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Abstract
We use quantitative experimental and theoretical approaches to characterize the vibrational dynamics
of the Fe atom in porphyrins designed to model heme protein active sites. Nuclear resonance
vibrational spectroscopy (NRVS) yields frequencies, amplitudes, and directions for 57Fe vibrations
in a series of ferrous nitrosyl porphyrins, which provide a benchmark for evaluation of quantum
chemical vibrational calculations. Detailed normal mode predictions result from DFT calculations
on ferrous nitrosyl tetraphenylporphyrin Fe(TPP)(NO), its cation [Fe(TPP)(NO)]+, and ferrous
nitrosyl porphine Fe(P)(NO). Differing functionals lead to significant variability in the predicted Fe-
NO bond length and frequency for Fe(TPP)(NO). Otherwise, quantitative comparison of calculated
and measured Fe dynamics on an absolute scale reveals good overall agreement, suggesting that
DFT calculations provide a reliable guide to the character of observed Fe vibrational modes. These
include a series of modes involving Fe motion in the plane of the porphyrin, which are rarely identified
using infrared and Raman spectroscopies. The NO binding geometry breaks the fourfold symmetry
of the Fe environment, and the resulting frequency splittings of the in-plane modes predicted for Fe
(TPP)(NO) agree with observations. In contrast to expectations of a simple three-body model, mode
energy remains localized on the FeNO fragment for only two modes, an N-O stretch and a mode with
mixed Fe-NO stretch and FeNO bend character. Bending of the FeNO unit also contributes to several
of the in-plane modes, but no primary FeNO bending mode is identified for Fe(TPP)(NO). Vibrations
associated with hindered rotation of the NO and heme doming are predicted at low frequencies, where
Fe motion perpendicular to the heme is identified experimentally at 73 cm−1 and 128 cm−1.
Identification of the latter two modes is a crucial first step toward quantifying the reactive energetics
of Fe porphyrins and heme proteins.
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Introduction
Vibrational spectroscopy provides an incisive probe of the structure, dynamics, and reactivity
of biological molecules.2–5 Significant progress has been made in identifying active site
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vibrations and relating them to the functional dynamics of proteins.6,7 Particularly effective
are site-selective techniques such as resonance Raman,2 infrared difference,5 and femtosecond
coherence8,9 spectroscopies. These methods only detect vibrations coupled to localized
electronic excitations or to a chemical reaction, enormously reducing spectral congestion due
to competing signals from the rest of the protein and surrounding solvent. In heme proteins,
some active site vibrations have been calibrated as quantitative markers for structural and
electronic changes at the protein active site10–12.

However, important challenges remain. Selection rules inherent to infrared and Raman
spectroscopies prevent the observation of many important active site vibrations. For example,
in-plane vibrations of the heme Fe, which would probe the strength of the Fe-pyrrole bonds,
have not been identified in resonance Raman spectra. This reflects the absence of coupling of
Eu vibrations with dipole-allowed electronic transitions in the nominal D4h symmetry of the
Fe porphyrin. Solvent absorption and other experimental challenges also limit infrared studies
of proteins below 1000 cm−1. Reactive modes, which would provide direct information on the
energetics of chemical reactions or conformational changes, lie at low frequencies8,9 and are
rarely identified with traditional techniques.

One fundamental challenge in applying vibrational spectroscopy to large molecules is
assignment of observed vibrational frequencies with normal modes. Isotopic labelling of these
large molecules13 remains demanding, in spite of recent progress.14 Until recently, normal
mode analysis of molecules containing more than a few atoms relied on the use of empirical
force fields. Transformation from the limited experimental information on vibrational
frequencies available from infrared and Raman spectroscopies to the large number of adjustable
force constants required to specify an empirical potential function is a highly underdetermined
problem, except for very small or highly symmetric molecules. Emerging experimental and
theoretical approaches are beginning to alter this situation.

On the experimental side, nuclear resonance vibrational spectroscopy (NRVS),1 an emerging
synchrotron-based technique, reveals the complete vibrational spectrum of a probe nucleus.
15–35 57Fe NRVS is a particularly promising method to identify and characterize Fe-ligand
modes at protein active sites.18,27,28,36–43 For heme proteins, these include in-plane Fe
vibrations, which have not been reported in resonance Raman investigations, and the Fe-
imidazole stretch, which has not been identified in six-coordinate porphyrins. Reactive Fe
modes, such as heme doming,8,9,27,44 are of particular interest. The NRVS signal is
proportional to the mean square amplitude of the Fe along the direction of the X-ray beam, and
all modes involving significant Fe motion will contribute to the measured spectrum.

On the theoretical side, density functional theory (DFT) methods now predict ground state
properties for molecules of increasing size,45–58 including detailed descriptions of their
vibrational dynamics.24,29,33,59–66 These quantum chemical calculations do not rely on
empirical force constants or require prior knowledge of related molecules to constrain the
potential. The rich data set of vibrational frequencies, amplitudes, and directions available from
NRVS provides a particularly rigorous test of the ability of DFT calculations to predict the
vibrational dynamics of transition metals at protein active sites.67–77 For small molecules that
are available in large quantities, inelastic neutron scattering (INS) can provide complementary
quantitative information about the vibrational dynamics of lighter nuclei.78–82

With rare exceptions,83 living organisms require Fe to exist. Many biological functions of this
transition metal involve reactions with diatomic ligands at the active site of heme proteins,
84 where the Fe is located at the center of a porphyrin macrocycle. Heme protein reactions
involving O2 have been particularly heavily studied.7,85–87 Awareness of, and interest in, the
important roles of diatomic molecules in intracellular signalling is increasing. In particular,
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NO is now implicated in a wide range of intracellular processes, including blood pressure
regulation, neurotransmission, and immunoregulation.88–91

The role of heme proteins in these diatomic signalling processes is now well-established.92
Both the source of endogenous NO, nitric oxide synthase (NOS),93–95 and its best
characterized target, soluble guanylate cyclase (sGC),96,97 are heme proteins. NO binding
weakens the bond to a trans ligated imidazole, and early studies observed rupture of the Fe-
imidazole bond following NO binding to the heme in T-state human hemoglobin,98,99
consistent with the expected strain in this bond. More recently, activation of sGC has been
attributed to changes in polypeptide conformation that follow rupture of this covalent link
between the heme and the protein on NO binding.100–102 Five-coordinate nitrosyl hemes
have now been reported in numerous proteins, including human hemoglobin,98,99 sGC,103,
104 cytochrome c′,105 partially unfolded106,107 myoglobins at pH 4,108,109 myoglobin
mutants with the proximal histidine detached from the polypeptide,110,111 the transcriptional
regulator CooA,112 NOS,113–115 cytochrome cbb3 oxidase,116 cystathionine beta-synthase,
117 human serum albumin,118 and FixL.119,120 Characterization of the vibrational dynamics
of five-coordinate ferrous nitrosyl porphyrins has direct relevance to important physiological
processes.

Here, we use NRVS measurements and DFT-based normal mode analysis to characterize the
vibrational dynamics of ferrous nitrosyl porphyrins that mimic the active site of five-coordinate
heme proteins. The measured spectra are considerably richer for ferrous nitrosyl porphyrins
than when the fifth ligand is imidazole,38 indicating that the diatomic ligand fundamentally
alters the Fe dynamics. Measurements on a series of ferrous nitrosyl porphyrins with varying
group substitutions on the periphery of the heme reveal significant variations in the vibrational
dynamics of the central Fe. As a result, meaningful comparison with vibrational predictions
requires a calculation on the full molecule, rather than a truncated fragment. DFT calculations
on ferrous nitrosyl tetraphenylporphyrin, Fe(TPP)(NO) (Fig. 1), as well as the [Fe(TPP)
(NO)]+ cation and ferrous nitrosyl porphine, Fe(P)(NO), yield detailed vibrational predictions.
For Fe(TPP)(NO), comparison of calculated and measured Fe dynamics reveals good overall
agreement on an absolute scale, suggesting that the calculation provides a reliable guide to the
character of the observed vibrational modes.

The predicted spectrum of Fe(TPP)(NO) is dominated by a number of pairs of modes that
involve Fe motion in the plane of the porphyrin. The NO binding geometry breaks the fourfold
symmetry of the Fe environment, and leads to predicted frequency splittings of the in-plane
modes in good accord with those observed experimentally. Two modes localized on the
nonlinear FeNO fragment are predicted, the N-O stretch and an Fe-NO stretch with significant
FeNO bending character. We are unable to identify a single mode with dominant FeNO bending
character in the vibrational spectrum of Fe(TPP)(NO). However, many of the predicted in-
plane Fe vibrations have a significant FeNO bending component. Modes associated with
hindered rotation of the NO and heme doming are predicted at low frequencies, where Fe
motion perpendicular to the heme is identified experimentally at 73 cm−1 and 128 cm−1. Heme
doming and ligand reorientation take place during diatomic ligands reactions with porphyrins,
and experimental identification of the corresponding vibrational modes is a first step toward
quantifying the reactive energetics of Fe porphyrins.

Methods
Porphyrin synthesis

For the NRVS measurements, all compounds were enriched in 57Fe to about 95%. Details of
the syntheses are given in the Supporting Information. The identities and purity of the samples
were confirmed by a combination of Mössbauer and IR spectroscopy. Because the single
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crystals of 57Fe(TPP)(NO) were too small to provide adequate signal, a 5×5 array, prepared
as described as in the Supporting Information, was used.

Spectroscopic measurements and analysis
NRVS measurements were performed at sector 3-ID-D of the Advanced Photon Source at
Argonne National Laboratory. A high-resolution X-ray monochromator121 tuned the energy
of the X-ray beam in the vicinity of the 14.4 keV resonance of 57Fe with a resolution of 0.85
meV = 7 cm−1. An APD detector with a 1 cm2 area detected fluorescence emitted by
excited 57Fe atoms. Pulses from the APD were recorded by a counter that was enabled after a
delay in order to discriminate the fluorescence photons, which arrive with a delay on the order
of the 140 ns excited state lifetime, from the large background of electronically scattered 14.4
keV photons, which arrive in coincidence with the X-ray pulse. The background count rate,
due to electronic noise and timing errors, is typically 0.03 Hz or less in the presence of a beam
with an X-ray flux of 109 Hz.

Polycrystalline powders of Fe(OEP)(Cl) and Fe(TPP)(NO) were loaded into a milled
depression on a sapphire block, and covered with a Mylar sheet. The Fe(TPP)(NO) crystal
array and other polycrystalline samples were loaded behind a thin X-ray window milled into
a polystyrene sample cup. The sample holder was then mounted on the cold finger of a He flow
cryostat with X-ray access through either a Mylar window or a beryllium dome.

The resulting spectra as a function of X-ray energy consist of a central resonance, due to the
nuclear excited state of 57Fe at E0 = 14.413 keV, and a series of sidebands corresponding to
creation or annihilation of one or more vibrational quanta coincident with excitation of
the 57Fe nucleus. The vibrational frequency ν̄is determined by the energy shift hcν̄ = E − E0
of a one-quantum transition from the recoilless nuclear resonance. A constant background
level, estimated on the basis of the observed signal at the high or low (negative) energy
extremes, is subtracted from the observed spectrum. Normalization of the spectrum according
to Lipkin’s sum rule16,122 then yields an excitation probability S(ν̄),  with peak areas for each
mode representing the mean square amplitude of the Fe. Subtraction of the central resonance
yields a vibrational excitation probability S ′(ν̄).

The program PHOENIX123 extracts an Fe-weighted vibrational density of states (VDOS)
D(ν̄) by removing multiphonon contributions, temperature dependence, and an overall factor
proportional to inverse frequency from the vibrational excitation probability S ′(ν̄). 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 ′(ν̄)/ S ′( − ν̄)equal the Boltzmann factor exp (hcν̄ /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. NRVS
measurements on Fe(TPP)(NO) powder were performed at 80 K. Most other polycrystalline
porphyrin samples were measured near 30 K. The absorption length is much shorter for the
6.4 keV photons that constitute most of the experimental signal than for the incident 14.4 keV
photons, and all measurements were recorded with the X-ray beam at grazing incidence.

To obtain information on the directions of the Fe motion (parallel or perpendicular to the
porphyrin plane), NRVS data were also obtained from an oriented array of Fe(TPP)(NO)
crystals. For the crystal measurements, the incident wave vector k→  made an angle of 6°to the
cell window, with which the porphyrin planes are aligned. Data recorded on an Fe foil at
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ambient temperature, to confirm the energy calibration of the monochromator, led to a small
rescaling of the the energy axis (< 2%) to satisfy the detailed balance condition in the case of
the Fe(TPP)(NO) crystal data. The estimated precision of the resulting experimental frequency
calibration is 0.3%.

For Raman measurements, Fe(TPP)(NO) was sealed in a 5 mm diameter NMR tube under one
atmosphere of NO gas. Raman scattering was excited from the spinning NMR tube using 413
nm output from a krypton laser. Scattered photons were dispersed and detected using a
monochromator (LabRamHR, JY Horiba) equipped with a nitrogen-cooled CCD detector and
an 2400 groove/mm grating. The frequency calibration was verified using Raman lines of
fenchone as a standard.

Computational methods
Density Functional Theory (DFT) is a quantum chemical approach for the calculation of the
vibrational modes and the geometry of transition metal complexes.24,29,33,62–66 Here, the
method is applied to the following five-coordinate model compounds: ferrous nitrosyl porphine
Fe(P)(NO), ferrous nitrosyl tetraphenylporphyrin Fe(TPP)(NO) and ferric nitrosyl
tetraphenylporphyrin [Fe(TPP)(NO)]+. All gradient-corrected DFT calculations were
performed with Gaussian 98,124 using the 6-31G* basis set for N, O, C and H atoms, and
Ahlrich’s VTZ basis set125 for the Fe atom. Calculations on all three molecules employed the
Becke-Lee-Yang-Parr composite exchange correlation functional (B3LYP)126,127, which
uses the VWN III functional for local and the LYP functional for nonlocal correlation.

In order to provide meaningful vibrational predictions, the molecular geometry is adjusted until
the calculated energy reaches a minimum. Diagonalization of the analytically determined
Hessian matrix then yields both the frequencies and the relative Cartesian displacements of
each atom for each of the 3N –6 vibrational modes of a molecule containing N atoms. The
fraction of the kinetic energy of the whole molecule corresponding to the motion of atom j is
calculated from these displacements for each mode (Eq. (1)). Unless noted otherwise, reported
frequencies and atomic displacements represent output from the Gaussian 98 calculation,
without frequency scaling.

The B3LYP calculation on Fe(TPP)(NO) suffered from spin contamination, since the
calculated value S (S + 1) = 1.1453 deviates significantly from the S = 1

2 ground state observed
for ferrous nitrosyl porphyrins.128–130 As a result, the Fe(TPP)(NO) calculation was repeated
using the BP86 functional131,132, which yielded S(S + 1) = 0.7502, in agreement with the
observed spin. The B3LYP calculation on Fe(P)(NO) yielded S(S + 1) = 0.7516.

Description of normal modes

The mode composition factors e jα,
2  which are equal to the fraction of the kinetic energy in

mode α due to the motion of atom j, provide a convenient quantitative comparison between
measurements and calculations.28 In general, the set of vectors e→ jα describe the linear

transformation Qα = ∑ j e
→
jα ⋅ r→ jm j

1/2 from the mass-weighted Cartesian displacements r→ j of
the individual atoms to the normal coordinates Qαof the system. The kinetic energy distribution
given by the mode composition factors e jα

2  provides a straightforward description of normal
mode character, because the Cartesian atomic displacements form an orthogonal basis, that is,
∑ j e jα

2 = 1. This contrasts with the nonorthogonal basis frequently used to describe the
potential energy distribution among the degrees of freedom in an empirical potential function,
which will depend on the functional form chosen for the potential.
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A normal mode calculation describes vibrational eigenvectors using a set of atomic
displacements {r→ j},  which directly determine the mode composition factors

e jα
2 =

mjr j
2

∑mjr j
2 . (1)

For comparison with measurements on oriented samples, it is convenient to project out the
kinetic energy fraction

(k̂ ⋅ e→ jα)2 =
mj(k̂ ⋅ r→ j)2
∑mjr j

2 (2)

due to motion of atom j along a direction k̂ .

Spectral areas in the NRVS data are conveniently interpreted in terms of the mode composition
factor e jα

2 , with j = Fe.28 In the low temperature limit, a fundamental transition nα → nα+ 1
contributes an area

φ = 1
3

ν̄R
ν̄ e jα

2 (n̄α + 1) f (3)

to the normalized excitation probability S(ν̄) Here, hcν̄R = Eγ
2/ 2mFec

2 = 1.96 meV is the
recoil energy of a free 57Fe nucleus upon absorption of a photon of energy Eγ = 14.4 keV,
n̄α = exp (hcν̄α/ kBT ) − 1 −1 is the thermal occupation factor for a mode of frequency
ν̄α at temperature T, and the recoilless fraction f = 1 − ∑φ.

The partial vibrational density of states (VDOS)

Dk̂(ν̄) =∑ (k̂ ⋅ e→ jα)2L (ν̄ − ν̄α) (4)

for atom j determined from measurements on a perfectly oriented sample takes the form of a
series of bands with areas28,133 (k̂ ⋅ e→ jα)2 equal to the squared projection of e→ jα along the
beam direction k̂  Contributions to the finite width of the normalized line shape function
L (ν̄ − ν̄α) include the 7 cm−1 experimental resolution, vibrational lifetime broadening, and
dispersion in the molecular crystal. Calculated VDOS are orientationally averaged for
comparison with experimental results. Measurements on oriented Fe(TPP)(NO) crystals are
averaged over the crystallographically imposed fourfold orientational disorder present in the
tetragonal crystals. If the X-ray beam makes an angle θ with a 3-fold or higher axis of rotational
symmetry parallel to the unit vector n̂, averaging of Eq. 4 over molecular orientations yields

Dk̂(ν̄) = D⊥(ν̄)cos
2 θ + D||(ν̄)sin

2 θ, (5)

where

D⊥(ν̄) = Σ(n̂ ⋅ e→ jα)
2L (ν̄ − ν̄α) (6)

is the partial VDOS along the symmetry axis (perpendicular to the porphyrin plane for Fe(TPP)
(NO)) and
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D||(ν̄) =∑
1
2 1 − n̂n̂) ⋅ e→ jα

2 L (ν̄ − ν̄α) (7)

is the partial VDOS perpendicular to the axis (parallel to the porphyrin plane).

Measurements on polycrystalline powders, or other randomly oriented samples, are compared
to the total VDOS

D(ν̄) =∑ e jα
2 L (ν̄ − ν̄α) (8)

In terms of the partial VDOS defined in Eqs. 6 and 7, D(ν̄) = D⊥(ν̄) + 2D||(ν̄). Notice that the
normalization of the total vibrational density of states, ∫dν̄D(ν̄) = 3, differs from the
normalization of the partial VDOS along direction k̂, ∫dν̄Dk̂ (ν̄) = 1.

Results
Fig. 2 presents NRVS data recorded on a series of porphyrins. Each spectrum results from an
average over multiple energy scans, followed by subtraction of a constant background and
normalization according to Lipkin’s sum rule16,122 to provide the excitation probability S(ν̄).
NRVS data were recorded near T = 30 K for most polycrystalline compounds and for the
oriented Fe(TPP)(NO) crystal array. Measurements were performed at 80 K and 67 K for
polycrystalline powders of Fe(TPP)(NO) and Fe(MPIXDME)(NO). In each case, comparison
of initial and final scans revealed no differences, confirming the absence of measurable
radiation damage.

We have previously reported both the measured excitation probability for polycrystalline Fe
(TPP)(NO)28 and total Fe VDOS D(ν̄) derived from the measured NRVS signal for both the
polycrystalline sample and the oriented array of Fe(TPP)(NO) crystals.37 The compounds
shown in Fig. 2 share the basic Fe porphyrin core (Fig. 1), but differ in the axial ligand (NO,
Cl−, or no axial ligand), Fe oxidation state, and peripheral substituents on the porphyrin.
Clearly, these factors lead to significant variations in mode structure, but inspection of Fig. 2
reveals some common features and allows tentative identification of some modes.

In particular, all five ferrous nitrosyl porphyrins (Fig. 2 c-g) have an Fe mode in the 520-540
cm−1 range. In contrast, neither the 4-coordinate reduced complex Fe(OEP), nor the 5-
coordinate ferric complex Fe(OEP)(Cl) show features above 400 cm−1. This suggests a
significant motion of the FeNO fragment for modes observed at 521 cm−1 in Fe(OEP)(NO),
533 cm−1 in Fe(DPIXDME)(NO), 526 cm−1 in Fe(MPIXDME)(NO), and 528 cm−1 in Fe
(PPIXDME)(NO), consistent with our previous identification of the mode at 539 cm−1 in Fe
(TPP)(NO)28,37 with Fe-NO stretching. On the other hand, the mode composition factors
determined from the spectral areas ( eFe

2  = 0.33 for Fe(OEP)(NO), eFe
2  = 0.27 for Fe(DPIXDME)

(NO), eFe
2  = 0.24 for Fe(MPIXDME)(NO), eFe

2  = 0.23 for Fe(PPIXDME)(NO), and eFe
2  = 0.30

for Fe(TPP)(NO)) vary significantly, with the extreme of the range approaching the value
eFe
2  = 0.34 expected for a two-body 57Fe-NO oscillator. The value reported here for Fe(TPP)

(NO), based on fitting a Voigt function to the 540 cm peak, is slightly lower than the value we
previously reported based on a Lorentzian fit to the same data.28

Raman investigations of ferrous nitrosyl porphyrins in solution have assigned Fe-NO
frequencies in the range 514 cm−1 to 530 cm−1.134–137 In particular, the Fe-NO stretching
frequency is identified at 527 cm−1 for Fe(PPIX)(NO) encapsulated in cholate micelles in
aqueous solution137 and ranges from 524 cm−1 to 527 cm−1 for Fe(TPP)(NO) in various
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solvents.134,136 Fe-NO frequencies were also reported at 527 cm−1 for both Fe(TPP)(NO)
and Fe(OEP)(NO) in pyridine,135 although these were originally believed to be six-coordinate
complexes with pyridine binding trans to NO. These observations essentially support our Fe-
NO assignment, but reported Fe-NO frequencies in solution at room temperature differ by up
to 13 cm−1 from the frequencies we measure in the solid state at low temperatures.

In an attempt to clarify this difference, we recorded Raman spectra on Fe(TPP)(NO) powders
(Fig. 3). To minimize possible photochemical artifacts, the sample was sealed in a rapidly
spinning NMR tube. With sufficiently restricted laser intensity, a band is apparent at 547
cm−1. Increasing the laser power by a factor of 100 resulted in reduction of the relative intensity
of this band (Fig. 3), accompanied by a shift of the high frequency ν4 marker band (not shown)
from 1369 cm−1 to 1361 cm−1, suggestive of NO photolysis. The difference between this 547
cm−1 Raman frequency and the 540 cm−1 frequency we observe in the NRVS spectra of the
low temperature powder is larger than the experimental uncertainty, but may be partly
attributed to the the 1.4 cm−1 57Fe/56Fe frequency shift expected28 between the 57Fe-enriched
NRVS and natural isotopic abundance Raman samples for a mode with eFe

2 =0.30.

Additional observations suggest that Raman measurements on this compound must be
interpreted with caution. Both low temperature FTIR measurements138 and DFT
calculations139 provide evidence for metastable linkage isomers of Fe(TPP)(NO), and
recovery of the low power Raman spectra following reduction of the laser power required
several minutes. As a result, it is difficult to exclude the possibility of laser-induced
photochemistry, even at the lowest laser intensity used here. Moreover, some identically
prepared samples showed a peak at the 527 cm−1 frequency reported for Fe(TPP)(NO) in
solution at room temperature,134–136 in addition to the 547 cm−1 frequency shown in Fig. 3.
We cannot fully resolve the experimental situation at the present time, but plan further Raman
measurements to characterize the potentially rich photochemistry of this molecule,138,139
following acquisition of a beam-scanning device that will allow further reductions in the
average laser intensity at the sample.

The data in Fig. 2 also raise questions about a previous tentative identification of the 470
cm−1 mode in Fe(TPP)(NO) with FeNO bending,37 since the other four nitrosyl porphyrins in
Fig. 2 reveal no mode with comparable amplitude near this frequency.

Another feature common to the ferrous complexes in Fig. 2 is the dominant contributions from
modes in the 300–400 cm−1 range. For Fe(TPP)(NO), we previously associated these modes
with stretching of the four in-plane Fe-Npyr bonds.28,37 For the ferric complex Fe(OEP)(Cl),
IR measurements led to assignment of the stretching of the Fe-Npyr bonds to a mode
observed140 at 275 cm−1, coincident with a cluster of modes observed in the NRVS signal
(Fig. 2b). These results suggest that the strength of the in-plane Fe-Npyr bonds is quite sensitive
to the oxidation state of the Fe.

Note that previous infrared140 and Raman141 investigations identified the Fe-Cl stretching
mode of Fe(OEP)(Cl) at 357 cm−1 and 364 cm−1, respectively. This corresponds with a peak
at 356 cm−1 in the NRVS signal having eFe

2  = 0.54, comparable to the value eFe
2  = 0.62 expected

for a two-body Fe-Cl oscillator.

The upper panel of Fig. 4 compares the experimentally determined vibrational density of states
for the oriented array of Fe(TPP)(NO) crystals with that for Fe(TPP)(NO) powder. The crystal
data is recorded with the incident X-ray beam 6° above the mean porphyrin plane, and the
partial VDOS Dk̂ (ν̄)  (Eq. 5) determined from this data is scaled up by a factor three for
comparison with the total VDOS D(ν̄)determined from powder measurements (Eq. 8). Since
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the NRVS measurement is only sensitive to Fe motion along the probe direction, the spectral
contribution of modes with predominantly in-plane Fe motion are enhanced and the
contribution of out-of-plane modes suppressed in the oriented crystal data.

The comparison of crystal and powder results in Fig. 4 identifies three modes at 74 cm−1, 128
cm−1, and 540 cm−1 with Fe motion perpendicular to the porphyrin plane. In contrast, Fe motion
parallel to the porphyrin plane makes the dominant contribution to modes in the 200 cm−1-500
cm−1 range. These observations are consistent with the assignment of the 540 cm−1 mode to
the out-of-plane Fe-NO stretch (because its relative amplitude is reduced in the “in-plane”
crystal spectrum), as well as the identification of the dominant features in the 300–400 cm−1

range with stretching of the in-plane Fe-Npyr bonds (because their amplitudes are enhanced in
the crystal spectrum).

In addition to intramolecular vibrations, translation of the entire molecule contributes to the
observed NRVS signal.28 In polycrystalline samples, acoustic modes will contribute to the
low frequency experimental VDOS. It is straightforward to identify the fraction of the total
VDOS that must be attributed to acoustic modes. For example, numerical integration of the
experimental VDOS of oriented Fe(TPP)(NO) crystals from zero to 62 cm−1 yields the area
∑eFe

2 = 3mFe/ M = 0.37 expected for translation of the entire molecule.28 The corresponding
area of the oriented crystal VDOS is marked for reference in the upper panel of Fig. 4. Acoustic
modes are undoubtedly distributed over a somewhat wider frequency range, but the
indicated magnitude of the spectral area is independent of a specific model for these modes.
As a result, we expect acoustic modes to dominate the experimental spectrum below 70
cm−1.

Although the removal of multi-phonon contributions by PHOENIX is only approximate for
randomly oriented molecules, the following observations suggest that no significant systematic
errors are introduced for well-resolved intramolecular vibrations of the polycrystalline samples
considered here. First, values determined from the area of features in the density of states agree
with those previously determined from direct analysis of the measured excitation probability.
28 Second, two- and three-phonon contributions to the measured excitation probability, as
determined by PHOENIX (Fig. 5), constitute less than 10% of the total integrated vibrational
excitation probability.

Fig. 5 indicates that multi-phonon contributions are no longer negligible below 70 cm−1, where
acoustic phonons dominate the NRVS signal. However, the calculations presented below are
performed on a single molecule, and thus yield no predictions about the latter vibrations. Thus,
we expect the density of states formulation to be an effective basis of comparison between
measured and calculated vibrational dynamics.

In order to obtain further insight into the vibrational dynamics of these molecules, we compare
the experimental results with DFT normal mode calculations for Fe(TPP)(NO). The complete
set of information on frequencies, amplitudes, and directions of Fe modes available from NRVS
measurements provides a critical test of the normal mode picture provided by the calculations.
It is clear from the experimental data in Fig. 2c-g that groups on the periphery of the porphyrin
affect the vibrational dynamics of the Fe. The calculation was thus performed on the full Fe
(TPP)(NO) molecule rather than a truncated model system, in order to evaluate the capabilities
of DFT on such a large molecule and to provide the most meaningful description of the normal
modes of the actual molecule. Additional calculations on [Fe(TPP)(NO)]+ and Fe(P)(NO)
provide insight into the influence of Fe electronic state, FeNO geometry, and peripheral
substituents on the vibrational dynamics of the Fe.
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Table 1 lists selected features of the calculated equilibrium geometry of Fe(TPP)(NO), [Fe
(TPP)(NO)]+, and Fe(P)(NO), together with values determined from crystal structures. In
general, the predicted geometries agree well with reported X-ray structures. In particular, the
DFT calculation reproduces the inequivalent Fe-Npyr bond lengths observed in recent structural
determinations.142 The Fe-Npyr inequivalence was also reproduced in previous DFT
calculations.138,143 An independent calculation on Fe(P)(NO)52 yielded a similar optimized
geometry. The Fe(TPP)(NO) calculation using the B3LYP functional overestimates the Fe-
NO bond length by almost 10 pm. As a result, the Fe(TPP)(NO) structure was reoptimized
using the BP86 functional, which leads to a 170 pm Fe-N bond length and other structural
features in good agreement with observations (Table 1). For Fe(P)(NO), the calculated 172 pm
Fe-N bond length agrees well with values observed for other ferrous nitrosyl porphyrins.

All 231 predicted normal modes of Fe(TPP)(NO) yield real frequencies, ranging from 1
cm−1 to 3296 cm−1 in the B3LYP calculation, and from 8 cm−1 to 3210 cm−1 in the BP86
calculation. Only a fraction of these modes contribute substantially to the predicted NRVS
signal. In both Fe(TPP)(NO) calculations, modes above 800 cm−1 contribute ∑′ eFe

2 ≤ 0.020,
indicating that the experimental frequency range (Fig. 2) is large enough to offer a
comprehensive picture of the Fe vibrational dynamics. Fig. 6 shows a cumulative sum of eFe

2

as a function of mode number, ranked in order of eFe
2 , and shows that 24 modes contribute 97%

of the total area of the B3LYP-predicted density of states for Fe(TPP)(NO). The predicted
frequencies of these modes range from 27 cm−1 to 476 cm−1. (In the BP86 prediction, 27 modes,
with frequencies ranging from 33 cm−1 to 623 cm−1, contribute 97% of the total area.) A
minority of the predicted modes also dominate the Fe vibrational dynamics of [Fe(TPP)
(NO)]+ and Fe(P)(NO).

Fig. 7 compares the vibrational densities of states predicted by the B3LYP and BP86
calculations with the experimental density of states for Fe(TPP)(NO) powder. The density of
states resulting from a calculation on the isolated molecule is a series of delta functions with
areas equal to eFe

2 , and translational motions, with an area corresponding to the intermolecular
modes in the experimental spectrum, occur at zero frequency and are not shown. All frequencies
are unscaled output from the Gaussian 98 calculation. The most significant difference among
the three densities of states is the frequency of the Fe-NO stretch. The 386 cm−1 Fe-NO
stretching frequency predicted by the B3LYP calculation is smaller than the measured 540
cm−1 frequency assigned to Fe-NO stretching above, possibly reflecting the excessive length
predicted for the Fe-NO bond using this functional. On the other hand, the 623 cm−1 frequency
resulting from the BP86 calculation overestimates the observed frequency, and the Fe-N bond
length is slightly shorter than the observed value. Both predicted N-O stretching frequencies
are larger than the observed144 1670 cm−1 value.

To facilitate comparison with the experimental VDOS, the lower two panels of Fig. 4 display
the predicted VDOS after artificially shifting the Fe-NO stretching modes to 540 cm−1 and
convolution with a Gaussian lineshape function. Predictions are shown for both powder and
oriented crystals, with in-plane modes making an increased, and out-of-plane modes a
decreased, contribution to the oriented crystal VDOS. Note that both experimental and
computational approaches directly provide vibrational amplitudes that can be compared on the
same absolute scale. We avoid the potentially misleading use of arbitrary scale factors. With
the exception of the Fe-NO stretch, predicted frequencies differ by less than 15 cm−1 between
the B3LYP and BP86 calculations for modes involving significant Fe motion ( eFe

2  > 0.02).
Again excepting Fe-NO, both DFT predictions exhibit good agreement with the measured
frequencies, amplitudes and directions of modes having a significant Fe contribution.
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Figs. 8 and 9 compare the vibrational predictions resulting from all three B3LYP calculations.
Fig. 8 displays the in-plane and out-of-plane contributions to the 57Fe VDOS, D||(ν̄) and
D⊥(ν̄) defined in Eqs. 7 and 6. The total VDOS, D(ν̄) = D⊥(ν̄) + 2D||(ν̄), was shown in Fig. 4
for the Fe(TPP)(NO) calculation. Fig. 9 focusses on the central FeNO fragment and displays
the kinetic energy distribution among the three atoms, as given by eFe

2 , eN
2 , and eO

2. In contrast
with the calculated spectra shown in Figs. 4 and 8, the results in Fig. 9 are displayed as stick
spectra, revealing some structure that would not be apparent at the experimental resolution.
The Supporting Information tabulates eFe

2 , eN
2 and eO

2 values for all predicted modes with more
than 10% of the mode energy associated with the FeNO fragment.

Discussion
DFT has been applied to vibrational analysis of molecules of increasing size, but the 361
electrons in Fe(TPP)(NO) approach the current practical limit. Although calculations on a
truncated porphyrin can provide qualitative insights into its vibrational properties,67,68,71,
73,136,147—151 experimental results (Fig. 2c–g) and calculations (Fig. 8) presented here
indicate that peripheral substituents significantly influence the vibrational dynamics of the Fe.
These results suggest that calculations on the complete Fe(TPP)(NO) molecule are needed for
quantitative comparison with the complete set of Fe vibrational frequencies, amplitudes, and
directions provided by NRVS measurements.

The optimized structures of Fe(TPP)(NO) and Fe(P)(NO) resulting from the DFT calculations
reproduce other features of the observed Fe coordination (Fig. 1, Table 1). In particular, the
predicted FeNO angle is within the range typically observed for ferrous nitrosyl porphyrins.
142,144,145,152,153 The calculated structures also reproduce small measured variations
among the in-plane Fe-Npyr bond lengths,142,152,153 as reported for previous calculations.
52,138,143 With the exception of the B3LYP calculation on Fe(TPP)(NO), the predicted Fe-
NO distances also agree well with observations. Geometrical differences between the
optimized structures of Fe(TPP)(NO) and [Fe(TPP)(NO)]+ resemble observed changes in iron
nitrosyl porphyrin structure with oxidation state (Table 1). The Fe-NO bond length is shorter
and the FeNO unit is nearly linear for [Fe(TPP)(NO)]+, consistent with observed structures of
ferric nitrosyl porphyrins.146,153

Since the calculations are performed on isolated molecules, they do not include intermolecular
interactions and precise prediction of the observed vibrational frequencies is not expected.
Nevertheless, the gas-phase calculations reproduce the pattern of vibrational amplitudes (on
an absolute scale) and the qualitative directions of Fe motion determined from measurements
on oriented crystals (Fig. 4). Except for the Fe-NO frequency, differences between the B3LYP
and BP86 predictions appear to be minimal. Successful DFT prediction of this detailed set of
experimental information engenders confidence that the calculations capture the character of
vibrational modes with a strong Fe component.

In this section, we emphasize a detailed discussion of the normal modes of Fe(TPP)(NO)
predicted by the B3LYP calculation, in comparison with NRVS observations. Qualitative
descriptions of Fe(TPP)(NO) modes predicted by the B3LYP calculation apply equally to
corresponding modes in the BP86 calculation, except where specifically indicated otherwise.
Calculations on the related molecules [Fe(TPP)(NO)]+ and Fe(P)(NO) provide further insight
into the nature of these vibrations, and the influence of oxidation state and peripheral
substituents.
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In-plane Fe-Npyr modes
Comparison of NRVS measurements on Fe(TPP)(NO) powder with oriented crystals shows
that Fe motion in the porphyrin plane dominates the 200–500 cm−1 region of the experimental
spectrum (Fig. 4), and several of the predicted modes of Fe(TPP)(NO) involve motion of Fe
within the plane defined by the coordinating pyrrole nitrogen (Npyr) atoms (Figs. 10, 11). For
a four-fold symmetric Fe coordination environment, such in-plane Fe modes will occur as
degenerate pairs with equal eFe

2  values. The direction of Fe motion in one mode of the pair will
be orthogonal to Fe motion in the other. A DFT calculation on the D4h-symmetric four-
coordinate Fe(P) revealed two degenerate mode pairs of eu symmetry involving stretching of
the Fe-pyrrole (Fe-Npyr) bonds.69 These modes were classified as ν50 and ν53, according to
the traditional porphyrin mode numbering scheme developed for Ni(OEP).154

Binding of a fifth ligand that breaks the fourfold symmetry of the Fe environment will lift the
degeneracy of the in-plane mode pairs, although the amplitudes are expected to remain nearly
equal. The Fe-Npyr stretching modes in the NRVS signal from photolyzed
carbonmonoxymyoglobin, for example, conform to this expectation.27 The x-y splitting of the
in-plane modes was also observed in a DFT calculation on the simplified model Fe(P)(Im) for
the deoxymyoglobin active site.71 We previously attributed the dominant experimental
features at 312 cm−1 and 333 cm−1 in Fe(TPP)(NO) to stretching of the Fe-pyrrole (Fe-Npyr)
bonds, and suggested that mixing with the FeNO bend contributed to the observed splitting
and asymmetric amplitude.28,37

A complex situation occurs in this region of the spectrum predicted from the B3LYP
calculation, where two pairs of modes, at 308/318 cm−1 and 317/334 cm−1, contribute (Fig.
10). Note that the 317/334 cm−1 mode pair have nearly equal Fe amplitudes, as do the 308/318
cm−1 pair (Fig. 9). However, the three modes at 308, 317, and 318 cm−1 cannot be resolved at
the experimental resolution, and appear as a single feature with a substantially larger area than
the resolved mode at 334 cm−1 (Fig. 4, middle panel). This strikingly reproduces the asymmetry
between the two features that dominate this region of the experimental VDOS (Fig. 4, top
panel).

The B3LYP-predicted 317 cm−1 and 318 cm−1 modes involve Fe motion in the porphyrin
plane, but approximately perpendicular to the FeNO plane. The Fe amplitude in the former
mode is greater by more than 30%. The predicted Fe motion in the 308 cm−1 and 334 cm−1

modes is approximately parallel to the FeNO plane. Unlike the 317 cm−1 and 318 cm−1 modes,
the 308 cm−1 and 334 cm−1 modes have a small component of Fe motion perpendicular to the
porphyrin plane. This out-of-plane component is oppositely directed for the two modes, and
accounts for less than 25% of the Fe kinetic energy. Examination of the predicted modes (Fig.
10) and the kinetic energy distribution (Fig. 9, also see Supporting Information) reveals
significant involvement of the ligand N. Vibrational mixing with FeNO bending and Fe-NO
stretching apparently contributes to the predicted frequency splitting and out-of-plane Fe
motion for the 308 cm−1 and 334 cm−1 frequencies.

The BP86 calculation also predicts four Fe modes in this frequency region, at 300 cm−1, 304
cm−1, 311 cm−1, and 333 cm−1. As in the B3LYP prediction, the highest and lowest frequency
modes of this cluster involve significant motion of the NO ligand, while there is little NO
involvement in the 304 cm−1 and 311 cm−1 modes. The detailed mode characters differ
somewhat, with the N motion is nearly perpendicular to the FeNO plane for the BP86-predicted
304 cm−1 and 311 cm−1 modes, and the Fe motion also having a significant component
perpendicular to this plane. However, the influence of these differences in mode character on
the predicted VDOS is limited to a modest increase in the frequency separation among the
three lowest frequency modes (Fig. 4, bottom panel).
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Other in-plane Fe modes predicted from the B3LYP calculation (Fig. 11) appear as isolated
pairs of nearly degenerate modes, as expected. In the one case where the predicted splitting is
larger than the experimental resolution, the predicted x-y splitting (241/253 cm−1) agrees well
with what is observed (236/248 cm−1).28 For two other pairs, at 410/413 cm−1 and at 474/476
cm−1, the predicted splittings are smaller than the experimental resolution. The reduced Fe
amplitudes (compared to the 308–334 cm−1 cluster) reflect a larger energy fraction due to
motions of the porphyrin, which are characteristic for each mode. For the predicted 241/253
cm−1 mode pair, two pyrrole rings translate with the Fe so as to minimize stretching of the Fe-
Npyr bonds along the direction that the Fe moves. This contrasts with the predicted 410/413
cm−1 mode pair, where the relative phase of Fe and pyrrole translation reverses, maximizing
stretching of the Fe-Npyr bonds along the direction that the Fe moves. In the BP86 prediction,
two overlapping pairs of modes appear at 400/406 cm−1 and 401/403 cm−1. For both pairs, the
relative Fe-pyrrole motion resembles that of B3LYP-predicted 410/413 cm−1 mode pair, but
the 401/403 cm−1 pair also involves significant internal distortion of the porphyrin and phenyl,
with a consequently reduced Fe amplitude. A mode pair at 236/251 cm−1 in the BP86 prediction
strongly resembles the B3LYP mode pair at 241/253 cm−1.

Fe motion accounts for approximately 10% of the total mode energy for the B3LYP-predicted
mode pair at 474/476 cm−1, where rotation of two pyrrole groups about the porphyrin normal
stretches the Fe-Npyr bonds orthogonal to the direction of the Fe motion. These modes resemble
the ν50 mode pair predicted for the four-coordinate complex Fe(P).69 In contrast to the results
of a normal mode calculation using an empirical force field,37 the predicted 474 cm−1 and 476
cm−1 modes have no significant contribution from FeNO bending. The BP86 calculation
predicts a mode pair with similar character at 461/466 cm−1.

Each of the in-plane Fe mode pairs predicted for Fe(TPP)(NO) corresponds closely, in average
frequency, frequency splitting, and amplitude, to an experimentally observed in-plane feature
(Fig. 4), and it is likely that Figs. 10 and 11 represent reliable descriptions of the character of
the modes responsible for the corresponding experimental features. However, both
experimental and computational results indicate that alteration of the specific constellation of
peripheral substituents on the porphyrin leads to significant variations in the in-plane Fe
vibrations. For example, other ferrous nitrosyl porphyrins lack a feature corresponding in both
frequency and amplitude to the band observed at 470 cm−1 for Fe(TPP)(NO) (Fig. 2). Similarly,
the nearly degenerate ν50 mode pair predicted at 474/476 cm−1 for Fe(TPP)(NO) using B3LYP
no longer appears after removal of the phenyl substituents to form Fe(P)(NO). Rather, a cluster
of four predicted modes at 406, 417, 434, and 444 cm−1 (Figs. 8 and 9) has mixed ν50 and
FeNO bending character for Fe(P)(NO). Further investigation will be required to establish the
detailed character of Fe modes in the 200–500 cm−1 region of ferrous iron nitrosyls other than
Fe(TPP)(NO).

Fe-ligand modes
The function of many heme proteins revolves around their interactions with diatomic ligands
such as NO, O2, and CO.7,85–87,92 As a result, vibrations of the Fe-diatomic unit have been
heavily investigated.11,12,155–158 Analysis of infrared and Raman data has focussed on
vibrational frequencies and, until recently,136,151 has typically relied on simplified three-body
models.137,156,157,159 A three-body analysis describes FeNO motion in terms of three
degrees of freedom, stretching of the Fe-N and N-O bonds and bending of the FeNO angle,
and predicts three vibrational modes. Because of the high order of the N-O bond, one of the
modes is a nearly pure N-O stretch, while the two remaining modes can be classified in terms
of their dominant character as Fe-NO stretching and FeNO bending. Here, we outline a richer
picture of the Fe-ligand vibrations, using experimental information on vibrational amplitudes
from NRVS data and DFT normal mode characterization of the entire molecule.
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We originally attributed the mode observed at 540 cm−1 in NRVS data on solid Fe(TPP)(NO)
at 80K to Fe-NO stretching,28 close to the reported 524 cm−1 Fe-NO stretching frequency in
the room temperature Raman spectrum of Fe(TPP)(NO) in benzene.136 The value eFe

2  = 0.30

determined from the NRVS data is close to the value eFe
2  = (mN + mO) / (mFe + mN + mO) =

0.34 expected for a two body Fe-NO oscillator, and an 8 cm−1 frequency shift of the
corresponding Raman band reported136 upon isotopic substitution with 15NO is also
qualitatively consistent with Fe-NO stretching. A previous normal mode analysis of Fe(TPP)
(NO) based on an empirical force field reproduced the Fe-NO mode at 540 cm−1 and also
predicted the 470 cm−1 mode to involve bending of the FeNO fragment.37

Experimental results presented here suggest a more complex interpretation. No mode with
amplitude comparable to the 470 cm−1 mode seen in the Fe(TPP)(NO) NRVS signal is observed
in the same frequency region for the other nitrosyl porphyrins examined, raising questions
about the proposed FeNO bending assignment.37 On the other hand, the appearance of a mode
in the 520–540 cm−1 region in the 57Fe NRVS signal of all ferrous nitrosyl porphyrins measured
(Fig. 2), and its absence in Fe(OEP) and Fe(OEP)(Cl), supports involvement of the FeNO
fragment. However, the observed Fe mode composition factor varies over a significant range
from eFe

2  = 0.23 for Fe(PPIXDME)(NO) to eFe
2  = 0.33 for Fe(OEP)(NO).

DFT normal mode analysis on iron nitrosyl porphyrins also suggests a slightly more complex
picture of the FeNO vibrations. Calculations on Fe(P)(NO) and Fe(TPP)(NO) predict two
vibrational modes with more than 95% of the mode energy localized on the FeNO unit, as
determined from the sum eFe

2 + eN
2 + eO

2 (see Supporting Information). In each case, the higher
frequency mode is a nearly pure N-O stretching mode. The lower frequency mode has a mixed
character, involving both Fe-NO stretching and FeNO bending (Fig. 12). Below, we identify
these modes as N-O stretch and Fe-NO stretch/bend, respectively. Neither the calculation nor
the experiment support the presence of a mode near 547 cm−1 involving torsion around the Fe-
NO bond in Fe(TPP)(NO), as suggested by a normal mode analysis based on an empirical force
field.37 In the [Fe(TPP)(NO)]+ calculation, mixing of the Fe-NO stretch/bend with a porphyrin
vibration results in a frequency splitting, but summation of eFe

2 + eN
2 + eO

2 over both modes still
yields 0.97.

Comparison of the B3LYP and BP86 predictions for Fe(TPP)(NO) reveals that the Fe-NO
stretch/bend frequency is highly sensitive to the details of the calculation. The Fe-NO stretch/
bend frequency shifts from 386 cm−1 to 623 cm−1 as the predicted bond length decreases from
181 pm to 170 pm. The predicted N-O stretching frequency decreases by 60 cm−1 (see
Supporting Information). Other mode frequencies are much less sensitive to the functional used
in the calculation (Fig. 4). Moreover, comparison of B3LYP calculations on Fe(TPP)(NO) and
[Fe(TPP)(NO)]+ in Fig. 8 suggests that modes other than the Fe-NO bend/stretch are much
less sensitive to changes in Fe electronic state. For the Fe(P)(NO) calculation, the predicted
565 cm−1 Fe-NO stretch/bend frequency and 172 pm Fe-N bond length are in good accord with
values expected from observations.

The mode character predicted for the FeNO stretch/bend also varies noticeably, as is apparent
from the mode representation in Fig. 12 and the kinetic energy distribution in Fig. 9 (see also
Supporting Information). For Fe(TPP)(NO), the B3LYP calculation predicts a fairly uniform
kinetic energy distribution among the three atoms, similar to a pure Fe-NO stretch with eFe

2  =

0.35, eN
2  = 0.30, and eO

2 = 0.35. For Fe(P)(NO), the central N atom of the FeNO fragment
carries the dominant kinetic energy fraction, consistent with a stronger component of FeNO
bending (Fig. 12). The predicted mode character of the Fe-NO stretch/bend mode predicted on
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the basis of the BP86 calculation on Fe(TPP)(NO) is intermediate. It is likely that such
variations in the relative amount of bending and stretching character contribute to observed
variations in the amplitude of the FeNO stretch bend among the series of ferrous nitrosyl
porphyrins in Fig. 2.

The B3LYP Fe(TPP)(NO) calculation identifies several other modes with significant
contributions from FeNO distortion. In the previous section, we noted significant FeNO
bending character for the 308 cm−1 and 334 cm−1 Fe-Npyr modes, in which Fe motion is
approximately parallel to the FeNO plane. Other predicted Fe(TPP)(NO) modes with
prominent bending character (Fig. 9) include a 186 cm−1 mode with eN

2  = 0.50 and a 292

cm−1 mode with eN
2  = 0.31. The BP86 calculation also predicts modes with significant FeNO

bending character at 195 cm−1 ( eN
2  = 0.35), 333 cm−1 ( eN

2  = 0.40), and 410 cm−1 ( eN
2  = 0.32).

The 410 cm−1 mode has a significant out-of-plane Fe component, visible in the lower panel of
Fig. 4. Neither B3LYP nor BP86 calculation suggest the presence of a single primary “bending
mode” with the mode energy localized on the FeNO unit, in contrast with what might be
expected on the basis of a simplified three-body analysis. Raman isotope-shift measurements
on cyanometmyoglobin have also revealed a number of modes with FeCN bending character.
160

The predicted contribution of FeNO bending to Fe(P)(NO) vibrations is qualitatively similar,
with prominent motion of the ligand N atom in modes at 205 cm−1 and 318 cm−1 (Fig. 9).
Similar to Fe(TPP)(NO), only the Fe-NO stretch/bend at 565 cm−1 and the N-O stretch at 1718
cm−1 are localized on the FeNO fragment in Fe(P)(NO). For the [Fe(TPP)(NO)]+ calculation,
the FeNO unit is linear, and the predicted N-O stretch and Fe-NO stretch remain localized on
the FeNO fragment. Although FeNO bending is associated primarily with a predicted pair of
modes at 451 cm−1 and 453 cm−1, only 56% of the mode energy is associated with the FeNO
fragment. We also note that the Fe amplitude of the 451 cm−1 and 453 cm−1 modes would be
too small to contribute to the [Fe(TPP)(NO)]+ NRVS signal.

Reactive modes
The function of many proteins ultimately involves making or breaking at least one chemical
bond, a process that takes place on a subpicosecond time scale. Ideally, vibrational
spectroscopy should provide quantitative information on the underlying reactive dynamics.
With few exceptions, however, frequency-domain vibrational investigations on biological
molecules focus on vibrational “spectators”, modes whose frequencies reflect changes in the
molecular conformation and environment.2–5 Indeed, these spectators or marker bands are
often important probes and can, in favorable cases, be calibrated to provide quantitative
information.10–12 However, the ability to characterize vibrational “participants”, degrees of
freedom that contribute to the reaction coordinate, would have great complementary value.

In particular, heme protein reactions with diatomic molecules involve Fe motion relative to the
mean porphyrin plane, and control of this out-of-plane Fe motion has been proposed as a means
for the protein to influence the reactivity of the active site and to communicate the state of the
heme to distant sites.7,161–164 However, comparison of equilibrium structures does not
quantify the relative contribution of the various atomic degrees of freedom to the reaction
energetics. On the other hand, ultrafast time-domain measurements on myoglobin directly
identify reaction-driven low frequency vibrations,8,9 but it remains a challenge to associate
these oscillations with specific atomic coordinates.

Low frequency modes involving Fe motion must contribute to the 57Fe NRVS signal, providing
a unique opportunity to specifically probe the contribution of Fe to the reaction dynamics. The
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ability to identify and characterize these reactive modes is a primary motivation for NRVS
studies on heme proteins and model compounds. However, the NRVS signal corresponding to
the observed reactive modes in myoglobin was significantly smaller than expected for a
localized heme doming mode, and we hypothesized that the mode acquires a more global
character in the protein, reducing the Fe amplitude.27

In contrast, we identified experimental features at 74 cm−1 and 128 cm−1 (Figs. 2, 4) in Fe
(TPP)(NO) as likely candidates for out-of-plane Fe displacement.28 Measurements on oriented
crystals of Fe(TPP)(NO) subsequently confirmed the out-of-plane character of these
modes37 (Fig. 4). DFT normal mode calculations provide more detailed predictions of the
underlying atomic motions, and we inspected the predicted low frequency modes of Fe(TPP)
(NO) for vibrations with potential reactive character (Fig. 13).

The dominant out-of-plane Fe mode in the predicted density of states appears at 109 cm−1 in
the B3LYP calculation, and resembles the heme “doming” mode proposed to influence heme
protein reactivity.7,163 In this mode, the iron atom moves out of the porphyrin plane and the
pyrrole groups swivel to follow, displacing the periphery of the ring in the direction opposite
to the Fe motion (Fig. 13). This calculation also predicts an out-of-plane mode at 27 cm−1, with
eFe
2  = 0.07, which resembles net translation of the entire porphyrin core, coupled with motion

of the four phenyl groups in the opposite direction (Fig. 13). No corresponding mode appears
in the Fe(P)(NO) prediction (Fig. 4), in which the phenyl groups are absent. Together with the
absence of predicted distortion of the porphyrin core of Fe(TPP)(NO), this suggests that the
27 cm−1 mode will not contribute significantly to the reactive dynamics of the porphyrin.

Several predicted low frequency modes involve reorientation of the bound NO, including two
features of the predicted 57Fe NRVS signal at 54 cm−1 and 77 cm−1. For the 77 cm−1 mode,
59% of the kinetic energy is associated with motion of the nitrosyl oxygen (Fig. 9), but
correlated motion of the Fe makes a modest contribution to the predicted 57Fe NRVS signal
(Figs. 4, 8). Oxygen motion takes place in the FeNO plane for the 77 cm−1 mode, while a
cluster of three modes at 51 cm−1, 54 cm−1, and 56 cm−1 involves torsion about the Fe-NO
bond, with a significant component of O motion perpendicular to the FeNO plane (Fig. 13).
Additional modes involving hindered rotation of the NO ligand occur at at 42 cm−1 and 44
cm−1 (Fig. 9), and are characterized by rotation of the NO ligand about axes perpendicular
and parallel to the FeNO plane, respectively. No measurable 57Fe NRVS signal is predicted
for the latter two modes.

Such orientational degrees of freedom provide another opportunity for heme proteins to
influence ligand binding and dissociation reactions. For example, a diatomic ligand
approaching the heme Fe may need to adopt a specific orientation in order to surmount the
barrier to binding. In myoglobin, a “docking site” has been proposed to hold photolyzed CO
in an orientation perpendicular to its orientation in the bound state and restrict rebinding to the
Fe.165

Structures with ligand orientations differing from the stable equilibrium geometry may also lie
on reaction pathways. For Fe(TPP)(NO), there is experimental and theoretical evidence138 for
an isomer with NO bound end on by the oxygen, which is metastable with respect to the
equilibrium N-bound geometry in Fig. 1. Isomers with distinctive vibrational properties have
been attributed to side-on binding of O2 to Fe porphyrins in low temperature Ar matrices.
166,167 Furthermore, theoretical investigations implicate ligand rotation as a likely reaction
coordinate for photodissociation of NO and O2 from ferrous porphyrins.168 For myoglobin,
trapping of the ligand in such metastable isomers may account for the reduced quantum yield
for photodissociation of NO and O2 compared to CO.169,170
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The correspondence between observed and predicted vibrational frequencies is somewhat less
apparent below 150 cm−1 (Fig. 4). It is conceivable that intermolecular interactions not included
in the present calculations on isolated molecules contribute to differences in frequencies and
relative Fe amplitudes. However, we propose that the observed 74 cm−1 and 128 cm−1 modes
correspond to the predicted out-of-plane Fe modes at 77 cm−1 and 109 cm−1. This is supported
by the diminished amplitudes of both modes in oriented crystals (Fig. 4). The relative
amplitudes of the two modes are more nearly equivalent in the experimental spectrum than in
the predicted signal, which would indicate some degree of vibrational mixing between the two
modes. The potential functional significance of the interaction of these reactive degrees of
freedom remains to be investigated.

Acoustic vibrations interfere with the identification of experimental NRVS signals that
correspond to the predicted porphyrin core translation and Fe-NO torsion modes at 27 cm−1

and 54 cm−1 in Fe(TPP)(NO). It is possible that the core translation mode may contribute to
the excess area in the powder VDOS below 30 cm−1 (Fig. 4). However, the predicted spectra
clearly resolve low frequency intramolecular vibrations.

The character of these low frequency modes appears to be relatively insensitive to details of
the calculation. Modes appearing at 33 cm−1, 54 cm−1, 88 cm−1, and 110 cm−1 in the BP86
calculation strongly resemble the B3LYP-predicted modes at 27 cm−1, 54 cm−1, 77 cm−1, and
109 cm−1 shown in Fig. 13.

In contrast, the nature of peripheral groups on the porphyrin ring strongly influences the
frequency of the doming mode. Previous DFT calculations on unsubstituted Fe(P) and Fe(P)
(Im) predicted doming frequencies between 89–99 cm−1 in low spin and between 63–72
cm−1 in high spin states.69,71 Increasing the pyrrole hydrogen mass to 15 reduces the predicted
doming frequencies by 17–34 cm−1.69 In the presence of more massive ethyl groups, the
predicted doming frequency of Fe(OEP)(Py)(CO) drops to 39 cm−1.44 In contrast to the effect
of pyrrole substituents, introduction of the four phenyl groups slightly increases the predicted
doming frequency from 103 cm−1 in Fe(P)(NO) to 109 cm−1 in Fe(TPP)(NO).

Effects of peripheral substituents on the low frequencies are also evident in the NRVS data on
the series of FeNO porphyrins shown in Fig. 2. For Fe(OEP)(NO), modes at 58 cm−1 (not
resolved from the acoustic mode background in Fig. 2) and 161 cm−1 dominate the out-of-
plane Fe VDOS determined from oriented single crystal NRVS measurements (to be published
elsewhere). The former frequency is close to a broad peak observed in far infrared
measurements on Fe(OEP)(Py)(CO).44

Summary and outloook
Quantitative information on the frequencies, amplitudes, and directions of Fe motion from
NRVS measurements provides a definitive test of the detailed normal mode predictions
provided by modern quantum chemical calculations. Taken together, these methods reveal a
consistent picture of the vibrational dynamics of iron nitrosyl porphyrins that is considerably
richer than previously available. Peripheral groups significantly influence the vibrational
dynamics of the Fe at the center of the porphyrin, necessitating calculation on the full molecule,
rather than a truncated fragment. Fe-NO stretch/bend modes are extremely sensitive to details
of the calculation, and NRVS measurements reveal substantial variations in Fe-NO mode
character among the porphyrins examined here. Bending of the FeNO fragment contributes to
several normal modes, but we are unable to identify a single primary FeNO bending mode for
Fe(TPP)(NO).

Most important, results presented here identify low frequency modes, including porphyrin
doming, expected to control the reactive energetics at the iron. The experimental identification
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of reactive low frequency Fe out-of-plane modes in Fe(TPP)(NO) establishes a quantitative
expectation for the amplitude of a doming mode localized at the heme, and lends credence to
the suggestion that vibrational mixing with polypeptide vibrations accounts for the reduced
signal for such modes in myoglobin.27 Moreover, the measurements and calculations described
here represent a crucial first step toward quantifying the reactive energetics of Fe porphyrins,
since these low frequency modes make the principal contribution to the energetics of Fe
displacement. In a subsequent publication, we will use NRVS measurements on oriented single
crystals to quantify the energetics of Fe displacement perpendicular to the porphyrin plane.

Supporting Information
A. Details of porphyrin synthesis

For NRVS measurements on ferric chloride, 57Fe-enriched Fe(OEP)(Cl) was purchased from
Midcentury Chemicals. All other compounds were synthesized for the NRVS measurements.

General Information—All reactions and manipulations were carried out using standard
Schlenkware techniques unless otherwise noted. Benzene was distilled over sodium and
benzophenone. Nitric oxide was purchased from Specialty Gases and purified by passing
through a trap containing 4 Å molecular sieves immersed in an ethanol/dry ice slurry. This
removes all higher oxides of nitrogen.1 Fe2O3, (95% enriched in 57Fe) was purchased from
Cambridge Isotope Laboratories. H2(OEP) was purchased from Midcentury Chemicals.
H2(DPIXDME), H2(MPIXDME) and H2(PPIXDME) were purchased from Porphyrin
Products. H2(TPP) was prepared according to the methods of Adler.2 The ferric
chlorides, 57Fe(Por)(Cl), were prepared using the metallation procedure described by
Landergren and Baltzer.3

Synthesis and isolation of 57FeII(OEP)—57Fe(OEP)(Cl) was converted to [57Fe
(OEP)]2O by shaking with aqueous NaOH solution and drying over MgSO4.4,5 150 mg of
[57Fe(OEP)]2O was dissolved in benzene prior to several freeze/pump/thaw cycles. The
reduction to four-coordinate 57FeII(OEP) was carried out according to Stolzenberg et al.6 by
the cannula addition of ~2.5 mL of ethanethiol. The solution was stirred overnight prior to
complete removal of all solvent under vacuum. This left the reddish solid 57FeII(OEP) coated
to the sides of the Schlenk flask. This complex is extremely susceptible to oxidation and hence,
never exposed to air in order to avoid re-oxidation to [57Fe(OEP)]2O. The Schlenk flask was
opened in a dry-box under a nitrogen atmosphere. The solid 57FeII(OEP) was loosened from
the sides of Schlenk flask by gentle mechanical pressure with a spatula. A small portion of
Apiezon M grease on the end of a second spatula was used to transfer the powder sample
of 57FeII(OEP) to a glass slide where it was thoroughly mixed with the grease to form a
concentrated homogenous mull which was loaded into the sample holder and transported and
stored in a biological dry-shipper prior to the NRVS measurements. A small portion of the
sample was also examined by Mössbauer spectroscopy at 4.2 K to confirm sample identity and
purity. The values of the isomer shift (0.68 mm/sec) and the quadrupole splitting (1.64 mm/
sec) agree with values reported previously.7

Synthesis of Polycrystalline 57Fe(Por)(NO)—Polycrystalline powder samples of the
five ferrous (nitrosyl)porphyrin complexes, 57Fe(Por)(NO) where Por = OEP, TPP,
DPIXDME, MPIXDME and PPIXDME, were prepared in a similar manner to the reductive
nitrosylation method described previously.8 120 mg of the ferric chloride 57Fe(Por)(Cl) was
dissolved in 5 mL of chloroform in a Schlenk flask. 0.5 mL of methanol and 0.1 mL of pyridine
were added and the solution purged with argon. Nitric oxide was bubbled through the solution
for approximately 5 minutes. The product was precipitated by addition of a large volume of
methanol, isolated by filtration upon sintered glass and washed with several portions of
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methanol. The resulting polycrystalline samples were mixed with minimal Apiezon M grease
and loaded into the sample holder. The identities and purity of the samples were confirmed by
a combination of Mössbauer and IR spectroscopy.

57Fe(TPP)(NO) Crystal Array—Single crystals of 57Fe(TPP)(NO) were prepared by a
modification of the above procedure. 25 mg of 57Fe(TPP)(Cl) was weighed in a 10 mL beaker
which was placed in a crystallization jar, sealed with a 3-hole Twistit rubber stopper and
evacuated and refilled with argon. 2.5 mL of chloroform, 0.5 mL of methanol and 2 drops of
pyridine were added to the beaker whilst 2 mL of chloroform and 2.5 mL of methanol were
added to the jar surrounding the beaker. Argon was bubbled through the jar by means of a 22
gauge needle, initially through the headspace then through the outer solution. The gas flow
was changed to nitric oxide which was bubbled through both solutions for approximately 5
minutes. The jar was sealed and crystals were found to form after 2 weeks.

Since the individual crystals were too small to provide adequate signal, 25 crystals were
arranged on the inner surface of a polystyrene sample cell in a 5 × 5 array. The unit cell
of 57Fe(TPP)(NO) contains a single molecular orientation with crystallographically required
eightfold disorder of the bound NO. The crystals possessed a regular tetragonal bipyramidal
morphology for which all molecules are arranged in a co-planar fashion coincident with the
basal plane of the crystal.8 The crystals within the array were immobilized in a bed of Apiezon
M grease and orientated such that the mean porphyrin plane lay parallel to the surface of the
sample holder. NRVS data were collected in grazing incidence, with the X-ray beam 6° from
the face of the sample cell.

B. FeNO kinetic energy distributions
The following tables give the predicted kinetic energy distributions on the FeNO fragment.
The fractional kinetic energies associated with motion of the Fe atom and the nitrosyl N and
O atoms are equal to eFe

2 , eN
2 , and eO

2, respectively. Only modes with at least 10% of kinetic

energy localized on the FeNO fragment ( eFe
2 + eN

2 + eO
2> 0.1) are included.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Calculated structure of ferrous nitrosyl tetraphenylporphyrin, Fe(TPP)(NO), resulting from
geometric optimization with the B3LYP functional and 6-31G* + VTZ basis set to minimize
the molecular energy. Selected structural parameters are reported in Table 1.

Leu et al. Page 25

J Am Chem Soc. Author manuscript; available in PMC 2006 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Measured 57Fe excitation probabilities for a series of iron porphyrins. All nitro-syl complexes
have an Fe-NO stretch/bend mode in the 520 – 540 cm−1 region. Comparison among the
nitrosyl complexes (c-g) reveals that peripheral groups strongly influence the vibrational
frequencies and amplitudes of the central Fe. Sample temperatures were 34 K for Fe(OEP), 30
K for Fe(OEP)(NO), 80 K for Fe(TPP)(NO), 35 K for Fe(DPIXDME)(NO), 34 K for Fe
(PPIXDME)(NO), and 64 K for Fe(MPIXDME)(NO). The Fe(OEP)(Cl) spectrum is an
average over multiple scans with an estimated average temperature of 87 K. Error bars reflect
Poisson statistics.
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Figure 3.
Raman spectra of Fe(TPP)(NO) powders, showing elimination of 547 cm−1 peak with
increasing laser flux. Scattering from powder in a spinning NMR tube was excited at 413.1
nm, using laser powers of 0.1 mW and 10 mW.
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Figure 4.
Comparison of the experimental VDOS determined from NRVS measurements on Fe (TPP)
(NO) (upper panel) with the VDOS predicted on the basis of DFT calculations using B3LYP
(center panel) and BP86 (lower panel) functionals. Black traces represent the partial VDOS 3
Dk̂ (ν̄)  for oriented crystals, scaled by a factor 3 for comparison with the total VDOS D(ν̄) of

unoriented polycrystalline powder (red traces). Since the X-ray beam direction k̂  lies 6° from
the porphyrin plane, modes involving Fe motion in the plane of the porphyrin are enhanced,
and modes with Fe motion primarily normal to the plane are suppressed, in the scaled oriented
crystal VDOS relative to the powder VDOS. Cross-hatching in the upper panel indicates the
area attributable to acoustic modes. In the lower two panels, the Fe-NO stretch/bend modes,
predicted at 386 cm−1 and 623 cm−1, have been artificially shifted to the observed 539 cm−1

frequency to facilitate comparison with the experimental results. Predicted VDOS are
convolved with a 10 cm−1 Gaussian.
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Figure 5.
One-, two-, and three-phonon contributions to the vibrational excitation probability S ′(ν̄) for
oriented crystals of Fe(TPP)(NO). At the 32 K temperature of the measurements, multiphonon
contributions constitute less than 10% of the total integrated vibrational excitation probability.
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Figure 6.
Cumulative contribution of vibrational modes to the Fe VDOS predicted on the basis of B3LYP
calculations on Fe(TPP)(NO), [Fe(TPP)(NO)]+, and Fe(P)(NO), and a BP86 calculation on Fe
(TPP)(NO). Modes are ranked in decreasing order of eFe

2  The inset shows an expanded view
for the first 20 modes. For Fe(TPP)(NO), 23 modes contribute 97% of the area of the total
B3LYP-predicted VDOS.
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Figure 7.
Direct comparison of measured and predicted vibrational densities of states for Fe(TPP)(NO).
The measured and calculated Fe-NO frequencies are indicated.
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Figure 8.
Predicted in-plane and out-of-plane contributions to the total Fe VDOS for Fe(TPP)(NO), [Fe
(TPP)(NO)]+, and Fe(P)(NO), predicted on the basis of B3LYP calculations. The partial
densities of states D⊥(ν̄) perpendicular to the porphyrin plane and D||(ν̄) parallel to the porphyrin
plane contribute to the total VDOS D(ν̄) Gaussian line shape functions L (ν̄ − ν̄α) with 8
cm−1 FWHM are used in Eqs. 7 and 6 to approximate the resolution of the experimental data.
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Figure 9.
Comparison of vibrational dynamics of Fe and the nitrosyl N and O atoms for Fe(TPP)(NO),
[Fe(TPP)(NO)]+, and Fe(P)(NO), predicted on the basis of B3LYP calculations. The heights
of the individual bars indicate the fraction of mode energy associated with each of these three
atoms. These stick spectra reveal fine structure that is not apparent after convolution with a
lineshape function, as in Fig. 7.
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Figure 10.
Four in-plane Fe modes, predicted on the basis of B3LYP calculations, contributing to the pair
of experimental features at 312 cm−1 and 333 cm−1 in the Fe(TPP)(NO). 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 vibrational amplitude of atom j. Color scheme:
cyan–iron, green–carbon, blue–nitrogen, red–oxygen. In this and other figures, hydrogens are
omitted for clarity.
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Figure 11.
Other modes with significant in-plane Fe motion, resulting from B3LYP calculations on Fe
(TPP)(NO). Arrows representing mass-weighted atomic displacements are 100(mj/mFe)1/2

times longer than the zero point vibrational amplitudes. Color scheme as in Fig. 10.
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Figure 12.
Predicted Fe-NO stretch/bend modes for Fe(TPP)(NO), [Fe(TPP)(NO)]+, and Fe(P)(NO). For
the linear FeNO fragment in [Fe(TPP)(NO)]+, the mode resembles a pure Fe-NO stretching
modes. In contrast, the relative contribution of Fe-NO stretching and FeNO bending character
differs considerably for the similar nonlinear FeNO fragments in Fe(TPP)(NO) and Fe(P)(NO).
Note that an independent mode with FeNO bending character is not identified for the B3LYP
calculation on Fe(TPP)(NO). Arrows representing mass-weighted atomic displacements are
100(mj/mFe)1/2 times longer than the zero point vibrational amplitudes. Color scheme as in
Figs. 10 and 11.
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Figure 13.
Predicted low frequency Fe modes of Fe(TPP)(NO), resulting from B3LYP calculations.
Modes at 27 cm−1, 54 cm−1, 77 cm−1, and 109 cm−1, respectively, primarily involve porphyrin
core translation, Fe-NO torsion, FeNO bending, and Fe out-of-plane motion coupled to doming
of the porphyrin core. Arrows representing mass-weighted atomic displacements are 100(mj/
mFe)1/2 times longer than the zero point vibrational amplitudes. Color scheme as in Figs. 10–
12.
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Table 1
Selected structural parameters for iron nitrosyl porphyrins

structural parameter Fe-Npyr
a Fe-NOa N-Oa ∠FeNO

Fe(TPP)(NO)b 200c 172 112 149°
measured Fe(OEP)(NO)d 199–202e 172 117 144°

Fe(DPIXDME)(NO)f 199–204e 172 119 143°
[Fe(OEP)(NO)]+g 199 164 111 177°
Fe(TPP)(NO) 201–203e 181 118 139°

calculatedh Fe(TPP)(NO) (BP86) 199–203e 170 119 143°
Fe(P)(NO) 201–203e 172 120 142°
[Fe(TPP)(NO)]+ 199–200e 161 115 180°

a
Bond length in pm.

b
Ref.144

c
Average bond length. NO disorder among eight equivalent orientations prevents observation of Fe-Npyr bond length inequivalences.

d
Monoclinic form, ref.142

e
Range of inequivalent bond lengths.

f
Ref.145

g
Solvated form of [Fe(OEP)(NO)]ClO4, ref.146

h
With the exception of the BP86 calculation on Fe(TPP)(NO), all calculations used the B3LYP exchange functional.
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Table 2
Predicted FeNO kinetic energy distribution for B3LYP calculation on Fe(TPP)(NO).

ν̄(cm−1) eFe
2 eN

2 eO
2 eFe

2 + eN
2 + eO

2

1781 0.00 0.55 0.45 1.00
476 0.10 0.00 0.00 0.10
474 0.10 0.00 0.00 0.10
386 0.39 0.35 0.23 0.97
334 0.36 0.28 0.02 0.66
318 0.21 0.01 0.00 0.22
317 0.35 0.01 0.00 0.36
308 0.26 0.16 0.01 0.43
292 0.08 0.31 0.01 0.40
268 0.03 0.11 0.05 0.19
253 0.13 0.00 0.00 0.13
216 0.05 0.12 0.08 0.25
195 0.04 0.12 0.14 0.32
186 0.02 0.50 0.02 0.54
109 0.27 0.09 0.11 0.47
77 0.01 0.06 0.59 0.66
56 0.01 0.00 0.14 0.15
44 0.00 0.04 0.19 0.23
42 0.00 0.03 0.54 0.57
27 0.07 0.02 0.03 0.12
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Table 3
Predicted FeNO kinetic energy distribution for BP86 calculation on Fe(TPP)(NO).

ν̄(cm−1) eFe
2 eN

2 eO
2 eFe

2 + eN
2 + eO

2

1721 0.00 0.57 0.43 1.00
623 0.27 0.49 0.19 0.95
466 0.15 0.03 0.01 0.19
461 0.10 0.01 0.00 0.11
410 0.14 0.32 0.15 0.62
333 0.24 0.40 0.01 0.65
300 0.24 0.08 0.01 0.33
280 0.06 0.09 0.09 0.24
251 0.12 0.00 0.01 0.13
236 0.14 0.03 0.03 0.20
232 0.06 0.01 0.04 0.11
195 0.03 0.35 0.02 0.40
110 0.24 0.08 0.09 0.40
88 0.01 0.09 0.55 0.65
60 0.00 0.02 0.09 0.11
44 0.00 0.01 0.35 0.36
40 0.00 0.02 0.14 0.16
37 0.00 0.03 0.41 0.44
33 0.07 0.02 0.03 0.11
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Table 4
Predicted FeNO kinetic energy distribution for B3LYP calculation on Fe(P)(NO).

ν̄(cm−1) eFe
2 eN

2 eO
2 eFe

2 + eN
2 + eO

2

1718 0.00 0.56 0.44 1.00
565 0.22 0.64 0.14 1.00
444 0.05 0.04 0.03 0.12
434 0.35 0.11 0.09 0.55
417 0.26 0.01 0.00 0.27
406 0.11 0.10 0.04 0.25
354 0.01 0.06 0.08 0.15
318 0.22 0.28 0.00 0.50
292 0.50 0.04 0.01 0.55
287 0.16 0.06 0.00 0.22
282 0.17 0.05 0.00 0.22
264 0.09 0.03 0.04 0.16
248 0.06 0.07 0.17 0.30
205 0.01 0.44 0.02 0.47
103 0.27 0.08 0.09 0.44
87 0.01 0.12 0.68 0.81
49 0.00 0.00 0.11 0.11
46 0.00 0.01 0.77 0.78
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Table 5
Predicted FeNO kinetic energy distribution for B3LYP calculation on [Fe(TPP)(NO)]+.

ν̄(cm−1) eFe
2 eN

2 eO
2 eFe

2 + eN
2 + eO

2

2001 0.00 0.61 0.38 0.99
742 0.11 0.04 0.07 0.22
729 0.31 0.15 0.29 0.75
484 0.11 0.05 0.00 0.16
481 0.12 0.08 0.01 0.21
453 0.00 0.50 0.05 0.55
451 0.00 0.51 0.05 0.56
406 0.09 0.12 0.01 0.22
403 0.04 0.10 0.01 0.15
323 0.53 0.00 0.00 0.53
314 0.31 0.03 0.01 0.35
308 0.16 0.00 0.00 0.16
305 0.08 0.04 0.06 0.18
261 0.14 0.00 0.00 0.14
249 0.14 0.02 0.01 0.17
230 0.03 0.05 0.02 0.10
224 0.05 0.08 0.02 0.15
117 0.26 0.07 0.08 0.41
73 0.00 0.05 0.65 0.70
72 0.00 0.03 0.50 0.53
53 0.01 0.05 0.26 0.32
48 0.01 0.02 0.07 0.10
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