies the correct sextet ground
state in each case. These experimentally authenticated calculations then provide detailed normal
mode descriptions for each observed vibration. All Fe-ligand vibrations are clearly identified despite
the high symmetry of the Fe environment. Low frequency molecular distortions and acoustic lattice
modes also contribute to the experimental signal. Correlation matrices compare vibrations between
different molecules and yield a detailed picture of how heme vibrations evolve in response to (a)
halide binding and (b) asymmetric placement of porphyrin side chains. The side chains strongly
influence the energetics of heme doming motions that control Fe reactivity, which are easily observed
in the experimental signal. © 2011 American Institute of Physics. [doi:10.1063/1.3598473]

I. INTRODUCTION

Vibrational spectroscopic methods are widely applied
to investigate all phases of matter.1 The enormous num-
ber of vibrational degrees of freedom in complex macro-
molecules presents a fundamental challenge to biological
applications of vibrational spectroscopy.2 Methods such as
resonance Raman3 or infrared difference spectroscopy4 re-
duce the spectral congestion by selecting vibrations coupled
to an electronic resonance or to a reaction, respectively. How-
ever, selection rules may or may not allow observation of spe-
cific modes of interest among competing vibrational signals.

The sensitivity of molecular frequencies to small struc-
tural changes has been a primary motivation for vibrational
spectroscopic investigations.2, 5–8 However, vibrational prop-
erties can also provide information on the energetics of struc-
tural changes, especially those involved in chemical reactions.
The latter opportunity has been exploited less, because of the
increasing technical difficulty of detecting frequencies below
200 cm−1, which can be excited by thermal fluctuations and
thus contribute to reaction activation.

Nuclear resonance vibrational spectroscopy (NRVS), is
emerging as a powerful vibrational probe for metal sites in
proteins.9, 10 NRVS reveals the complete vibrational spectrum
of a Mössbauer probe nucleus, with no competing vibrational
signal from the macromolecule or solvent.11–13 NRVS, also
known as nuclear inelastic scattering, has been used to in-
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vestigate the vibrational dynamics of 57Fe in protein active
sites9, 14–22 and in small molecules.11, 23–30

Since the use of NRVS to measure low frequency vi-
brations is restricted only by the experimental resolution
(∼10 cm−1), it provides an important opportunity to charac-
terize thermally excitable reactive modes. In particular, NRVS
measurements have identified11, 23–25, 28 the doming mode of
the heme (Fig. 1) long believed to control biologically impor-
tant reactions in heme proteins, such as cooperative oxygen
binding in hemoglobin.31–33

Far infrared measurements find vibrational signals in
the frequency range expected for heme doming in iron
porphyrins34 and vibrational coherence spectroscopy (VCS)
reveals low frequency molecular oscillations coupled to lig-
and binding reactions in heme proteins35–40 and porphyrin
model compounds.41, 42 However, these measurements do not
exclude other vibrations that may appear in this frequency
range, such as the FeCO distortion mode (in-phase bend/tilt)
in iron carbonyl porphyrins43–45 or other heme distortions that
may control redox reactions.46, 47 The weak sensitivity of low
frequencies to isotopic substitution presents a significant ob-
stacle to associating specific atomic motions with observed
frequencies. In contrast, NRVS measurements on oriented
single crystals definitively identify Fe motion orthogonal to
the heme plane associated with low frequency modes in model
compounds.17, 25, 27, 28, 48–50

In addition, NRVS represents the ultimate limit in atomic
selectivity, because it specifically reveals the vibrational spec-
trum of the probe nucleus, even in the presence of thousands
of other vibrating atoms. Fe-ligand vibrations dominate the
57Fe NRVS signal. NRVS measurements on iron porphyrins
reveal rich vibrational structure with unexpected sensitivity
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FIG. 1. Doming mode (γ9) in Fe(P). Color scheme: iron is cyan, carbon is
green, nitrogen is blue, and hydrogen is white. In this and subsequent figures,
each arrow is 50(m j /mFe)1/2 times longer than the zero-point vibrational
amplitude of atom j .

to the specific pattern of side chains attached to the periphery
of the porphyrin core.25 Motion of the axial imidazole ligand
contributes to multiple vibrations in six-coordinate iron car-
bonyl porphyrins.28 Although quantum chemical calculations
accurately reproduce the observed 57Fe vibrations,19, 25, 27, 28 a
more systematic approach is needed to interpret the predicted
vibrational structure.

Here, we present NRVS measurements and density func-
tional theory (DFT) calculations on halide complexes of iron
porphine, Fe(P)(X), with X = Cl or Br, iron octaethylpor-
phyrin Fe(OEP)(Cl), and the natural heme, iron protopor-
phyrin IX Fe(PPIX)(Cl). Porphine is the core of the porphyrin
molecules found in heme proteins and in commonly studied
model compounds. We find that removal of the peripheral
substituents greatly simplifies the vibrational density of states
(VDOS) of the Fe atom in comparison with those we reported
for more complex porphyrins.11, 23–28 A vibrational correla-
tion method introduced here allows a simple description of the
observed vibrations in terms of the mode nomenclature estab-
lished for the four-coordinate Ni(P) molecule.51 Halide bind-
ing reduces the symmetry from D4h to C4v , and the loss of the
symmetry plane allows modest mixing between nominally in-
plane and out-of-plane modes. However, the Fe–halide stretch
mixes significantly with totally symmetric out-of-plane vi-
brations of the porphyrin. The same correlation analysis re-
lates the VDOS previously reported52 for Fe(OEP)(Cl) with
the simpler Fe(P)(Cl) spectrum, establishing a systematic ap-
proach to understanding the spectra of molecules of increas-
ing complexity.

These results also identify the response of the doming
mode to molecular substitutions. Replacement of Cl with Br
leads to an 18 cm−1 downshift of the doming frequency. Al-
though a similar frequency shift is predicted for the Fe–halide
tilting vibration, calculations clearly identify heme doming
as the primary contributor to the 57Fe NRVS signal. More-
over, molecular substitutions on the edge of the porphyrin in
Fe(OEP)(Cl) and Fe(PPIX)(Cl) perturb the doming and tilt-
ing frequencies and also alter the character of the doming
modes. These results advance our program of identifying re-
active modes by identifying molecular perturbations that will
allow us to distinguish a specific reaction coordinate such as
heme doming from other low frequency modes in multiple
spectroscopic approaches.

II. MATERIALS AND METHODS

A. Preparation of samples

The 57Fe(P)(Cl) and 57Fe(P)(Br) powders were pur-
chased from Frontier Scientific, 57Fe(OEP)(Cl) was pur-
chased from Midcentury Chemicals, and 57Fe(PPIX)(Cl) was
purchased from Sigma-Aldrich. 57Fe enrichment was >95%
in all cases. To facilitate loading in the 20 μL well of the
polyethylene sample cells, the powder was mixed with a
minimal quantity of Apiezon M grease. Measurements on
Fe(P)(Cl) and Fe(P)(Br) were performed at T = 18 K, on
Fe(PPIX)(Cl) at T = 25 K, and on Fe(OEP)(Cl) at average
T = 86 K.

B. NRVS measurements

The NRVS measurements on 57Fe-labeled samples were
performed at sector 3-ID-D of the Advanced Photon Source.
The experimental procedure and data analysis have been
reviewed elsewhere in detail.10, 12 Briefly, the sample was
mounted in a He-flow cryostat and exposed to the tunable
monochromatic x-ray beam, with a bandwidth of ∼1 meV.
The incident photon energy was scanned from −30 meV
to +80 meV relative to the 14.4 keV Mössbauer resonance
of 57Fe. Fluorescence from excited nuclei was distinguished
from electronically scattered photons using a time discrimi-
nating circuit.12 The VDOS was obtained from the delayed
fluorescence signal using the program PHOENIX.53 Experi-
mental VDOS are presented below as a function of energy
in units of cm−1 (1 meV = 8.066 cm−1), to facilitate compar-
ison with other molecular spectroscopies.

C. Computational methods

We performed gas phase DFT calculations on Fe(P),
Fe(P)(Cl), Fe(P)(Br), Fe(OEP)(Cl), and Fe(PPIX)(Cl)
(Fig. 2), as well as Ni(P), with GAUSSIAN 03 (Ref. 54) using

FIG. 2. Optimized structures of Fe(P), Fe(P)(Cl), Fe(P)(Br), Fe(OEP)(Cl),
and Fe(PPIX)(Cl). Halide complexes are domed, with Fe displaced towards
the axial ligand, in contrast with the planar Fe(P). Color scheme: iron is cyan,
carbon is green, nitrogen is blue, oxygen is red, chlorine is yellow, bromine
is brown, and hydrogen is white. The geometry of Fe(P) is of D4h symmetry
and the geometry of Fe(P)(Cl) and Fe(P)(Br) is of C4v symmetry.
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TABLE I. Optimized structural parameters and stiffness predicted from the DFT calculations for Fe(P), Fe(P)(Cl), Fe(P)(Br), Fe(OEP)(Cl), and Fe(PPIX)(Cl).
Energies are given relative to the lowest lying sextet state and include zero-point energies determined from calculated vibrational frequencies. Fe–N, Fe–X,
and Fe–p indicate distances from iron to nitrogen and halide (X = Cl or Br) ligands and to the mean plane of the four nitrogen ligands, respectively. The DFT
calculations determine the stiffness ks (Eqs. (7)) according to the predicted vibrational frequencies ν̄α and mode composition factors e2

jα appearing in Eq. (8).

Electronic Energy Fe–N Fe–X Fe–p ks

state Molecule (kJ/mol) (pm) (pm) (pm) (pN/pm)

3 A2g Fe(P) 0 200.0 0 303
6 A1 Fe(P)(Cl) 0 208.3 227.9 47.3 228
6 A1 Fe(P)(Br) 0 208.2 240.0 45.6 219
6 A Fe(OEP)(Cl) 0 208.4 228.9 46.7 223
6 A Fe(PPIX)(Cl) 0 208.4 228.5 46.8 222
4 A2 Fe(P)(Cl) −2.59 201.2 233.7 20.1 302
4 A2 Fe(P)(Br) −3.60 201.0 247 26.6 294
4 A Fe(OEP)(Cl) −2.64 201.4 234.8 28.2 296
4 A Fe(PPIX)(Cl) −2.24 201.4 234.3 28.1 296

the B3LYP functional.55, 56 The basis set for Ni, Fe, Cl, and
Br atoms was Ahlrichs’ VTZ (Ref. 57) and the basis set for
all other atoms was 6-31G*. Vibrational calculations were
performed on equilibrium geometries optimized with S = 1
for Fe(P), S = 5/2 and 3/2 for the five-coordinate ferric
compounds, and S = 0 for Ni(P). All calculated vibrational
frequencies were real. The Fe(P) input geometry possessed
D4h symmetry while Fe(P)(Cl) and Fe(P)(Br) geometries
possessed C4v symmetry. These symmetries persisted during
optimization. The conformations of the ethyl groups in
Fe(OEP)(Cl) remained close to the structure reported in
Ref. 58, which was used as the starting point for geometry
optimization. Although crystalline Fe(PPIX)(Cl) consists of
hydrogen bonded dimers,59 the calculation was performed
on a monomer to reduce computational expense. Orientation
of the protonated propionates above and below the plane
(Fig. 2) in the starting structure prevented them from forming
an intramolecular hydrogen bond during optimization.

Although experimental measurements indicate a sextet
ground state for the halide complexes,60–64 predicted quartet
state energies lie close to or slightly below the sextet energies,
as found in previous calculations.65–67 The energies listed in
Table I include the zero-point energies

∑
α ¯ωα/2 calculated

from the predicted normal mode frequencies ωα , which fa-
vor the sextet state. The small resulting sextet/quartet energy
splittings are on the order of energy differences resulting from
minor variations in convergence criteria, and thus cannot be
considered significant. For completeness, Table I includes
predictions for both electronic states.

Figure 2 displays optimized structures for the lowest
lying triplet state of Fe(P) and sextet states of Fe(P)(Cl),
Fe(P)(Br), Fe(OEP)(Cl), and Fe(PPIX)(Cl). As reported in
other calculations,68 predicted nearest neighbor bond lengths
(Table I) are slightly longer than in the experimental
structures reported for Fe(OEP)(Cl),58, 69, 70 Fe(TPP)(Cl),71, 72

Fe(TPP)(Br),73 and Fe(PPIX)(Cl).59 In contrast with the pla-
nar Fe(P) molecule, the halide complexes are domed with
the Fe displaced 38−52 pm from the mean plane of the four
nitrogens toward the halide ligand (Table II). Crystal struc-
tures of Fe(OEP)(Cl) (Ref. 58) and Fe(PPIX)(Cl) (Ref. 59) re-
veal small additional asymmetric distortions of the porphyrin
plane that are not reproduced in our vacuum calculations on

the isolated molecules and may result from packing in the
crystal lattice.

The VDOS for the iron atom provides a natural basis for
comparing vibrational DFT predictions with experimental re-
sults. The vectors

�e jα = m1/2
j

∂�r j

∂ Qα

, (1)

which describe the linear transformation from normal coor-
dinates Qα to mass-weighted Cartesian displacements �r j of
atom j , determine the partial VDOS,

Dk̂(ν) =
∑

α

(
k̂ · �e jα

)2 L(ν − να), (2)

due to Fe motion along direction k̂ in an oriented ensemble of
molecules.25 In Eq. (2) and subsequent expressions, we take
j = Fe and suppress an explicit atomic index on D (ν̄) (and
on ks below) for notational simplicity, with the understanding
that these quantities refer to the Fe atom. The mode composi-
tion factor e2

jα determines the area contributed by mode α to
the VDOS,

D(ν) = Dx (ν) + Dy(ν) + Dz(ν) =
∑

α

e2
jαL(ν − να), (3)

TABLE II. Structural parameters and stiffness determined experimentally
for Fe(P), Fe(P)(Cl), Fe(P)(Br), Fe(OEP)(Cl), Fe(TPP)(Cl), Fe(TPP)(Br),
and Fe(PPIX)(Cl). Structural parameters derive from sources cited in the
reference column, and the stiffness is determined from the experimental Fe
VDOS DFe (ν̄) reported here (Fig. 3) according to Eqs. (7) and (8).

Fe–N Fe–X Fe–p ks

Molecule (pm) (pm) (pm) Reference (pN/pm)

Fe(P)(Cl) . . . . . . . . . 192 ± 2
Fe(P)(Br) . . . . . . . . . 192 ± 2
Fe(OEP)(Cl) 206.3 223.1 46 69 196 ± 6
Fe(OEP)(Cl) 207.1 223.1 49.4 58

Fe(OEP)(Cl) 206.5 224.3 46.8 70

Fe(TPP)(Cl) 204.9 219.2 38 71

Fe(TPP)(Cl) 207.0 221.1 49 72

Fe(TPP)(Br) 206 234.8 49 73

Fe(PPIX)(Cl) 206.2 221.8 47.5 59 197 ± 4
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for unoriented samples.11 The line shape function L(ν − να)
is centered at mode frequency ν̄α and normalized to ensure
that ∫

Dk̂(ν)dν = 1 (4)

and ∫
D(ν)dν = 3. (5)

Calculations on an isolated molecule provide no predictions
about vibrational lifetimes, and L(ν − να) is thus chosen to
have a width greater than or equal to the experimental res-
olution and a shape that facilitates comparison with the ex-
perimental VDOS. Because the mode composition factor e2

jα
measures the fraction of kinetic energy associated with mo-
tion of atom j in mode α,11 the mass m j and the predicted
displacement �r j of atom j in mode α determine the vector25

�e jα = m1/2
j �r j(∑

j m jr2
j

)1/2 . (6)

The stiffness,74–76

ks = mFe〈ω2〉Fe, (7)

measures the force required to displace the Fe, with the posi-
tions of the surrounding atoms fixed, in terms of the second
moment,

〈ω2〉 j = 1

3

∑
α

ω2
αe2

jα = 1

3

∫
ω2 D j (ω)dω, (8)

of the Fe VDOS, with ω = 2πcν. (Here, c is the speed of light
in a vacuum.)

III. EXPERIMENTAL ANALYSIS OF PORPHINE
HALIDE VIBRATIONS

Figure 3 displays experimental VDOS for Fe(P)(Cl),
Fe(P)(Br), Fe(OEP)(Cl), and Fe(PPIX)(Cl), together with in-
dividual peaks resulting from least squares fit of the Fe(P)(Cl)
and Fe(P)(Br) results, using a Levenberg-Marquardt algo-
rithm. We attribute the lowest frequency feature near 30 cm−1

to lattice vibrations. To account for the observed asymmetry,
we fit it to a log normal function.77 The remaining peaks in
the spectrum were fit to Gaussian functions. Their frequen-
cies and areas are listed in Table III.

Changes in Fe-ligand bond strength significantly affect
the stiffness of the Fe environment in heme proteins.75, 76

In contrast, experimental stiffness values for Fe(P)(Cl) and
Fe(P)(Br) determined from NRVS measurements (Table II)
are identical within uncertainty, suggesting that the vibra-
tional differences seen in Fig. 3 primarily reflect the large
increase in the mass of the bromide ligand. Comparison of
the experimental VDOS for Fe(P)(Cl) and Fe(P)(Br) clearly
points to candidates for doming (at 90 and 69 cm−1, respec-
tively) and Fe-ligand stretching modes.

The feature at 345 cm−1 in Fe(P)(Cl) shifts to 272 cm−1

in Fe(P)(Br), qualitatively consistent with the behavior ex-
pected for the Fe–halide stretching mode. More quantitatively,

FIG. 3. Measured VDOS for Fe(OEP)(Cl), Fe(PPIX)(Cl), Fe(P)(Cl), and
Fe(P)(Br) compounds. Blue curves indicate fitted Gaussians attributed to
the doming modes (89 cm−1 for Fe(P)(Cl) and 71 cm−1 for Fe(P)(Br)) and
Fe–X stretching modes (345 cm−1 for Fe(P)(Cl) and 272 cm−1 for
Fe(P)(Br)), which shift to lower frequency upon substitution of Br for Cl.
Green curves indicate fitted log-normal curves attributed to lattice modes. In-
sert shows the difference between the Fe(P)(Br) data and rescaled Fe(P)(Cl)
data in the region below 200 cm−1, as described in the text.

a two-body oscillator model28 predicts a VDOS contribution
with area

e2
1 = m2

m1 + m2
, (9)

using the mass of Fe for m1. The areas 0.32 and 0.46 resulting
from fitting the candidate features in the VDOS of Fe(P)(Cl)
and Fe(P)(Br), respectively, are slightly smaller than the val-
ues 0.38 and 0.58 predicted by Eq. (9), using the masses of
Cl or Br for m2. We use the appropriately averaged masses
of two most abundant isotopes of Cl and Br: 35Cl, 37Cl, 79Br,
and 81Br (all predictions for halide compounds considered in
this paper depend very little on which of the above isotopes to
use for halide). Similarly, the 0.79 frequency ratio observed
for these features slightly exceeds the 0.65 ratio predicted78

for the two-body oscillator. The 272 cm−1 Fe(P)(Br) fre-
quency lies within the range of values previously assigned
to Fe–Br stretching in Fe(OEP)(Br),78, 79 while the 345 cm−1

Fe(P)(Cl) frequency is 12–33 cm−1 lower than Fe–Cl stretch-
ing frequencies reported for Fe(OEP)(Cl) (Ref. 78 and 79)
and Fe(TPP)(Cl).68 Given that the full (Fe)porphine-halide
system is more complex than a simple two-body oscillator,
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the 345 cm−1 and 272 cm−1 features are quite well described
as Fe–halide stretching.

The Fe VDOS also displays a broad feature at 90 cm−1

for Fe(P)(Cl) that shifts to 69 cm−1 for Fe(P)(Br). We expect
that heme doming is likely to contribute to this feature. How-
ever, care must be taken to distinguish this broad feature from
the lowest frequency feature (acoustic modes) with a maxi-
mum near 40 cm−1.

To better illustrate the low frequency mass sensitivity,
we recall that acoustic modes contribute an area equal to
3mFe/M11, 13 for a molecule of mass M . If we assume
the same elastic constants for the Fe(P)(Cl) and Fe(P)(Br)
lattices, then the frequencies of the acoustic modes are
proportional to M−1/2. In this case, rescaling of both
vertical and horizontal axes of VDOS of Fe(P)(Cl) by√

MFe(P)(Cl)/MFe(P)(Br) would produce an identical profile
for the lattice modes. (Note that the area attributed to the
acoustic modes depends on the product of the horizontal and
vertical scaling factors.) In fact, subtraction of the rescaled
Fe(P)(Cl) VDOS nearly cancels the lattice contribution and
clearly reveals a difference feature near 80 cm−1 (see Fig. 3)
that we attribute to the frequency shift of the doming mode.
Small changes in the elastic constants of the Fe(P)(Cl) and
Fe(P)(Br) lattices may account for incomplete subtraction of
the lattice modes visible below 40 cm−1.

The Fe(P)(Cl) VDOS is remarkably simple in compari-
son with those observed for Fe(OEP)(Cl) (previously reported
in Ref. 52) and Fe(PPIX)(Cl), as shown in the upper panels of
Fig. 3. This facilitates the identification of the modes, as dis-
cussed in Secs. IV and V. Despite their distance from the iron,
the peripheral groups in Fe(OEP)(Cl) and Fe(PPIX)(Cl) intro-
duce additional complexity that we will consider in Sec. VI.

IV. COMPUTATIONAL DESCRIPTION OF PORPHINE
HALIDE VIBRATIONS

The low frequency modes of Fe(P)(Cl) and Fe(P)(Br)
molecules possessing C4v symmetry can be easily described
in terms of the well-known porphyrin mode classification by

Abe et. al.80 as adapted to Ni(P) in Ref. 51. In this section,
we describe the quantitative decomposition of the modes of
the five-coordinate species as combinations of the modes of
Fe(P) with Fe–Cl tilting and stretching modes.

To establish a vibrational basis, we performed a DFT
calculation on Fe(P) with D4h symmetry to reproduce the
mode classification.80 Table S1 and Figs. S1 and S2 in the
supplementary information81 describe the complete set of vi-
brational modes of Fe(P) below 450 cm−1. Calculated fre-
quencies of Fe(P) (optimized to the 3 A2g electronic state)
agree within 12 cm−1 with those reported previously.82 All
modes fall into ten D4h symmetry classes. The labels νi , with
i = 1, ..., 53, denote modes with all atoms moving in the por-
phine plane and γi , with i = 1, ..., 26, denote modes with all
atoms moving perpendicular to the porphine plane.

A. Mode correlation analysis

Consider two molecules with a large number of common
atoms. The rows of the vibrational correlation matrix,

Cαβ =
⎛
⎝∑

j

�e jα · �e′
jβ

⎞
⎠

2

, (10)

provide a useful decomposition of mode α of molecule A in
terms of the modes β of molecule B. Equation (10) sums only
over atoms that are common to both molecules and that are in
equivalent locations. In the case of the porphyrins considered
here, for example, these will include the Fe and the 24 atoms
of the porphine core. In calculating vibrational correlations
between porphyrin molecules below, we align the molecules
to overlap the positions of the four pyrrole nitrogen atoms.

The orthonormal character,

∑
α

�e jα�ekα = ←→
1 δ jk,

TABLE III. Correspondence of peaks fit to experimental VDOS with previously reported VCS frequencies (Ref. 42) and with predicted normal modes. Mode
assignments are based on the frequency and area of predicted and measured peaks, as well as on symmetry considerations.

Fe(P)(Cl) Fe(P)(Br)

VDOS VCS VDOS VCS

Symmetry Frequency Frequency Frequency Frequency
class (cm−1)

∑
e2

Fe (cm−1) (cm−1)
∑

e2
Fe (cm−1) Assignment

A1, E 44 0.34 41 0.27 Lattice modes
A1 90 0.42 77a 69 0.37 62a γ9 (doming)
A1 222 0.13 219b 162 γ6

A1 272 0.47 284 Fe–Br stretch, γ6

A1 345c 0.33 343c 341 Fe–Cl stretch, γ7

A1 369 0.06 376 368 0.04 375 ν8

E 237 0.36 233 0.38 γ23

E 254 1.17 254 1.18 ν53

E 391 0.17 392 0.17 ν50

aThe relative contributions of FeX (X = Cl or Br) tilting and γ9 to the VCS signal are undetermined.
bBoth γ6 and ν35 may contribute to the Fe(P)(Cl) VCS signal at 219 cm−1.
cThe observed Fe(P)(Cl) features at 345 cm−1 (NRVS) and 343 cm−1 (VCS) contain unresolved contributions from the predicted 338 cm−1 and 348 cm−1 vibrations.
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of the transformation described by the vectors �e jα (Eq. (1))
allows us to conclude that∑

β

Cαβ =
∑

jk

�e jα ·
∑

β

[�e′
jβ �e′

kβ] · �ekα

=
∑

j

e2
jα.

As discussed in Refs.11 and 28, the mode composition factors
e2

jα describe the kinetic energy distribution for mode α, such
that e2

jα is the fraction of mode energy associated with the
motion of atom j . Thus, row α of the vibrational correlation
matrix describes how the fraction of mode energy associated
with the motion of shared atoms in mode α of molecules A is
distributed among the vibrational modes of molecule B.

In the important special case where molecule B contains
all atoms of molecule A,∑

β

Cαβ = 1, (11)

for each row of the correlation matrix. This result is triv-
ial if the two molecules are identical, when orthonormality
ensures that Cαβ = δαβ , but also applies if A and B repre-
sent two isotopomers or two different electronic states of the
same molecule. More generally, Eq. (11) holds if molecule A
is a truncation of molecule B (for example, A = Fe(P) and
B = Fe(P)(Cl)). In each of these cases, the vibrational corre-
lation matrix provides a complete accounting of the contribu-
tion of the vibrational modes of molecule A to the vibrational
motion of molecule B.

The use of mass-weighted coordinates is essential for
modes involving significant Fe motion and distinguishes the
correlation matrix in Eq. (10) from related approaches46 that
neglect mass variations. The method presented here mir-
rors the vibrational projection analysis introduced by Grafton
and Wheeler, who have elucidated the advantages of this
approach.83, 84

As we will see, many elements of the correlation matrix
vanish due to the high symmetry of the molecules consid-
ered here. We justify our adoption of the mode classifications
identified for Ni(P) in Ref. 51 by using the correlation matrix
to establish a one-to-one correspondence between the modes
of Ni(P) and Fe(P). Correlations equal to 0.89 for γ6 and γ7

reflect a small degree of mixing between the corresponding
modes in Fe(P). For the remaining 77 out of 79 modes, the
correlation coefficient between the corresponding Fe(P) and
Ni(P) modes is greater than 0.97.

We thus proceed to describe the modes of Fe(P)(Cl) and
Fe(P)(Br), using the vibrational predictions for Fe(P), supple-
mented by translation of the halide atom to complete the ba-
sis. Since the Fe atom lies on the C4 axis of these molecules,
only modes of A1 and E symmetry contribute to the 57Fe
NRVS signal. Figure 4 displays the correlations of low fre-
quency modes of Fe(P) with A1 and E modes of Fe(P)(Cl)
and Fe(P)(Br). Figure 5 displays correlations between low fre-
quency modes of Fe(P) and the modes of Fe(P)(Br) belonging
to additional symmetry classes. Table IV summarizes mode
descriptions established this way for Fe(P)(Cl) and Fe(P)(Br)
below 450 cm−1. Note that by symmetry, the only nonzero

correlations are the ones between A1 modes of C4v and A1g

or A2u modes of D4h , A2 modes of C4v and A2g or A1u modes
of D4h , B1 modes of C4v and B1g or B2u modes of D4h , B2

modes of C4v and B2g or B1u modes of D4h , E modes of C4v

and Eg or Eu modes of D4h .
Figure 5 shows that most modes of A2, B1, B2, and E

symmetry in Fe(P)(Br) correlate with one particular mode of
Fe(P) and show little or no correlation with other modes. Ex-
ceptions below 450 cm−1 include mixing of the ν53 and γ23

modes of Eu and Eg symmetry and the ν18 and γ16 modes
of B1g and B2u symmetry in Fe(P), which takes place be-
cause these modes belong to the same symmetry class (E and
B1, respectively) in the C4v symmetry of the five-coordinate
molecule. In addition, FeCl and FeBr tilting modes (E) corre-
late strongly with halide translation parallel to the heme, but
negligibly with Fe(P) vibrations.

The contribution of halide translation to A1 modes is
more complex. In this case z-translation of the halide atom
(Fig. 4, top panels) mixes with other modes of A1 symmetry
(below 450 cm−1 those are γ9, γ6, γ7, and ν8). In order to ana-
lyze the contribution of Fe–halide stretching itself, we project
Fe(P)(X) vibrations onto stretching of the fictitious diatomic
FeX molecule. The mode composition factors

e2
Fe = mX

mFe + mX
(12)

and

e2
X = mFe

mFe + mX
, (13)

of the Fe–X stretching mode follow from energy
conservation,11, 25 and the vectors �eFe and �eX are ori-
ented along the Fe–X bond and antiparallel to each other.
Projection onto this two-body Fe–X oscillation according to
Eq. (10) indicates that Fe–Cl stretching character is mainly
distributed among modes at 338 cm−1 (37%), 348 cm−1

(52%), and 380 cm−1 (9%) for Fe(P)(Cl), while Fe–Br
stretching character in Fe(P)(Br) is mostly distributed among
modes at 187 cm−1 (15%), 279 cm−1 (81%), and 378 cm−1

(3%). The slightly more complex situation for Fe(P)(Cl)
results from mixing with the γ7 mode, which is predicted to
remain as a distinct vibration at 343 cm−1 for Fe(P)(Br).

V. ASSIGNMENT OF PORPHINE HALIDE VIBRATIONS

Figure 6 compares the Fe VDOS obtained from NRVS
measurements on Fe(P)(Cl) and Fe(P)(Br) with predictions
resulting from DFT calculations on both sextet and quartet
states of these molecules. Based on its high degree of corre-
spondence with the experimental results, we use the VDOS
predicted for the S = 5/2 electronic state to describe the ob-
served vibrational features.

Modes of A1 and E symmetry, corresponding to Fe mo-
tion parallel and perpendicular to the molecular C4 axis, con-
tribute to the predicted VDOS. Since the Fe atom lies on the
C4 axis, its displacement vanishes for modes of other sym-
metries. Molecular translation and rotation take place at zero
frequency in the gas phase calculations and are omitted from
the predicted VDOS shown in Fig. 6. Nevertheless, both in-
volve significant Fe motion (Table IV) and are expected to
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contribute to the experimental VDOS at nonzero frequencies
because of interactions with the surrounding lattice.

The dominant feature of the NRVS signal for Fe(P)(Cl)
appears at 254 cm−1 (Fig. 3). Based on its large area (
e2

Fe
= 1.17), this cannot be a single mode. Consistent with this ex-
pectation, the degenerate (E−symmetric) ν53 modes (Fig. S2)
at 253 cm−1 dominate the predicted VDOS, with area 1.272.
Similarly, for Fe(P)(Br) the largest NRVS feature located at
254 cm−1 with area 1.18 corresponds to the predicted ν53

mode pair at 252 cm−1 with area 1.257 (Fig. 7).
The γ23 doublet of E symmetry (Fig. S2) is predicted at

227 cm−1 with area 0.231 for Fe(P)(Cl) and contributes to
the observed 237 cm−1 band in NRVS with area 0.36, along
with a shoulder at 222 cm−1, which can be attributed to the
γ6 mode (Fig. S1) predicted by DFT at 213 cm−1 with area
0.107. Notice that γ23 cannot contribute to the VDOS for
Fe(P) by symmetry, and contributes to the NRVS signal in
Fe(P)(Cl) through mixing with ν53, when the symmetry low-
ers to C4v . The total area (1.61) predicted for ν53, γ23, and γ6 is
close to the total area of the observed 222, 237, and 254 cm−1

bands (1.66). The γ23 in Fe(P)(Br) is predicted at 226 cm−1

with area 0.244 (Fig. 7) and contributes to the band observed
at 233 cm−1 in NRVS with area 0.38. For both molecules,
DFT overestimates the area of one E doublet and underesti-
mates the area of the other. However, the total area predicted
for ν53 and γ23 is very close to the total area of the observed
233/236 cm−1 and 254 cm−1 bands, about 1.5 in all cases.
Thus, the small quantitative error in the predicted degree of
mixing between ν53 and γ23 does not alter the qualitative de-
scription of the observed features at 254 cm−1 and 226 cm−1

as ν53 and γ23, respectively.
Three more significant features appear in the observed

Fe(P)(Cl) VDOS at 345, 369, and 391 cm−1. The DFT
predicts two modes with Fe–Cl stretching character and
with significant Fe motion in this region at 338 cm−1 and
348 cm−1. The total area 0.377 accounts for the NRVS fea-
ture at 345 cm−1 (area 0.33). The NRVS peak at 391 cm−1

(area 0.17) corresponds to the DFT predicted ν50 mode dou-
blet of E symmetry (Fig. S2) at 393 cm−1 of combined
area 0.175.
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FIG. 4. Correlations between the low frequency modes of Fe(P) and the NRVS active low frequency modes of Fe(P)(Cl) and Fe(P)(Br). The upper (lower)
panels display modes of A1(E) symmetry in the C4v point group of the five-coordinate Fe complexes. The color scale for C appears in the upper left part of
the figure. Predicted VDOS for Fe(P) and for Fe(P)(Br) and Fe(P)(Cl) abut vertical and horizontal axes, respectively, for ease of reference. Red and blue traces
indicate E and A1 contributions to the VDOS, respectively.
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spectra predicted for Fe(P) and Fe(P)(Br) abut vertical and horizontal axes, respectively, for ease of reference.

The weaker experimental feature at 369 cm−1 corre-
sponds to the ν8 mode predicted at 380 cm−1. Note that, in
the D4h symmetry of the Fe(P) reference calculation, ν8 is an
in-plane A1g vibration involving no Fe motion. Examination
of the correlation diagram (Fig. 4) reveals that ν8 acquires a
component of Fe motion perpendicular to the porphine plane
through mixing with the A2u-symmetric γ7 vibration in the re-
duced C4v symmetry of the halide complexes. We observed a
similar weak contribution of Fe motion to the ν8 vibration in
reduced cytochrome c, which has an asymmetrically ligated
and distorted heme group.76

The mode with the most significant predicted out-of-
plane iron motion in Fe(P)(Br) is the one at 279 cm−1, which
is a combination of Fe–Br stretch and γ6 (Fig. 8). It has area
0.635 and reproduces the Fe(P)(Br) NRVS peak at 272 cm−1

(area 0.47). In the region 300−400 cm−1 there are two sig-
nificant Fe(P)(Br) NRVS peaks at 368 and 392 cm−1. These
peaks are well reproduced by DFT predicted ν8 (which again
acquires Fe motion in C4v ) and the ν50 doublet of E symmetry
at 393 cm−1 (Fig. 7).

The γ7 mode, predicted to appear at 343 cm−1 in
Fe(P)(Br), has two features worthy of notice. The γ7 over-
tone is near coincidence with the ν7 fundamental at 736 cm−1,
and energy transfer to the γ7 overtone has been identified
as an important channel for vibrational relaxation of ν7 in
porphyrins.85 The predicted Fe amplitude is small, and γ7

does not contribute significantly to the predicted 57Fe VDOS

for Fe(P)(Br). However, γ7 indirectly influences the predicted
Fe(P)(Cl) VDOS by mixing with the nearby Fe–Cl stretching
and ν8 modes.

The Fe(P)(Cl) VDOS below 150 cm−1 is fitted with two
peaks at 44 cm−1 (lattice modes) and 90 cm−1 (Fig. 3). The
DFT predicts only one mode with significant iron amplitude
below 150 cm−1, the γ9 (doming) mode of A1 symmetry at
84 cm−1. The area of the 90 cm−1 peak is 0.42 while the area
of the DFT predicted 84 cm−1 peak is 0.27. The discrepancy
can be explained by incomplete knowledge of the shape of the
NRVS feature due to the lattice motions. Thus, it is natural to
assign this peak to doming (γ9). In the case of the bromide
complex, we observe doming at 69 cm−1 with area 0.37, while
γ9 (Fig. 8) is predicted at 76 cm−1 with area 0.177.

From Table III summarizing all Fe(P)(Cl) and Fe(P)(Br)
assignments for modes below 450 cm−1, it follows that NRVS
confirms the assignments of A1 low frequency modes in
Fe(P)(Cl) and Fe(P)(Br) made in Ref. 42 with the possible ex-
ception of γ9 (doming) modes in Fe(P)(Cl) and in Fe(P)(Br)
(see below). One interesting special case is the predicted
mode at 187 cm−1 in Fe(P)(Br) which is a superposition of
γ9, γ6, and Fe–Br stretch such that the Fe atom practically
does not vibrate (Fig. 4), consistent with the absence of NRVS
signal corresponding to the 162 cm−1 coherence observed
using VCS.

The γ9 (doming) frequencies identified in the Fe VDOS
(Fig. 3) differ by 13 cm−1 and 7 cm−1 from robust VCS
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TABLE IV. The complete set of the DFT predicted vibrational modes of Fe(P)(Cl) and Fe(P)(Br) below 450 cm−1 with predicted e2
Fe values, symmetries, and

decomposition with respect to Fe(P) modes.

Fe(P)(Cl) Fe(P)(Br)

Symmetry ν (cm−1)
∑

e2
Fe

a ν (cm−1)
∑

e2
Fe

a Mode descriptionb

A1 0 0 0 0 Rz

A1 0 0.166 0 0.147 Tz

A1 84 0.27 76 0.176 γ9 (doming)
A1 213 0.107 187 0 γ6

c

A1 338 0.134 279 0.633 Fe–Xd stretch, γ6

A1 348 0.241 343 0.008 γ7
e

A1 380 0.101 378 0.049 ν8

A2 291 0 292 0 γ3 (propellering)
A2 420 0 420 0 ν25

B1 55 0 56 0 γ18 (saddling)
B1 189 0 190 0 ν18

B1 250 0 251 0 γ16

B2 57 0 59 0 γ14 (ruffling)
B2 214 0 213 0 ν35

B2 428 0 427 0 ν33

E 0 0.011 0 0.001 Rx , Ry

E 0 0.332 0 0.294 Tx , Ty

E 74 0.006 54 0.034 Fe–Xd tilting
E 154 0.008 153 0.01 γ26 (waving)
E 227 0.23 226 0.244 γ23

E 253 1.272 252 1.256 ν53

E 349 0.002 349 0.002 ν49

E 393 0.174 393 0.178 ν50

E 437 0.002 437 0.002 γ22

aSummation over degenerate mode pairs for E symmetry.
bνα and γα refer to the nomenclature established for Ni(P) in Ref. 51, R j and T j indicate rotation and translation of the entire molecule.
cSignificant mixing with γ9 for Fe(P)(Br).
dX = Cl or Br.
eSignificant mixing with Fe–Cl stretching for Fe(P)(Cl).

coherences reported for Fe(P)(Cl) and Fe(P)(Br), respec-
tively. These are not large discrepancies, considering the
width of the NRVS peaks and their overlap with acoustic
modes. On the other hand, we must consider the possibil-
ity that γ14, γ18 (Figs. S1 and 8), and Fe–X tilting (Figs. S2
and 7) modes may also contribute to the VCS signal in the
same frequency region. In particular, the DFT calculations on
Fe(P)(Cl) and Fe(P)(Br) indicate that the largest contribution
to the off-resonance Raman signal is coming from the Fe–
X tilt and γ9 modes. Thus, it is possible that Fe–X tilting,
heme doming, or both could contribute to the VCS features at
77 cm−1 in Fe(P)(Cl) and at 62 cm−1 in Fe(P)(Br). However,
it must be noted that VCS signals are obtained under elec-
tronic resonant conditions, so correlation of the VCS signals
to the off-resonance Raman calculations is unclear. Neverthe-
less, the fact that VCS peaks are located between the frequen-
cies predicted for Fe–X tilt and doming modes (74 cm−1 and
84 cm−1 in Fe(P)(Cl) and 54 cm−1 and 76 cm−1 in Fe(P)(Br))
suggests that both motions may contribute to the VCS obser-
vations.

VI. CORRELATION ANALYSIS OF PERIPHERAL
SUBSTITUTIONS

To gain insight into the vibrational properties of real
heme systems, we investigated the effect of added side

chains in the more complex molecules Fe(OEP)(Cl) and
Fe(PPIX)(Cl). Again, the VDOS predicted for the sextet state
of these models reproduces the experimental VDOS rather
well (Fig. 9). We calculated correlations between Fe(P)(Cl)
and Fe(OEP)(Cl) and between Fe(P)(Cl) and Fe(PPIX)(Cl),
all in sextet states, to understand the effect of the additional
side chains on the vibrational dynamics of Fe. Comparing
Fig. 9 to Fig. 6, many more modes contribute to the 57Fe
VDOS predicted for Fe(OEP)(Cl) and Fe(PPIX)(Cl) than for
Fe(P)(Cl).

Figure 10 shows predicted correlations of the low fre-
quency modes of Fe(OEP)(Cl) and Fe(PPIX)(Cl) with those
of Fe(P)(Cl). Unlike the case of axial ligand binding (which
only affected A1 modes substantially), the introduction of
the asymmetrically oriented side chains in Fe(OEP)(Cl) and
Fe(PPIX)(Cl) leads to splitting of modes of all symmetry
classes. We note that the splitting of a rather pure γ9 (doming)
mode predicted at 84 cm−1 for Fe(P)(Cl) correlates (C > 0.1)
with three modes at 38, 131, and 135 cm−1 for Fe(OEP)(Cl)
and with six modes for Fe(PPIX)(Cl). The large ν53 mode
of Fe(P)(Cl) contributes to Fe(OEP)(Cl) modes at 232, 238,
261, 273, 282, and 284 cm−1, while the ν50 mode observed at
391 cm−1 for Fe(P)(Cl) does not contribute substantially
to the VDOS of either Fe(OEP)(Cl) or Fe(PPIX)(Cl). Sim-
ilar splittings appear for modes of all symmetry classes,
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FIG. 6. Measured (NRVS) and predicted (DFT) iron VDOS are compared
for sextet and quartet states of Fe(P)(Br) (top) and Fe(P)(Cl) (bottom). A
16 cm−1 Gaussian was convoluted with the predicted VDOS to facilitate
comparison with experiment. Sextet state predictions correspond very well
with experimental results, while quartet state predictions clearly disagree.
Black, red, and blue traces indicate total, E , and A1 contributions, respec-
tively, to the predicted VDOS.

including the Fe–Cl stretching modes. Although the pair of
Fe(OEP)(Cl) modes predicted at 159 and 162 cm−1 contribute
noticeably to the VDOS, they mostly involve motion of side
chain atoms and vibrational correlations with Fe(P)(Cl) do not
exceed 0.02 (with ν53).

The degree to which modes remain localized on the por-
phine core varies considerably. The summation

∑′
j e2

jα mea-
sures the extent to which mode α is localized on the atoms
included in the sum. By this criterion, motion of Fe and Cl ac-
counts for more than 95% of the energy of the Fe–Cl stretch-
ing mode in Fe(PPIX)(Cl). However, other iron modes (e2

Fe)
have less than 75% of mode energy localized on the 30 atoms
of the iron porphine core (including iron, halide, and methine
hydrogens). At least 50% of iron modes have more than 50%
of mode energy involved with motion of peripheral atoms.

VII. DISCUSSION

A. Electronic state

Quantum chemical calculations are now widely em-
ployed to model hemes and other protein active sites.86, 87 Dif-
ficulties in correctly predicting the relative energies of dif-
ferent spin states are a widely acknowledged shortcoming of
DFT calculations.88, 89 Ferric porphyrin chlorides, in particu-
lar, have been cited as an illustration of this problem.65 The
ground state is experimentally established as a sextet,60–64 but
the lowest lying sextet and quartet states are predicted to lie
close in energy.65–67 Even after correcting for the larger zero-
point energy of the quartet state, our calculations predict com-
parable energies for the quartet and sextet states in all ferric
porphyrin chlorides that we have considered (see Table I).

The Fe−Npyr bond lengths reported in crystal structures
of ferric porphyrin chlorides58, 59, 69–72, 90 are 1−3 pm shorter
than the 208 pm value predicted for the sextet state, but
4−6 pm longer than the 201 pm value predicted for the quar-
tet (Tables I and II). Similarly, the stiffnesses that we mea-
sure for all halide complexes are about 10% lower than those
predicted for the sextet state, but 50% smaller than those pre-
dicted for the quartet state. Overall, the observed Fe-ligand
bond lengths, Fe displacements from the porphyrin plane, and
stiffnesses are significantly closer to the values reported for
the sextet state than for the quartet state (see Tables I and II).
These results are consistent with previous measurements that
indicate S = 5/2 for the ground state.62–64

It is particularly telling that the DFT predictions for the
ground sextet correspond very well to NRVS observations for
all molecules considered here. On the other hand, Fe(P)(Cl),
Fe(P)(Br), Fe(OEP)(Cl), and Fe(PPIX)(Cl) vibrational pre-
dictions for the lowest quartet clearly disagree with observa-
tions (Figs. 6 and 9), in spite of a slightly lower optimized
energy. This agrees with other experimental evidence for a
sextet ground state62–64 and supports confident assignment of
prominent features observed in the experimental VDOS.

Agreement with detailed predictions of vibrational fre-
quencies and amplitudes thus provides compelling evidence
for the electronic states of these molecules. The strong corre-
spondence with the predicted VDOS lends theoretical guid-
ance to interpreting the motions responsible for the observed
vibrational features, which complements conclusions based
purely on experimental observations, such as frequency shifts
on halide substitution. In particular, the correlation analy-
sis presented above relates predicted vibrations to the well-
established vibrational nomenclature for porphyrins.51

B. Characterization of reactive modes

Displacement of the Fe relative to the plane of the por-
phyrin, coupled with porphyrin distortion, often accompanies
binding of axial Fe ligands. This observation has long fueled
speculation that heme proteins can influence ligand binding
reactions by controlling Fe displacement,33, 71, 91, 92 but the ab-
sence of direct experimental information about the energetic
cost of Fe displacement has limited attempts to assess the
quantitative significance of this effect.31
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FIG. 7. Vibrational modes of Fe(P)(Br) of E symmetry below 450 cm−1. Color scheme: iron is cyan, carbon is green, nitrogen is blue, bromine is brown, and
hydrogen is white. For ease of visualization, each arrow is 50(m j /mFe)1/2 times longer than the zero-point vibrational amplitude of atom j .

Vibrational motions relevant to thermally driven re-
actions are likely to lie at low frequencies (ν̄ � kB T/hc
= 200 cm−1), where technological advances are beginning to
provide experimental access.9, 34, 42, 93, 94 However, frequency
shifts on the order of a few percent become increasingly diffi-
cult to detect at low frequencies, inhibiting the traditional use
of isotopic labeling to reveal the contributions of individual
atoms. As a result, the identification of observed vibrational
features with reactive motions remains challenging.

For example, the enhanced far infrared intensity avail-
able at synchrotron IR beamlines facilitates low frequency
measurements on biomolecules.34, 94 A vibrational feature ob-
served at 53 cm−1 in Fe(OEP)(pyr)(CO), with pyridine (pyr)
and CO as axial ligands, shifts with pressure and was at-
tributed to a doming mode predicted by DFT at 39 cm−1.34

However, the reported observations do not exclude other pos-

sibilities. In particular, an FeCO distortion mode (in-phase
tilt/bend) is also predicted in the 73−84 cm−1 frequency re-
gion of carbonyl porphyrins,28, 43, 95 and its possible depen-
dence on pressure has not been evaluated.

Advances in laser technology provide additional routes
to the low frequency region.42, 93 In particular, VCS reveals
oscillations below 200 cm−1 strongly coupled to ligand dis-
sociation reactions in heme proteins.35, 37–39, 42 Some of these
have been plausibly associated with heme doming, but there is
no direct evidence for involvement of the Fe. The VCS mea-
surements on porphine halides reveal a 77 cm−1 oscillation
whose frequency downshifts by 15 cm−1 upon substitution of
Br for Cl,42 similar to the 19 cm−1 shift of γ9 determined us-
ing NRVS. However, DFT predicts a Fe–halide tilting mode
in the same frequency region (Table IV), and the observed
frequency shifts are intermediate between the 8 cm−1 and
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FIG. 8. Vibrational modes of Fe(P)(Br) of A1, A2, B1, and B2 symmetry below 450 cm−1. Color scheme: iron is cyan, carbon is green, nitrogen is blue,
bromine is brown, and hydrogen is white. For ease of visualization, each arrow is 50(m j /mFe)1/2 times longer than the zero-point vibrational amplitude of
atom j .

20 cm−1 shifts predicted for the doming and Fe–halide tilt-
ing modes, respectively.

NRVS not only provides experimental access to the low
frequency region, but also yields definitive evidence for Fe
motion, and previous NRVS measurements on powders and
oriented single crystals have identified low frequency mo-
tions associated with Fe displacement from the porphyrin
plane.23–25, 28, 96

The present measurements on Fe(P)(Cl) and Fe(P)(Br)
reveal particularly simple vibrational spectra where the γ9

mode associated with doming of the heme provides the

only intramolecular contribution to the NRVS signal be-
low 200 cm−1. Although the observed features are relatively
broad, halide substitution reveals an unmistakable frequency
shift from ∼89 cm−1 for Fe(P)(Cl) to 70 cm−1 for Fe(P)(Br)
and clearly distinguishes the γ9 signal from overlapping lat-
tice mode contributions. The DFT calculations predict large
frequency shifts both for γ9 and for the FeX tilting mode,
but only γ9 contributes substantially to the NRVS signal
(Table IV). Previous VCS investigations on the same
compounds42 are unable to unambiguously distinguish the
relative contributions of γ9 and the FeX tilting contributions.
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FIG. 9. Comparison of measured (NRVS) and predicted (DFT) iron VDOS
for Fe(OEP)(Cl) (top) and Fe(PPPIX)(Cl) (bottom). Predictions include
Fe(P)(Cl) sextet with hydrogen masses adjusted to those of the peripheral
group as well as both sextet and quartet states of the complete molecule.
A 16 cm−1 Gaussian was convoluted with the predicted VDOS to facilitate
comparison with experiment. Sextet state predictions correspond very well
with experimental results, while quartet state predictions clearly disagree.

C. Influence of peripheral substitution

A traditional approach to modelling vibrational dynamics
in complex molecules is to model a fragment of the molecule
containing modes of interest, in the expectation that vibrations
of the complete molecule will resemble those of the truncated

model, with the effect of added groups restricted to frequency
changes.

However, previous NRVS measurements on a series of
iron nitrosyl porphyrins revealed that variations in the chemi-
cal groups bonded to the methine carbons and pyrrole β car-
bons at the periphery significantly influenced the vibrational
dynamics of the Fe, despite minimal variation in the local co-
ordination of the five-coordinate Fe.25 Experimental results
presented above also show significant vibrational variations
among Fe(P)(Cl), Fe(OEP)(Cl), and Fe(PPIX)(Cl), although
the structural information and stiffnesses suggest that the ge-
ometry and energetics of the immediate Fe coordination en-
vironment are similar. Correlation analysis of the quantum
chemical calculations presented here (Fig. 10) provides use-
ful insights into the vibrational consequences of molecular
additions.

Addition of a halide ligand to the Fe provides a useful
reference point. Correlation analysis (Figs. 4 and 5) reveals
that the vibrational dynamics of the Fe atom in Fe(P)(Cl) are
noticeably perturbed in comparison with the four-coordinate
“parent” compound Fe(P), reflecting the altered nearest-
neighbor bond strengths (Table I). In particular, modes of ν53

or ν50 character, involving stretching of the equatorial Fe–N
bonds, dominate NRVS measurements on heme proteins and
on model compounds and provide useful markers for the spin
state of the Fe. In comparison with Fe(P), the E-symmetric
modes ν49, ν50, and ν53 in Fe(P)(Cl) mix significantly as well
as shifting in frequency. In addition, Fe(P) modes involving
Fe motion perpendicular to the heme plane (mainly γ6 and γ7)
mix with halide translation to produce the Fe−halide stretch-
ing vibration (Fig. 4). However, the fourfold molecular sym-
metry is maintained upon halide binding and modes of other
symmetries undergo frequency changes, with minimal change
in mode character.

We also observe significant changes in the vibrational dy-
namics of the Fe when side chains are added (Fig. 3), but anal-
ysis of computational results reveals substantial changes in
mode character independent of symmetry class. Other than
Fe–Cl stretching, no Fe(OEP)(Cl) mode has a correlation
coefficient larger than 0.4 with any mode of Fe(P)(Cl) in
the frequency range considered here. Although the number
of modes contributing to the Fe VDOS increases in gen-
eral, the ν50 mode observed at 393 cm−1 in Fe(P)(Cl) no
longer contributes significantly to the NRVS signal for either
Fe(OEP)(Cl) or Fe(PPIX)(Cl).

Interestingly, an attempt to mimic the effect of side chains
by substituting side chain masses for the hydrogen masses in
the Fe(P)(Cl) calculation captures qualitative changes in the
VDOS predicted for the full Fe(PPIX)(Cl) model, including
the diminished contribution of ν50, the appearance of new vi-
brational features in the 150−200 cm−1 region, and reduced
frequencies for the doming and FeCl tilting modes (Fig. 9),
in comparison with the natural abundance Fe(P)(Cl) sextet
calculation (Fig. 6). However, the full Fe(PPIX)(Cl) calcula-
tion displays greater vibrational complexity, particularly be-
low 200 cm−1.

The failure of mass effects alone to capture the vibra-
tional influence of the peripheral groups is more apparent for
Fe(OEP)(Cl), where calculations on the full molecular model
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FIG. 10. Correlations of the low frequency modes of Fe(P)(Cl) with Fe(OEP)(Cl) and Fe(PPIX)(Cl). Modes of all symmetry classes split as a result of the
reduced symmetry.

predict significant splitting of the ν53 feature. The “heavy
hydrogen” calculation clearly underestimates this splitting,
which exceeds the experimental resolution and is needed to
reproduce analogous observations in the experimental VDOS.

Correlation analysis suggests that the increased vibra-
tional complexity predicted and observed for Fe(OEP)(Cl) re-
flects significant mixing of porphyrin and side chain vibra-
tions. On the other hand, predicted Fe stiffnesses vary by less
than 3%, suggesting that the electronic influence of the side
chains on Fe vibrations is minimal.

D. Accurate modelling of thermally activated motions

Low frequency reactive vibrations are particularly
strongly perturbed. The rather “pure” doming (γ9) mode pre-
dicted for Fe(P)(Cl) contributes significantly to predicted
Fe(OEP)(Cl) modes at 38 cm−1, 131 cm−1, and 135 cm−1

with correlations equal to 0.13, 0.36, and 0.11, respectively.
Lattice modes impede experimental confirmation of the pre-
dicted 38 cm−1 mode. However, we expect that the modes
with predicted 131 cm−1 and 135 cm−1 frequencies contribute
to the experimental feature at 142 cm−1.

An earlier attempt to model the Fe(OEP)(Cl) data us-
ing an empirical potential function with adjustable parameters
also indicated unresolved vibrational complexity even greater
than the current DFT predictions.52 However, the detailed as-
signments of observed features differ. In particular, the exper-
imental feature at 142 cm−1, which we predict to have the
largest overlap with the porphine γ9 mode (Fig. 1) was in-
stead attributed to in-plane Fe motion associated with the ν51

mode pair.52 It is interesting that far infrared measurements
on Fe(OEP)(pyr)(CO) identified a feature at 140 cm−1 with
out-of-plane Fe motion, although this was predicted to occur
out of phase with the doming of the porphyrin, and denoted
inverse doming (γ6).34

Other significant discrepancies include attribution of the
broad experimental feature at 230 cm−1 to N–Fe–Cl bend-
ing in the empirical calculation on Fe(OEP)(Cl),52 in contrast
with the much lower frequency and negligible Fe amplitude
predicted by DFT for the FeCl tilting mode (Fig. 6). The abil-
ity of two vastly different models to reproduce the main ex-
perimental features underscores the underdetermined nature
of empirical modelling of data on unoriented samples. Anal-
ysis of measurements on single crystals of Fe(OEP)(Cl) will
provide a crucial test of competing assignments, particularly
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for the 142 cm−1 feature, and may help to discriminate ex-
perimental signal corresponding to the out-of-plane vibration
predicted at 38 cm−1 from the competing signal due to lat-
tice vibrations. Continuing investigations, including measure-
ments on oriented single crystals, will address disagreements
with an alternative model52 for Fe vibrations in Fe(OEP)(Cl).

Regardless of the detailed model, peripheral groups
clearly influence both the frequency and the character of re-
active modes. Systematic investigations of a series of related
compounds with a range of experimental and computational
techniques will not only resolve discrepancies among differ-
ent calculations, but also help to evaluate the extent to which
the peripheral groups affect the energetics of molecular dis-
tortion and its potential influence on molecular reactivity.

VIII. CONCLUSION

Comparison of experimental and computational results
on simple heme models not only allows straightforward iden-
tification of the ground electronic state, but also paints a
comprehensive picture of the vibrational dynamics of hemes.
A mode correlation technique introduced here reveals how
the vibrations of the heme core evolve in response to bind-
ing of halide ligands and addition of peripheral side chains.
In particular, we find that asymmetric substitutions on bi-
ologically relevant protoporphyrins strongly influence ther-
mally activated modes associated with ligand binding and
dissociation.

Analysis of NRVS measurements on oriented single crys-
tals of these and related compounds, now underway, will fur-
ther clarify the vibrational dynamics of Fe in these molecules.
We anticipate that systematic variation of reactive modes with
side chains will allow us to assess their contribution to vi-
brational coherences induced by femtosecond pulses and to
quantify their contribution to reactive energetics.
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