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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) vyields frequencies, amplitudes, and directions for >’Fe 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 four-fold 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 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.

Introduction Significant progress has been made in identifying active-site
vibrations and relating them to the functional dynamics of
proteins®? Particularly effective are site-selective techniques
such as resonance Rantainfrared differencé,and femtosec-

* Northeastern University. ond coherend® spectroscopies. These methods only detect
* Steacie Institute for Molecular Science, National Research Council of Vibrations coupled to localized electronic excitations or to a

Vibrational spectroscopy provides an incisive probe of the
structure, dynamics, and reactivity of biological molecdies.

Cag‘scr’]?\)ersit of Notre Dame chemical reaction, enormously reducing spectral congestion due
Il Argonne {,aﬂonm Laboratory. to competing signals from the rest of the protein and surrounding
U Purdue University. solvent. In heme proteins, some active-site vibrations have been

(1) Abbreviations: NRVS, nuclear resonance vibrational spectroscopy (note ; ot ;
that the terms nuclear (resonant) inelastic X-ray scattering, and phonon- calibrated as quantitative markers for structural and electronic

assisted Mesbauer effect have also been used for this technique); DFT, changes at the protein active stfel?
density functional theory; NOS, nitric oxide synthase; sGC, soluble
guanylate cyclase; TPP, tetraphenylporphyrin; P, porphine; OEP, octaeth- (5) Barth, A.; Zscherp, CQ. Re. Biophys.2002 35, 369-430.

ylporphyrin; PPIXDME, protoporphyrin IX dimethyl ester; DPIXDME, (6) Rousseau, D. L.; Friedman, J. M. Biological Applications of Raman
deuteroporphyrin IX dimethyl ester; MPIXDME, mesoporphyrin IX di- SpectroscopySpiro, T. G., Ed.; Wiley-Interscience: New York, 1988; Vol.
methyl ester; VDOS, vibrational density of states;,Npyrrole nitrogen; 3, Chapter 4, pp 133-215.
Im, imidazole; Py, pyridine. (7) Sage, J. T.; Champion, P. M. Small Substrate Recognition in Heme Proteins.

(2) Spiro, T. G., EdBiological Applications of Raman Spectroscopyiley- In Comprehensie Supramolecular Chemistr§uslick, K. S., Ed.; Perga-
Interscience: New York, 1988. mon: Oxford, UK, 1996.

(3) Mantele, W.Trends Biochem. Scl1993 18, 197—202. (8) Zhu, L.; Sage, J. T.; Champion, P. Mciencel994 226, 629-632.

(4) Fayer, M. D., EdUltrafast Infrared and Raman Spectroscopyarcel- (9) Rosca, F.; Kumar, A.; lonascu, D.; Sjodin, T.; Demidov, A.; Champion,
Dekker: New York, 2001. P. M. J. Phys. Chem2001, 114, 10884-10898.
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However, important challenges remain. Selection rules inher- for a single atom in a complex molecule, because only the
ent to infrared and Raman spectroscopies prevent the observatiowibrational dynamics of the probe nucleus contribute to the
of many important active-site vibrations. For example, in-plane measured signal’Fe NRVS is a particularly promising method
vibrations of the heme Fe, which would probe the strength of to identify and characterize Fdigand modes at protein active
the Fe-pyrrole bonds, have not been identified in resonance sites!827.28.3¢43 Eor heme proteins, these include in-plane Fe
Raman spectra. This reflects the absence of coupling,of vibrations, which have not been reported in resonance Raman
vibrations with dipole-allowed electronic transitions in the investigations, and the Fémidazole stretch, which has not been
nominalD4, symmetry of the Fe porphyrin. Solvent absorption identified in six-coordinate porphyrins. Reactive Fe modes, such
and other experimental challenges also limit infrared studies of as heme domin§g?2744are of particular interest. The NRVS
proteins below 1000 cri. Reactive modes, which would signal is proportional to the mean square amplitude of the Fe

provide direct information on the energetics of chemical along the direction of the X-ray beam, aalll modes involving

reactions or conformational changes, lie at low frequeféies
and are rarely identified with traditional techniques.

significant Fe motion will contribute to the measured spectrum.
On the theoretical side, density functional theory (DFT)

One fundamental challenge in applying vibrational spectros- methods now predict ground-state properties for molecules of
copy to large molecules is assignment of observed vibrational increasing sizé>58 including detailed descriptions of their
frequencies with normal modes. Isotopic labeling of these large vibrational dynamicg#29.33.5966 These quantum chemical cal-

molecule&® remains demanding, despite recent progtéshntil

recently, normal-mode analysis of molecules containing more 31)

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

culations do not rely on empirical force constants or require
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nigue, reveals the complete vibrational spectrum of a probe

nucleust®35 NRVS achieves the ultimate limit of selectivity
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prior knowledge of related molecules to constrain the potential. this bond. More recently, activation of sGC has been attributed
The rich data set of vibrational frequencies, amplitudes, and to changes in polypeptide conformation that follow rupture of
directions available from NRVS provides a particularly rigorous this covalent link between the heme and the protein on NO
test of the ability of DFT calculations to predict the vibrational binding1°°-102 Five-coordinate nitrosyl hemes have now been
dynamics of transition metals at protein active sfteg? For reported in numerous proteins, including human hemog§isth,
small molecules that are available in large quantities, inelastic sSGC193104cytochromec’,19° partially unfolded®:1’myoglobins
neutron scattering (INS) can provide complementary quantitative at pH 4108199 myoglobin mutants with the proximal histidine
information about the vibrational dynamics of lighter nuéfef? detached from the polypeptid¥;1ithe transcriptional regulator
With rare exception& living organisms require Fe to exist.  Coo0AM?2NOS!13115cytochromecbh; oxidase!lé cystathionine
Many biological functions of this transition metal involve A-synthasél” human serum albumiHg and FixL119120Char-
reactions with diatomic ligands at the active site of heme acterization of the vibrational dynamics of five-coordinate
proteins®* where the Fe is located at the center of a porphyrin ferrous nitrosyl porphyrins has direct relevance to important
macrocycle. Heme protein reactions involving @ave been physiological processes.
particularly heavily studied85-8” Awareness of, and interest Here, we use NRVS measurements and DFT-based normal-
in, the important roles of diatomic molecules in intracellular mode analysis to characterize the vibrational dynamics of ferrous
signaling is increasing. In particular, NO is now implicated in nitrosyl porphyrins that mimic the active site of five-coordinate
awide range of intracellular processes, including blood pressureheme proteins. The measured spectra are considerably richer
regulation, neurotransmission, and immunoregulaffof. for ferrous nitrosyl porphyrins than when the fifth ligand is
The role of heme proteins in these diatomic signaling imidazole3® indicating that the diatomic ligand fundamentally
processes is now well-establishi&Both the source of endog-  alters the Fe dynamics. Measurements on a series of ferrous
enous NO, nitric oxide synthase (NOB)?* and its best- nitrosyl porphyrins with varying group substitutions on the
characterized target, soluble guanylate cyclase (S&Cre periphery of the heme reveal significant variations in the
heme proteins. NO binding weakens the bond to a trans ligatedvibrational dynamics of the central Fe. As a result, meaningful
imidazole, and early studies observed rupture of the- Fe comparison with vibrational predictions requires a calculation
imidazole bond following NO binding to the heme in T-state on the full molecule, rather than a truncated fragment. DFT

human hemoglobif?-°9 consistent with the expected strain in
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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
coldfinger 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 st&i€efatE, = 14.413
keV, and a series of sidebands corresponding to creation or annihilation
of one or more vibrational quanta coincident with excitation of the
5’Fe nucleus. The vibrational frequenzys determined by the energy
shift hcv = E — Ep of a one-quantum transition from the recoilless

Figure 1. Calculated structure of ferrous nitrosyl tetraphenylporphyrin, : :
Fe(TPP)(NO), resulting from geometric optimization with the B3LYP nuclear resonance. A constant background level, estimated on the basis

functional and 6-31G# VTZ basis set to minimize the molecular energy.  ©f the observed signal at the high- or low (negative)-energy extremes,
Selected structural parameters are reported in Table 1. Color scheme as irfS Subtracted from the observed spectrum. Normalization of the spectrum
Figure 10. according to Lipkin's sum rufé??then yields an excitation probability
S), with peak areas for each mode representing the mean square
The predicted spectrum of Fe(TPP)(NO) is dominated by a amplitude of the Fe. Subtraction of the central resonance yields a
number of pairs of modes that involve Fe motion in the plane Vibrational excitation probabilitys (7). _ -
of the porphyrin. The NO binding geometry breaks the four- _ 1he Program PHOENIX® extracts an Fe-weighted vibrational
fold symmetry of the Fe environment, and leads to predicted density of states (VDOSI)(v) by removing multiphonon co_ntr|but|o_ns,
" . . .. temperature dependence, and an overall factor proportional to inverse
frequency splittings of the in-plane modes in good accord with

. - frequency from the vibrational excitation probabil®y(»). Within the
those observed experimentally. Two modes localized on the pamonic approximation, the Fourier-log deconvolution procedure

nonlinear FeNO fragment are predicted, the® stretch and  employed by PHOENIX is rigorous for a singl&e site in an oriented
an Fe-NO stretch with significant FeNO bending character. sample or in a randomly oriented sample that is vibrationally isotropic.
We are unable to identify a single mode with dominant FENO  Measurements were recorded at low temperatures to minimize
bending character in the vibrational spectrum of Fe(TPP)(NO). multiphonon contributions. The requirement that the r&t{@)/S (—7)
However, many of the predicted in-plane Fe vibrations have a equal the Boltzmann factor expfr/kgT) yields the sample temperature.
significant FeNO bending component. Modes associated with Temperatures determined in this way are more reliable than the readings
hindered rotation of the NO and heme doming are predicted at from a sensor mounted below the sample, which are at least 15 K lower.
low frequencies, where Fe motion perpendicular to the heme is VRS measurements on Fe(TPP)(NO) powder were performed at 80
identified experimentally at 73 and 128 ci Heme doming K. Most other poly_crystalllne_porphyrm samples were measured near
. . . . . S 30 K. The absorption length is much shorter for the 6.4 keV photons
and !lgand .reorlentatlc.)n take place .durlng P"ato,”?'c !lgand that constitute most of the experimental signal than for the incident
reactions with porphyrins, and experimental identification of 14 4 kev photons, and all measurements were recorded with the X-ray
the corresponding vibrational modes is a first step toward peam at grazing incidence.
quantifying the reactive energetics of Fe porphyrins. To obtain information on the directions of the Fe motion (parallel
or perpendicular to the porphyrin plane), NRVS data were also obtained
Methods from an oriented array of Fe(TPP)(NO) crystals. For the crystal
Porphyrin Synthesis. 5Fe-enriched Fe(OEP)(CI) was purchased measurements, the incident wave vedtanade an angle of°6to the
from Midcentury Chemicals. All other compounds were enriched in cell window, with which the porphyrin planes are aligned. Data recorded
57Fe to about 95%. Details of the syntheses are given in the Supportingon an Fe foil at ambient temperature, to confirm the energy calibration
Information. The identities and purity of the samples were confirmed of the monochromator, led to a small rescaling of the energy &2%4)
by a combination of Mesbauer and IR spectroscopy. Because the single to satisfy the detailed balance condition in the case of the Fe(TPP)-
crystals ofS’Fe(TPP)(NO) were too small to provide adequate signal, (NO) crystal data. The estimated precision of the resulting experimental
a5x 5 array, prepared as described as in the Supporting Information, frequency calibration is 0.3%.
was used. For Raman measurements, Fe(TPP)(NO) was sealed in a 5-mm
Spectroscopic Measurements and Analysi®lRVS measurements  diameter NMR tube under one atmosphere of NO gas. Raman scattering
were performed at sector 3-ID-D of the Advanced Photon Source at was excited from the spinning NMR tube using 413 nm output from a
Argonne National Laboratory. A high-resolution X-ray monochroma- Krypton laser. Scattered photons were dispersed and detected using a
tor'2! tuned the energy of the X-ray beam in the vicinity of the 14.4 monochromator (LabRamHR, JY Horiba) equipped with a nitrogen-
keV resonance of’Fe with a resolution of 0.85 me¥ 7 cnTt. An cooled CCD detector and a 2400 groove/mm grating. The frequency
APD detector wih a 1 cn? area detected fluorescence emitted by excited calibration was verified using Raman lines of fenchone as a standard.
5"Fe 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  Density functional theory (DFT) is a quantum chemical approach
lifetime, from the large background of electronically scattered 14.4 keV for the calculation of the vibrational modes and the geometry of
photons, which arrive in coincidence with the X-ray pulse. The transition metal complexe$2°336266 Here, the method is applied to
background count rate, due to electronic noise and timing errors, is the following five-coordinate model compounds: ferrous nitrosyl
typically 0.03 Hz or less in the presence of a beam with an X-ray flux porphine Fe(P)(NO), ferrous nitrosyl tetraphenylporphyrin Fe(TPP)-
of 1° Hz. (NO), and ferric nitrosyl tetraphenylporphyrin [Fe(TPP)(NO)AII
Polycrystalline powders of Fe(OEP)(CI) and Fe(TPP)(NO) were gradient-corrected DFT calculations were performed with Gaussian

loaded into a milled depression on a sapphire block and covered with 98;** using the 6-31G* basis set for N, O, C, and H atoms, and
Ahlrich’s VTZ basis sé® for the Fe atom. Calculations on all three

Computational Methods

(120) Rodgers, K. R.; Lukat-Rodgers, G. S.; Tang,JLBiol. Inorg. Chem.
2000Q 5, 642-654. (122) Lipkin, H. J.Ann. Phys. (NY)L962 18, 182.
(121) Toellner, T. SHyp. Int.200Q 125, 3—28. (123) Sturhahn, WHyp. Int.200Q 125 149-172.
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molecules employed the Beckéee—Yang—Parr composite exchange
correlation functional (B3LYP)?5127which uses the VWN 1l func-
tional for local and the LYP functional for nonlocal correlation.

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 theN3— 6 vibrational modes of a molecule
containingN atoms. The fraction of the kinetic energy of the whole
molecule corresponding to the motion of atpiw calculated from these

Spectral areas in the NRVS data are conveniently interpreted in terms
of the mode composition factoufOU with j = FeZ In the low-
temperature limit, a fundamental transitiop — n, + 1 contributes
an area

6 =30, + 1) @)

to the normalized excitation probabili§(v). Here,hcrg = E§/2m:ec2
=1.96 meV is the recoil energy of a fré#e nucleus upon absorption

displacements for each mode (eq 1). Unless noted otherwise, reportec® & photon of energy, = 14.4 keV,n, = [exphcv/keT) — 1] *is
frequencies and atomic displacements represent output from thethe thermal occupation factor for a mode of frequencsit temperature

Gaussian 98 calculation, without frequency scaling.

The B3LYP calculation on Fe(TPP)(NO) suffered from spin
contamination, since the calculated vals(& + 1) = 1.1453 deviates
significantly from theS= %/, ground state observed for ferrous nitrosyl
porphyrinst?®-130 As a result, the Fe(TPP)(NO) calculation was repeated
using the BP86 functionaf!**2which yielded§S+ 1) = 0.7502, in

agreement with the observed spin. The B3LYP calculation on Fe(P)-

(NO) yieldedS(S + 1) = 0.7516.

Description of Normal Modes. The mode composition factoél,
which are equal to the fraction of the kinetic energy in moddue to
the motion of atomj, provide a convenient quantitative comparison
between measurements and calculatf§ms.general, the set of vectors
€« describe the linear transformatic@. = Y; éja‘ﬂﬂ]l/z from the
mass-weighted Cartesian displaceméhtsf the individual atoms to
the normal coordinated, of the system. Th&ineticenergy distribution
given by the mode composition factoaﬁ provides a straightforward

T, and the recaoilless fractioh= 1 — Y ¢.
The partial vibrational density of states (VDOS)

D7) = Y (k&) (7 = 7) (4)

for atomj determined from measurements on a perfectly oriented sample
takes the form of a series of bands with aP@&% (k -8,)? equal to the
squared projection d, along the beam directiok Contributions to

the finite width of the normalized line shape functigitv — 7,) include

the 7 cm! experimental resolution, vibrational lifetime broadening,
and dispersion in the molecular crystal. Calculated VDOS are orien-
tationally averaged for comparison with experimental results. Measure-
ments on oriented Fe(TPP)(NO) crystals are averaged over the
crystallographically imposed four-fold orientational disorder present
in the tetragonal crystals. If the X-ray beam makes an afgléth a
three-fold or higher axis of rotational symmetry parallel to the unit

description of normal mode character, because the Cartesian atomicVectorn, averaging of eq 4 over molecular orientations yields

displacements form an orthogonal basis, thatzﬁ,eji = 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.

A normal mode calculation describes vibrational eigenvectors using

a set of atomic displacemer{i§}, which directly determine the mode
composition factors

2
2 mr;

LT ®
]

[Dy(7) = D(¥) cos 0 + D, (¥) sirf 9 (5)

where

D7) = (€0 (7 = 7)) (6)

is the partial VDOS along the symmetry axis (perpendicular to the
porphyrin plane for Fe(TPP)(NO)) and

1
Dy () = ZE[(l — Af) & 17 (7 — 7,) @)

For comparison with measurements on oriented samples, it is convenients the partial VDOS perpendicular to the axis (parallel to the porphyrin

to project out the kinetic energy fraction

2 mk-T)?

Sy

due to motion of atonj along a directiork.

(k%) @)

(124) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C;
Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M.
W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, &ussian
98, revision A.3; Gaussian, Inc.: Pittsburgh, PA, 1998.

(125) Schafer, A.; Horn, H.; Ahlrichs, Rl. Phys. Chem1992 97, 2571.

(126) Becke, A. DJ. Chem. Phys1993 98, 5684.

(127) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(128) Wayland, B. B.; Olson, L. W0. Am. Chem. S0d.974 96, 6037-6041.

(129) Nasri, H.; Haller, K. J.; Wang, Y.; Huynh, B. H.; Scheidt, W.IRorg.
Chem.1992 31, 3459-3467.

(130) Hayes, R. G.; Ellison, M. K.; Scheidt, W. Rorg. Chem?200Q 39, 3665~
3668.

(131) Becke, A. DPhys. Re. A 1988 38, 3098-3100.
(132) Perdew, J. FPhys. Re. B 1986 33, 8822-8824.

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

D) = €/ (7= 7) ®)

In terms of the partial VDOS defined in eqs 6 and{y) = D(¥) +
2D, (¥). Notice that the normalization of the total vibrational density
of states,/dvD(¥) = 3, differs from the normalization of the partial
VDOS along directiork, /dvDy(#) = 1.

Results

Figure 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 rtfié??to provide
the excitation probability5(v). NRVS data were recorded near
T = 30 K for most polycrystalline compounds and for the
oriented Fe(TPP)(NO) crystal array. Measurements were per-
formed at 80 and 67 K for polycrystalline powders of Fe(TPP)-
(NO) and Fe(MPIXDME)(NO). In each case, comparison of

(133) Sturhahn, W.; Kohn, V. GHyp. Int. 1999 123 367—399.
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' ] 0.33 for Fe(OEP)(NO)g2, = 0.27 for Fe(DPIXDME)(NO),
p_'\ f Fe(PPIXDME)(NO) ] e, = 0.24 for Fe(MPIXDME)(NO), €2, = 0.23 for Fe-
i W/\ ] (PPIXDME)(NO), ande,Z:e = 0.30 for Fe(TPP)(NO)) vary

; A — h Y. o ORI significantly, with the extreme of the range approaching the
5«5\ g ] valuee?, = 0.34 expected for a two-bodfFe—NO oscillator.
W »  Fe(MPIXDME)(NO)] 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 dat&®

6 a
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2r e | ‘?
o t ¥ \"' :J b é
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9 ol \N-“ 4 N‘\ X '.\". ! i Figure 3. Raman spectra of Fe(TPP)(NO) powders, showing elimination
o [ of the 547 cm! peak with increasing laser flux. Scattering from powder in
Q o
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Figure 2. Measured>Fe excitation probabilities for a series of iron Raman investigations of ferrous nitrosyl porphyrins in solu-
porphyrins. All nitrosyl complexes have an+HO stretch/bend mode in tion have ass@neq FeNO frequencies in th? range 5i530.
the 520-540 cn region. Comparison among the nitrosyl complexes (¢~ ¢M™.1%*"1%7 In particular, the FeNO stretching frequency is
9) feveféls thalt peC]riphe]{arI]groups Sltrongly inﬂlllence the vibrational freque?- identified at 527 cm! for Fe(PPIX)(NO) encapsulated in cholate
cies 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-  Ticolles In agueous solutiéfiand rr?%“gf;from 52410 527 ¢
(DPIXDME)(NO), 34 K for Fe(PPIXDME)(NO), and 64 K for Fe-  for Fe(TPP)(NO) in various solvents’**Fe-NO frequencies
(MPIXDME)(NO). The Fe(OEP)(CI) spectrum is an average over multiple were also reported at 527 cifor both Fe(TPP)(NO) and Fe-
scans with an estimated average temperature of 87 K. Error bars reﬂect(OEp)(No) in pyriding3® although these were originally
Poisson statistics. believed to be six-coordinate complexes with pyridine binding
trans to NO. These observations essentially support our Fe
NO assignment, but reported FBIO frequencies in solution
at room temperature differ by up to 13 cifrom the
frequencies we measured in the solid state at low temperatures.

In an attempt to clarify this difference, we recorded Raman
spectra on Fe(TPP)(NO) powders (Figure 3). To minimize
possible photochemical artifacts, the sample was sealed in a
rapidly spinning NMR tube. With sufficiently restricted laser

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)(N&) and total Fe
VDOS D(») derived from the measured NRVS signal for both
the polycrystalline sample and the oriented array of Fe(TPP)-
(NO) crystals’” The compounds shown in Figure 2 share the

basic Fe porphyrin core (Figure 1) but differ in the axial ligand intensity, a band is apparent at 547 dmincreasing the laser

NO, CI~, or no axial ligand), Fe oxidation state, and peripheral . . .
gubstituents on the pgorph)yrin Clearly, these fact(frs IF()aad 1o Power by a factor of 100 resulted in reduction of the relative
o o . ) S - . intensity of this band (Figure 3), accompanied by a shift of the
significant variations in mode structure, but inspection of Figure

o ... __ high frequencw, marker band (not shown) from 1369 to 1361
2 reveals some common features and allows tentative identifica- _ =, . : . .
. cm~1, suggestive of NO photolysis. The difference between this
tion of some modes. 1
. . . . . 547 cnt! Raman frequency and the 540 chfrequency we
In particular, all five ferrous nitrosyl porphyrins (Figure 2 observe in the NRVS spectra of the low temperature powder is
c—g) have an Fe mode in the 52640 cnT! range. In contrast, P b P

; - larger than the experimental uncertainty but may be partly
neither the four-coordinate reduced complex Fe(OEP), nor the __ = 57 E6 .
five-coordinate ferric complex Fe(OEP)(CI) shows features attributed to the 1.4 cnt *'Fef%Fe frequency shift expectéd

. . n thé’Fe-enriched NRVS and natural i i ndan
above 400 cm. This suggests a significant motion of the FeNO between théFe-enriched S and natural isotopic abundance

fragment for modes observed at 521 @nin Fe(OEP)(NO), Raman samples for a mode W'@e = 0.30.
533 cnrlin Fe(DPIXDME)(NO), 526 cmt in Fe(MPIXDME)-

(134) Choi, I.-K.; Liu, Y.; Feng, D.; Paeng, K.-J.; Ryan, M. Dorg. Chem.

(NO), and 528 cm! in Fe(PPIXDME)(NO), consistent with 1991, 30, 1832-1839.

; H 4 H H _ 135) Lipscomb, L. A.; Lee, B. S.; Yu, N. Thorg. Chem1993 32, 281—286.
our pI‘EVIOQS identification of Fhe mode at 539 chin Fe(TPP) 5136; VcF))geI, K. M.; Kozlowski, P. M; Zgiersﬁi, M. Z.; Spiro, T. Gl. Am.
(NO)2887with Fe—NO stretching. On the other hand, the mode Chem. Soc1999 121, 9915-9921.
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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. Blue traces represent the partid(pQfsr oriented
crystals, scaled by a factor of 3 for comparison with the total VIXE®) of unoriented polycrystalline powder (red traces). Since the X-ray beam direction
k lies & 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. In-plane Fe modes domina&0herat0range of the
data, while Fe motion in modes observed at 74, 128, and 539 @mpredominantly out-of-plane. Crosshatching in the upper panel indicates the area
attributable to acoustic modes. In the lower two panels, theN&@ stretch/bend modes, predicted at 386 and 623'chave been artificially shifted to the
observed 539 cni frequency to facilitate comparison with the experimental results. Predicted VDOS are convolved with all@amssian.

Additional observations suggest that Raman measurementsobserve# at 275 cn?, coincident with a cluster of modes
on this compound must be interpreted with caution. Both low- observed in the NRVS signal (Figure 2b). These results suggest
temperature FTIR measureméfifsand DFT calculatiori$® that the strength of the in-plane Bl bonds is quite sensitive
provide evidence for metastable linkage isomers of Fe(TPP)- to the oxidation state of the Fe.

(NO), and recovery of the low-power Raman spectra following ~ Note that previous infraréé® and Ramat! investigations
reduction of the laser power required several minutes. As a identified the Fe-Cl stretching mode of Fe(OEP)(CI) at 357
result, it is difficult to exclude the possibility of laser-induced and 364 cm?, respectively. This corresponds with a peak at
photochemistry, even at the lowest laser intensity used here.356 cnr? in the NRVS signal havingZ, = 0.54, comparable
Moreover, some identically prepared samples showed a peakio the valueeﬁe = 0.62 expected for a two-body F€I

at the 527 cm! frequency reported for Fe(TPP)(NO) in solution  oscillator.

at room temperatur® 13 in addition to the 547 cmt The upper panel of Figure 4 compares the experimentally
frequency shown in Figure 3. We cannot fully resolve the determined vibrational density of states for the oriented array
experimental situation at the present time but plan further Ramanof Fe(TPP)(NO) crystals with that for Fe(TPP)(NO) powder.
measurements to characterize the potentially rich photochemistryThe crystal data is recorded with the incident X-ray begm 6
of this moleculée;?#1%%following acquisition of a beam-scanning  above the mean porphyrin plane, and the partial VDDE»)0
device that will allow further reductions in the average laser (eq 5) determined from these data is scaled up by a factor three
intensity at the sample. for comparison with the total VDO®(¥) determined from

The data in Figure 2 also raise questions about a previouspowder measurements (eq 8). Since the NRVS measurement is
tentative identification of the 470 crhmode in Fe(TPP)(NO)  only sensitive to Fe motion along the probe direction, the
with FeNO bending/ since the other four nitrosyl porphyrins  spectral contribution of modes with predominantly in-plane Fe
in Figure 2 reveal no mode with comparable amplitude near motion are enhanced, and the contribution of out-of-plane modes
this frequency. is suppressed in the oriented crystal data.

Another feature common to the ferrous complexes in Figure  The comparison of crystal and powder results in Figure 4
2 is the dominant contributions from modes in the 3@00 identifies three modes at 74, 128, and 540 &mith Fe motion
cm™* range. For Fe(TPP)(NO), we previously associated these perpendicular to the porphyrin plane. In contrast, Fe motion
modes with stretching of the four in-plane-Fdpyr bonds?837 parallel to the porphyrin plane makes the dominant contribution
For the ferric complex Fe(OEP)(CI), IR measurements led to to modes in the 200500 cnt? range. These observations are
assignment of the stretching of the-Rdy, bonds to a mode  ¢onsistent with the assignment of the 540 émode to the
out-of-plane Fe-NO stretch (because its relative amplitude is

(137) Tomita, T.; Hirota, S.; Ogura, T.; Olson, J. S.; Kitagawal. Phys. Chem.
B 1999 103 7044-7054.
(138) Cheng, L.; Novozhilova, I.; Kim, C.; Kovalevsky, A.; Bagley, K. A.; (140) Ogoshi, H.; Watanabe, E.; Yoshida, Z.; Kincaid, J.; Nakamotd, Km.

Coppens, P.; Richter-Addo, G. B. Am. Chem. So200Q 122, 7142- Chem. Soc1973 95, 2845-2849.
7143. (141) Kitagawa, T.; Abe, M.; Kyogoku, YJ. Phys. Chem1976 80, 1181~
(139) Wondimagegn, T.; Ghosh, A. Am. Chem. So2001, 123 5680-5683. 1186.
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Figure 5. One-, two-, and three-phonon contributions to the vibrational excitation probaSi(ity 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.

; ” Table 1. Selected Structural Parameters for Iron Nitrosyl
reduced in the “in-plane” crystal spectrum) as well as the Porphyrins

identification of the dominant features in the 36400 cnt?®
range with stretching of the in-plane +B8l,,, bonds (because
their amplitudes are enhanced in the crystal spectrum).

structural parameter
Fe—Np,® Fe-NO? N-0? OFeNO (deg)

. . . . . Measured

In addition to intramolecular vibrations, translation of the  re(tPP)(NO) 20¢ 172 112 149
entire molecule contributes to the observed NRVS sighhd. Fe(OEP)(NO) 199-202 172 117 144
polycrystalline samples, acoustic modes will contribute to the FFeé(DOPE')é)D('\N"g%?\;OI 199—210;; 1176%1 111191 11‘;37
low-frequency experimental VDOS. It is straightforward to Calculatedi
identify the fraction of the total VDOS that must be attributed  Fe(TPP)(NO) (B3LYP) 203203 181 118 139
to acoustic modes. For example, numerical integration of the EB(EPZ)éNO) (BP86) 2%91?38; gg gg ﬂg
experimental VDOS of oriented Fe(TPP)(NO) crystals from zero [Feé(T)é,P)()I\,O)T 199-20¢ 161 115 180
to 62 cnt!yields the areie,zze = 3med/M = 0.37 expected for
translation of the entire molecut® The corresponding area of 2Bond length in pm® Reference 144 Average bond length. NO

. . - disorder among eight equivalent orientations prevents observation-of Fe
the oriented crystal VDOS is marked for reference in the upper Npyr bond length inequivalence$Monoclinic form42 ¢Range of in-

panel of Figure 4. Acoustic modes are undoubtedly distributed equivalent bond lengthéReference 145! Solvated form of Fe(OEP)(N-

over a somewhat wider frequency range, but the indicated 0)]CIO4.1¢ "'With the exception of the BP86 calculation on Fe(TPP)(NO),
. .. ’ . all calculations used the B3LYP exchange functional.

magnitude of the spectral area is independent of a specific model

for these modes. As a result, we expect acoustic modes ©gensity of states formulation to be an effective basis of

dominate the experimental spectrum below 70°tm comparison between measured and calculated vibrational dy-
Although the removal of multiphonon contributions by namics.
PHOENIX is only approximate for randomly oriented mol- 4 gptain further insight into the vibrational dynamics of these

ecules, the following observations suggest that no significant molecules, we compare the experimental results with DFT
systematic errors are introduced for well-resolved intramolecular ,ormal mode calculations for Fe(TPP)(NO). The complete set

vibrations of the polycrystalline samples considered here. First, of information on frequencies, amplitudes, and directions of Fe
values determined from the area of features in the density of j,odes available from NRVS measurements provides a critical
states agree with those previously determined from direct test of the normal mode picture provided by the calculations. It
analysis of the measured excitation probabfftecond, two- is clear from the experimental data in Figure-2gcthat groups
and three-phonon contributions to the measured excitation g, the periphery of the porphyrin affect the vibrational dynamics
probability, as determined by PHOENIX (Figure 5), constitute of the Fe. The calculation was thus performed on the full Fe-
less than 10% of the total integrated vibrational excitation (TPP)(NO) molecule rather than a truncated model system to
probability. evaluate the capabilities of DFT on such a large molecule and

Figure 5 indicates that multiphonon contributions are no to provide the most meaningful description of the normal modes
longer negligible below 70 cmi, where acoustic phonons of the actual molecule. Additional calculations on [Fe(TPP)-
dominate the NRVS signal. However, the calculations presented (NO)]* and Fe(P)(NO) provide insight into the influence of Fe
below are performed on a single molecule and thus yield no electronic state, FeNO geometry, and peripheral substituents on
predictions about the latter vibrations. Thus, we expect the the vibrational dynamics of the Fe.
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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 aigeThﬁ 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 catchNiatéedigencies
are indicated.

Table 1 lists selected features of the calculated equilibrium  All 231 predicted normal modes of Fe(TPP)(NO) yield real
geometry of Fe(TPP)(NO), [Fe(TPP)(NO)land Fe(P)(NO), frequencies, ranging from 1 to 3296 ckin the B3LYP
together with values determined from crystal structures. In calculation, and from 8 to 3210 cthin the BP86 calculation.
general, the predicted geometries agree well with reported X-ray Only a fraction of these modes contributes substantially to the
structures. In particular, the DFT calculation reproduces the predicted NRVS signal. In both Fe(TPP)(NO) calculations,
inequivalent Fe-Npy; bond lengths observed in recent structural modes above 800 cm contributei’eﬁe =< 0.020, indicating
determination$#2 The Fe-Np,, inequivalence was also repro- that the experimental frequency range (Figure 2) is large enough
duced in previous DFT calculatioA®14® An independent  to offer a comprehensive picture of the Fe vibrational dynamics.
calculation on Fe(P)(N®J yielded a similar optimized geom-  Figure 6 shows a cumulative sumeigas a function of mode
etry. The Fe(TPP)(NO) calculation using the B3LYP functional number, ranked in order ﬁe, and shows that 24 modes
overestimates the FeNO bond length by almost 10 pm. As a  contribute 97% of the total area of the B3LYP-predicted density
result, the Fe(TPP)(NO) structure was reoptimized using the of states for Fe(TPP)(NO). The predicted frequencies of these
BP86 functional, which leads to a 170 pm-H¢ bond length modes range from 27 to 476 cf (In the BP86 prediction, 27
and other structural features in good agreement with observa-modes, with frequencies ranging from 33 to 623 ¢ém
tions (Table 1). For Fe(P)(NO), the calculated 172 pm-Re contribute 97% of the total area.) A minority of the predicted
bond length agrees well with values observed for other ferrous modes also dominate the Fe vibrational dynamics of [Fe(TPP)-

nitrosyl porphyrins. (NO)]* and Fe(P)(NO).

Figure 7 compares the vibrational densities of states predicted
(142) Scheidt, W, R, Duval, 1. F.; Neal, T. J; Elison, M. &.Am. Chem.  py the B3LYP and BP86 calculations with the experimental
(143) Ghosh, A.; Wondimagegn, J. Am. Chem. So@00Q 122, 8101. density of states for Fe(TPP)(NO) powder. The density of states
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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)(Bi@)Fe(P)(NO), predicted on the basis

of B3LYP calculations. The partial densities of stalegv) perpendicular to the porphyrin plane abg(v) parallel to the porphyrin plane contribute to the
total VDOSD(¥). Gaussian line shape functiopqv — 7,) with 8 cmm1 fwhm are used in eqs 7 and 6 to approximate the resolution of the experimental
data.
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resulting from a calculation on the isolated molecule is a series  Figures 8 and 9 compare the vibrational predictions resulting
of delta functions with areas equal éeﬂ and translational from all three B3LYP calculations. Figure 8 displays the in-
motions, with an area corresponding to the intermolecular modesplane and out-of-plane contributions to tHee VDOS,Dy(v)
in the experimental spectrum, occur at zero frequency and areand D(v), defined in eqs 7 and 6. The total VDOB(v) =
not shown. All frequencies are unscaled output from the Dp(v) + 2Dy(v), was shown in Figure 4 for the Fe(TPP)(NO)
Gaussian 98 calculation. The most significant difference among calculation. Figure 9 focuses on the central FeNO fragment and
the three densities of states is the frequency of the Nk@ displays the kinetic energy distribution among the three atoms,
stretch. The 386 cmt Fe—NO stretching frequency predicted as given byeie, eﬁ and eé In contrast with the calculated
by the B3LYP calculation is smaller than the measured 540 spectra shown in Figures 4 and 8, the results in Figure 9 are
cm~1 frequency assigned to F&O stretching above, possibly  displayed as stick spectra, revealing some structure that would
reflecting the excessive length predicted for the-R&® bond not be apparent at the experimental resolution. The Supporting
using this functional. On the other hand, the 623 tfrequency  Information tabulate®?,, €}, ande} values for all predicted
resulting from the BP86 calculation overestimates the observedmodes with more than 10% of the mode energy associated with
frequency, and the FeN bond length is slightly shorter than  the FeNO fragment.
the observed value. Both predicted-® stretching frequencies
are larger than the obsen/é#1670 cnt? value. Discussion

To facilitate comparison with the experimental VDOS, the
lower two panels of Figure 4 display the predicted VDOS after
artificially shifting the Fe-NO stretching modes to 540 crh
and convolution with a Gaussian line shape function. Predictions
are shown for both powder and oriented crystals, with in-plane
modes making an increased, and out-of-plane modes a de
creased, contribution to the oriented crystal VDOS. Note that
both experimental and computational approaches directly pro-
vide vibrational amplitudes that can be compaoadthe same
absolute scaleWe avoid the potentially misleading use of
arbitrary scale factors. With the exception of the-NO stretch, - -

. . . _ (145) Wyllie, G. R. A.; Scheidt, W. Rinorg. Chem.2003 42, 4259-4261.
predicted frequencies differ by less than 15¢rbetween the (146) Scheidt, W. R.; Lee, Y. J.; Hatano, K.Am. Chem. Sat984 106, 3191.
B3LYP and BP86 calculations for modes involving significant (147) (\:/r?ignel,Alé-taf\zflt-):ogozzslagwlslﬁll? M.; Zgierski, M. Z.; Spiro, T. Gnorg.
Fe motion €, > 0.02). Again excepting FeNO, both DFT (148) Spiro, T. G.; Zgierski, M. Z.; Kozlowski, P. MCoord. Chem. Re 2001,
predictions exhibit good agreement with the measured frequen-(149) |2=rahzen, S.: Fritsch, K.: Brewer, S.HPhys. Chem. B002 106 11641

cies, amplitudes, and directions of modes having a significant 11646.
; ; (150) Franzen, SJ. Am. Chem. So@002 124, 13271-13281.
Fe contribution. (151) Coyle, C. M. Vogel, K. M.; Rush, T. S.. ll; Kozlowski, P. M.; Williams,
R.; Spiro, T. G.; Dou, Y.; Ikeda-Saito, M.; Olson, J. S.; Zgierski, M. Z.
(144) Scheidt, W. R.; Frisse, M. B. Am. Chem. Sod.975 97, 17—21. Biochemistry2003 42, 4896-4903.

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 propertie87:68.71.73,136,147151 experimental results
(Figure 2 ¢-g) and calculations (Figure 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
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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)(NQ)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

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 measure-
ments on oriented crystals (Figure 4). Except for the-R©®
frequency, differences between the B3LYP and BP86 predic-
tions 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)(N@jid Fe-
(P)(NO) provide further insight into the nature of these
vibrations, and the influence of oxidation state and peripheral
substituents.

In-plane Fe—Npy; Modes. Comparison of NRVS measure-
ments on Fe(TPP)(NO) powder with oriented crystals shows
that Fe motion in the porphyrin plane dominates the-2600
cm~*region of the experimental spectrum (Figure 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 (Figures 10, 11). For a four-fold symmetric Fe
coordination environment, such in-plane Fe modes will occur
as degenerate pairs with eqﬁg 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 thB4s-symmetric four-
coordinate Fe(P) revealed two degenerate mode pairg, of
symmetry involving stretching of the Feyrrole (Fe-Npy)

atoms. These stick spectra reveal fine structure that is not apparent afterbonds®® These modes were classifiediag andvss, according

convolution with a line shape function, as in Figure 7.

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 (Figure 1, Table 1). In particular,
the predicted FeNO angle is within the range typically observed
for ferrous nitrosyl porphyring?2.144.145.152.153The calculated

structures also reproduce small measured variations among th(?)

in-plane Fe-Np,, bond lengths#2:15215%s reported for previous
calculation$2138.143ith the exception of the BSLYP calcula-
tion on Fe(TPP)(NO), the predicted MO 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 F&O bond length is
shorter, and the FeNO unit is nearly linear for [Fe(TPP)(NQ)]
consistent with observed structures of ferric nitrosyl porphy-
rins.146v153

Since the calculations are performed on isolated molecules,
they do not include intermolecular interactions, and precise
prediction of the observed vibrational frequencies is not

(152) Ellison, M. K.; Scheidt, W. RJ. Am. Chem. Sod997, 119, 7404~
7405.
(153) Wyllie, G. R. A.; Scheidt, W. RChem. Re. 2002 102, 1067-1090.

to the traditional porphyrin mode-numbering scheme developed
for Ni(OEP)154

Binding of a fifth ligand that breaks the four-fold 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 FeNpy, stretching modes in the NRVS signal
from photolyzed carbon monoxymyoglobin, for example, con-
form to this expectatioA! 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 sitewe
reviously attributed the dominant experimental features at 312
and 333 cmt in Fe(TPP)(NO) to stretching of the Feyrrole
(Fe—Npyr) bonds and suggested that mixing with the FeNO bend
contributed to the observed splitting and asymmetric ampli-
tude?837

A complex situation occurs in this region of the spectrum
predicted from the B3LYP calculation, where two pairs of
modes, at 308/318 cm and 317/334 cmt, contribute (Figure
10). Note that the 317/334 cm mode pair have nearly equal
Fe amplitudes, as do the 308/318¢mair (Figure 9). However,
the three modes at 308, 317, and 318 ¢wannot be resolved
at the experimental resolution, and appear as a single feature
with a substantially larger area than the resolved mode at 334
cm! (Figure 4, middle panel). This strikingly reproduces the

(154) Abe, M.; Kitagawa, T.; Kyogoku, YJ. Chem. Phys1978 69, 4526~
4534.
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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 and 333 cm
in Fe(TPP)(NO). Arrows represent the mass-weighted displacements of the individual atoms. For ease of visualization, each amgimig)100iMes

longer than the zero-point vibrational amplitude of atpr@olor scheme: cyarr iron, green= carbon, blue= nitrogen, red= oxygen. In this and other
figures, hydrogens are omitted for clarity.

asymmetry between the two features that dominate this regionmotion nearly perpendicular to the FeNO plane for the BP86-
of the experimental VDOS (Figure 4, top panel). predicted 304 and 311 crh modes, and the Fe motion also
The B3LYP-predicted 317 and 318 ciimodes involve Fe  having a significant component perpendicular to this plane.
motion in the porphyrin plane, but approximately perpendicular However, the influence of these differences in mode character
to the FeNO plane. The Fe amplitude in the former mode is on the predicted VDOS is limited to a modest increase in the
greater by more than 30%. The predicted Fe motion in the 308 frequency separation among the three lowest frequency modes
and 334 cm! modes is approximately parallel to the FeNO (Figure 4, bottom panel).
plane. Unlike the 317 cnt and 318 cm® modes, the 308 and Other in-plane Fe modes predicted from the B3LYP calcula-
334 cm! modes have a small component of Fe motion tion (Figure 11) appear as isolated pairs of nearly degenerate
perpendicular to the porphyrin plane. This out-of-plane com- modes, as expected. In the one case where the predicted splitting
ponent is oppositely directed for the two modes and accountsis larger than the experimental resolution, the predictegt
for less than 25% of the Fe kinetic energy. Examination of the splitting (241/253 cm?) agrees well with what is observed (236/
predicted modes (Figure 10) and the kinetic energy distribution 248 cnt?).28 For two other pairs, at 410/413 and 474/476¢ém
(Figure 9, also see Supporting Information) reveals significant the predicted splittings are smaller than the experimental
involvement of the ligand N. Vibrational mixing with FeNO  resolution. The reduced Fe amplitudes (compared to the-308
bending and FeNO stretching apparently contributes to the 334 cnt? cluster) reflect a larger energy fraction due to motions
predicted frequency splitting and out-of-plane Fe motion for of the porphyrin, which are characteristic for each mode. For
the 308 and 334 crit frequencies. the predicted 241/253 crh mode pair, two pyrrole rings
The BP86 calculation also predicts four Fe modes in this translate with the Fe so as to minimize stretching of the Fe
frequency region, at 300, 304, 311, and 333 &nAs in the Npyr bonds along the direction that the Fe moves. This contrasts
B3LYP prediction, the highest and lowest frequency modes of with the predicted 410/413 crh mode pair, where the relative
this cluster involve significant motion of the NO ligand, while phase of Fe and pyrrole translation reverses, maximizing
there is little NO involvement in the 304 and 311 thmodes. stretching of the FeNpyr bonds along the direction in which
The detailed mode characters differ somewhat, with the N the Fe moves. In the BP86 prediction, two overlapping pairs of
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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{me)Y/? times longer than the zero-point vibrational amplitudes. Color scheme as in Figure 10.

modes appear at 400/406 and 401/403 &nkor both pairs, of a normal mode calculation using an empirical force fi€ld,
the relative Fe-pyrrole motion resembles that of B3LYP- the predicted 474 and 476 chimodes have no significant
predicted 410/413 cnmt mode pair, but the 401/403 crhpair contribution from FeNO bending. The BP86 calculation predicts
also involves significant internal distortion of the porphyrin and a mode pair with similar character at 461/466ém
phenyl, with a consequently reduced Fe amplitude. A mode pair  Each of the in-plane Fe mode pairs predicted for Fe(TPP)-
at 236/251 cm? in the BP86 prediction strongly resembles the (NO) corresponds closely, in average frequency, frequency
B3LYP mode pair at 241/253 cmh splitting, and amplitude, to an experimentally observed in-plane
Fe motion accounts for approximately 10% of the total mode feature (Figure 4), and it is likely that Figures 10 and 11
energy for the B3LYP-predicted mode pair at 474/476°§m  represent reliable descriptions of the character of the modes
where rotation of two pyrrole groups about the porphyrin normal responsible for the corresponding experimental features. How-
stretches the FeNyy, bonds orthogonal to the direction of the ever, both experimental and computational results indicate that
Fe motion. These modes resemble thgmode pair predicted  alteration of the specific constellation of peripheral substituents
for the four-coordinate complex Fe(f)ln contrast to the results  on the porphyrin leads to significant variations in the in-plane
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Fe(TPP)(NO) - B3LYP Fe(TPP)(NO) - BP86 Fe(P)(NO)  [Fe(TPP)(NO)]*
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Figure 12. Predicted FeNO stretch/bend modes for Fe(TPP)(NO), [Fe(TPP)(NOahd Fe(P)(NO). For the linear FeNO fragment in [Fe(TPP)(NO)]

the mode resembles a pure-R¢O stretching mode. In contrast, the relative contribution of R® 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 dominant FeNO bending character is not
identified for the B3LYP calculation on Fe(TPP)(NO). Arrows representing mass-weighted atomic displacementsrgfeéipG(times longer than the
zero-point vibrational amplitudes. Color scheme as in Figures 10 and 11.

Fe vibrations. For example, other ferrous nitrosyl porphyrins NRVS data is close to the valm,fgze = (Mn + Mo)/(Mee + My

lack a feature corresponding in both frequency and amplitude + mg) = 0.34 expected for a two-body F&IO oscillator, and

to the band observed at 470 chfor Fe(TPP)(NO) (Figure 2). an 8 cnt! frequency shift of the corresponding Raman band
Similarly, the nearly degeneratg, mode pair predicted at 474/  reported®® upon isotopic substitution witfFPNO is also quali-
476 cm! for Fe(TPP)(NO) using B3LYP no longer appears tatively consistent with FeNO stretching. A previous normal-
after removal of the phenyl substituents to form Fe(P)(NO). mode analysis of Fe(TPP)(NO) based on an empirical force field
Rather, a cluster of four predicted modes at 406, 417, 434, andreproduced the FeNO mode at 540 cmt and also predicted
444 cnr? (Figures 8 and 9) has mixedo and FeNO bending  the 470 cm! mode to involve bending of the FeNO fragméht.

character for Fe(P)(NO). Further investigation will be required  Experimental results presented here suggest a more complex
to establish the detailed character of Fe modes in the-300 interpretation. No mode with amplitude comparable to the 470
cm region of ferrous iron nitrosyls other than Fe(TPP)(NO). cm1 mode seen in the Fe(TPP)(NO) NRVS signal is observed
Fe-Ligand Modes. The function of many heme proteins  jn the same frequency region for the other nitrosyl porphyrins
revolves around their interactions with diatomic |IgandS such examined’ ra|s|ng ques“ons about the proposed FeNO bend|ng
as NO, Q, and CO'#587:92As a resullt, vibrations of the Fe  assignment? On the other hand, the appearance of a mode in
diatomic unit have been heavily investigatéd?1°5158 Analysis the 520-540 cn region in the?’Fe NRVS signal of all ferrous
of infrared and Raman data has focused on vibrational frequen-nitrosyl porphyrins measured (Figure 2), and its absence in Fe-
cies and, until recentl{?®**has typically relied on simplified  (OEP) and Fe(OEP)(CI), supports involvement of the FeNO

three-body modetd” 15615715 three-body analysis describes  fragment. However, the observed Fe mode composition factor
FeNO motion in terms of three degrees of freedom, stretching yaries over a significant range frore?, = 0.23 for Fe-

of the Fe-N and N-O bonds and bending of the FeNO angle, (PPIXDME)(NO) toeﬁe = 0.33 for Fe(OEP)(NO).
and predicts three vibrational modes. Because of the high order
of the N—O bond, one of the modes is a nearly pure®
stretch, while the two remaining modes can be classified in terms
of their dominant character as +BIO stretching and FeNO
bending. Here, we outline a richer picture of thefigand
vibrations, using experimental information on vibrational am-
plitudes from NRVS data and DFT normal mode characteriza-
tion of the entire molecule.

We originally attributed the mode observed at 540 ¢&iim
NRVS data on solid Fe(TPP)(NO) at 80 K to-FdO stretch-
ing,28 close to the reported 524 crh Fe—NO stretching
frequency in the room-temperature Raman spectrum of Fe(TPP)-
(NO) in benzené?® The valuee?, = 0.30 determined from the

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 égﬁ#

& + €& (see Supporting Information). In each case, the
higher-frequency mode is a nearly pure-0 stretching mode.
The lower-frequency mode has a mixed character, involving
both Fe-NO stretching and FeNO bending (Figure 12). Below,
we identify these modes asO stretch and FeNO stretch/
bend, respectively. Neither the calculation nor the experiment
supports the presence of a mode near 547'énvolving torsion
around the FeNO bond in Fe(TPP)(NO), as suggested by a
(155) Potter, W. T.; Tucker, M. P.; Houtchens, R. A.; Caughey, W. S. Nnormal-mode analysis based on an empirical force fiela.

Biochemistry1987, 26, 4699-4707. i ivi
(156) Kerr, E.; Yu, N.-T Vibrational Modes of Coordinated CO, CNO,, and the [Fe(.TPP)(NOﬂ C.alcyla“(.)n’ mixing (.)f the FeNO Stretc.h(
NO; Wiley-Interscience: New York, 1988; Vol. 3, Chapter 2, pp-38. bend with a porphyrin vibration results in a frequency splitting,
(157) Li, X.-Y.; Spiro, T. G.J. Am. Chem. S0d.988 110, 6024-6033. ; 2 ; ;
(158) Dong, A.; Caughey, W. Sdethods Enzymoll994 232, 139-175. but summation ofZ, + € + e over both modes still yields
(159) Hu, S.; Kincaid, JJ. Am. Chem. S0d.991, 113 9760-9766. 0.97.
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Comparison of the B3LYP and BP86 predictions for Fe(TPP)- pair of modes at 451 and 453 cf only 56% of the mode
(NO) reveals that the FENO stretch/bend frequency is highly  energy is associated with the FeNO fragment. We also note
sensitive to the details of the calculation. The- O stretch/ that the Fe amplitude of the 451 and 453 ¢mmodes would
bend frequency shifts from 386 to 623 chas the predicted  be too small to contribute to the [Fe(TPP)(NONRVS signal.
bond length decreases from 181 to 170 pm. The predicte® N Reactive Modes.The function of many proteins ultimately
stretching frequency decreases by 60-énfsee Supporting involves making or breaking at least one chemical bond, a
Information). Other mode frequencies are much less sensitive process that takes place on a subpicosecond time scale. Ideally,
to the functional used in the calculation (Figure 4). Moreover, vibrational spectroscopy should provide quantitative information
comparison of B3LYP calculations on Fe(TPP)(NO) and [Fe- on the underlying reactive dynamics. With few exceptions,
(TPP)(NO)J" in Figure 8 suggests that modes other than the however, frequency-domain vibrational investigations on bio-
Fe—NO bend/stretch are much less sensitive to changes in Felogical molecules focus on vibrational “spectators”, modes
electronic state. For the Fe(P)(NO) calculation, the predicted whose frequencies reflect changes in the molecular conformation
565 cnt! Fe—NO stretch/bend frequency and 172 pm-fé and environmert-® Indeed, these spectators or marker bands
bond length are in good accord with values expected from are often important probes and can, in favorable cases, be
observations. calibrated to provide quantitative informatiéfr12 However,

The mode character predicted for the FeNO stretch/bend alsothe ability to characterize vibrational “participants”, degrees of
varies noticeably, as is apparent from the mode representationfreedom that contribute to the reaction coordinate, would have
in Figure 12 and the kinetic energy distribution in Figure 9 (see great complementary value.

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-lRO stretch with
2, = 0.35,€, = 0.30, ande? = 0.35. For Fe(P)(NO), the

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

central N atom of the FeNO fragment carries the dominant site and to communicate the state of the heme to distant
kinetic energy fraction, consistent with a stronger component sites?'167164 However, comparison of equilibrium structures
of FeNO bending (Figure 12). The predicted mode character of does not quantify the relative contribution of the various atomic
the Fe-NO stretch/bend mode predicted on the basis of the degrees of freedom to the reaction energetics. On the other hand,

BP86 calculation on Fe(TPP)(NO) is intermediate. It is likely

ultrafast time-domain measurements on myoglobin directly

that such variations in the relative amount of bending and identify reaction-driven low-frequency vibratioR$, but it
stretching character contribute to observed variations in the remains a challenge to associate these oscillations with specific
amplitude of the FeNO stretch/bend among the series of ferrousatomic coordinates.

nitrosyl porphyrins in Figure 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 and 334 chFe—N,,, modes, in which

Low-frequency modes involving Fe motion must contribute
to the 5”Fe NRVS signal, providing a unique opportunity to
specifically probe the contribution of Fe to the reaction
dynamics. The ability to identify and characterize these reactive
modes is a primary motivation for NRVS studies on heme

Fe motion is approximately parallel to the FeNO plane. Other proteins and model compounds. However, the NRVS signal
predicted Fe(TPP)(NO) modes with prominent bending character corresponding to the observed reactive modes in myoglobin was

(Figure 9) include a 186 cm mode withe’, = 0.50 and a 292
cm 1 mode withe?, = 0.31. The BP86 calculation also predicts
modes with significant FeENO bending character at 195%m
(€5, = 0.35), 333 cm! (&5 = 0.40), and 410 crmt (€5, = 0.32).
The 410 cm! mode has a significant out-of-plane Fe compo-
nent, visible in the lower panel of Figure 4. Neither B3LYP

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 amplifiide.

In contrast, we identified experimental features at 74 and 128
cm 1 (Figures 2, 4) in Fe(TPP)(NO) as likely candidates for
out-of-plane Fe displacemetit. Measurements on oriented

nor BP86 calculation suggests the presence of a single primarycrystals of Fe(TPP)(NO) subsequently confirmed the out-of-
“bending mode” with the mode energy localized on the FeNO Plane character of these moée&igure 4). DFT normal mode
unit, in contrast with what might be expected on the basis of a calculations provide more detailed predictions of the underlying
simplified three-body analysis. Raman isotope-shift measure- atomic motions, and we inspected the predicted low-frequency
ments on cyanometmyoglobin have also revealed a number ofmodes of Fe(TPP)(NO) for vibrations with potential reactive

modes with FeCN bending charactét.

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 and 318 ¢nfFigure 9). Similar
to Fe(TPP)(NO), only the FeNO stretch/bend at 565 crh
and the N-O stretch at 1718 cmt are localized on the FeNO
fragment in Fe(P)(NO). For the [Fe(TPP)(N®)alculation,
the FeNO unit is linear, and the predicted-N stretch and
Fe—NO stretch remain localized on the FeNO fragment.
Although FeNO bending is associated primarily with a predicted

(160) Hirota, S.; Ogura, T.; Shinzawah-Itoh, K.; Yoshikawa, S.; Kitagawa, T.
J. Am. Chem. S0d.996 110, 15274-15279.

character (Figure 13).

The dominant out-of-plane Fe mode in the predicted density
of states appears at 109 cthin the B3LYP calculation and
resembles the heme “doming” mode proposed to influence heme
protein reactivity’163In 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

(161) Perutz, M. FNature 197Q 228, 726.

(162) Dickerson, R. E.; Geis, Hemoglobin: Structure, Function,:Blution,
and Pathology Benjamin/Cummings: Menlo Park, CA, 1983.
(163) Sajer, V.; Reinisch, L.; Champion, P. M. Am. Chem. S0d.988 110,

6656-6670.
(164) Perutz, M. F.; Wilkinson, A. J.; Paoli, M.; Dodson, G. 8inu. Re.
Biophys. Biomol. Structl998 27, 1-34.
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Figure 13. Predicted low-frequency Fe modes of Fe(TPP)(NO), resulting
from B3LYP calculations. Modes at 27, 54, 77, and 109 Emespectively,
primarily involve porphyrin core translation, F&O torsion, FeNO bending,
and Fe out-of-plane motion coupled to doming of the porphyrin core. Arrows
representing mass-weighted atomic displacements arefl699*? times

4, 8). Oxygen motion takes place in the FeNO plane for the 77
cm~! mode, while a cluster of three modes at 51, 54, and 56
cm~tinvolves torsion about the FENO bond, with a significant
component of O motion perpendicular to the FeNO plane
(Figure 13). Additional modes involving hindered rotation of
the NO ligand occur at at 42 and 44 cin(Figure 9) and are
characterized by rotation of the NO ligand about axes perpen-
dicular and parallel to the FeNO plane, respectively. No
measurablé’Fe 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 approach-
ing the heme Fe may need to adopt a specific orientation 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 F&%5

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 evidéhce
for an isomer with NO bound end on by the oxygen, which is
metastable with respect to the equilibrium N-bound geometry
in Figure 1. Isomers with distinctive vibrational properties have
been attributed to side-on binding of, @ Fe porphyrins in
low-temperature Ar matrice$5167 Furthermore, theoretical
investigations implicate ligand rotation as a likely reaction
coordinate for photodissociation of NO and @om ferrous
porphyrinst®® For myoglobin, trapping of the ligand in such
metastable isomers may account for the reduced quantum yield
for photodissociation of NO and Ocompared to that of
Co_169,l70

The correspondence between observed and predicted vibra-
tional frequencies is somewhat less apparent below 156 cm
(Figure 4). It is conceivable that intermolecular interactions not
included in the present calculations on isolated molecules
contribute to differences in frequencies and relative Fe ampli-
tudes. However, we propose that the observed 74 and 128 cm
modes correspond to the predicted out-of-plane Fe modes at
77 and 109 cm!. This is supported by the diminished
amplitudes of both modes in oriented crystals (Figure 4). The
relative amplitudes of the two modes are more nearly equivalent

longer than the zero-point vibrational amplitudes. Color scheme as in Figures in the experimental spectrum than in the predicted signal, which

10-12.

the Fe motion (Figure 13). This calculation also predicts an out-

of-plane mode at 27 cm, with e, = 0.07, which resembles
net translation of the entire porphyrin core, coupled with motion
of the four phenyl groups in the opposite direction (Figure 13).

No corresponding mode appears in the Fe(P)(NO) prediction
(Figure 4), in which the phenyl groups are absent. Together P

with the absence of predicted distortion of the porphyrin core
of Fe(TPP)(NO), this suggests that the 27-émode will not
contribute significantly to the reactive dynamics of the porphy-
rin.

would indicate some degree of vibrational mixing between the
two modes. The potential functional significance of the interac-
tion of these reactive degrees of freedom remains to be
investigated.

Acoustic vibrations interfere with the identification of ex-
perimental NRVS signals that correspond to the predicted
orphyrin core translation and F&O torsion modes at 27 and
54 cntlin Fe(TPP)(NO). It is possible that the core translation
mode may contribute to the excess area in the powder VDOS

(165) Lim, M.; Jackson, T. A.; Anfinrud, P. Al. Chem. Physl995 102 4355—
4366

Several predicted low-frequency modes involve reorientation (166) atanabe, T.; Ama, T.; Nakamoto, &. Phys. Cheml984 88, 440~

of the bound NO, including two features of the predictéee
NRVS signal at 54 and 77 cri. For the 77 cm! mode, 59%
of the kinetic energy is associated with motion of the nitrosyl

oxygen (Figure 9), but correlated motion of the Fe makes a

modest contribution to the predictétFe NRVS signal (Figures

4226 J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004

(167) Proniewicz, L. M.; Paeng, I. R.; Nakamoto, K.Am. Chem. S0d.99]
113 3294-3303.

(168) Bersuker, I. B.; Stavrov, S. Eoord. Chem. Re 1988 88, 1-68.

(169) Ye, X.; Demidov, A.; Champion, P. Ml. Am. Chem. SoQ002 124,
5914-5924.

(170) De Angelis, F.; Car, R.; Spiro, T. G.Am. Chem. So2003 125 15710~
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below 30 cm! (Figure 4). However, the predicted spectra truncated fragment. FENO stretch/bend modes are extremely
clearly resolve low-frequency intramolecular vibrations. sensitive to details of the calculation, and NRVS measurements

The character of these low-frequency modes appears to bereveal substantial variations in F&O mode character among
relatively insensitive to details of the calculation. Modes the porphyrins examined here. Bending of the FeNO fragment
appearing at 33, 54, 88, and 110 ¢hin the BP86 calculation contributes to several normal modes, but we are unable to
strongly resemble the B3LYP-predicted modes at 27, 54, 77, identify a single primary FeNO bending mode for Fe(TPP)-
and 109 cm? shown in Figure 13. (NO).

In contrast, the nature of peripheral groups on the porphyrin  Most important, results presented here identify low-frequency
ring strongly influences the frequency of the doming mode. modes, including porphyrin doming, expected to control the
Previous DFT calculations on unsubstituted Fe(P) and Fe(P)-reactive energetics at the iron. The experimental identification
(Im) predicted doming frequencies between 89 and 99'dm of reactive low-frequency Fe out-of-plane modes in Fe(TPP)-
low-spin and between 63 and 72 chin high-spin state§?7% (NO) establishes a quantitative expectation for the amplitude
Increasing the pyrrole hydrogen mass to 15 reduces the predictedf a doming mode localized at the heme, and lends credence to
doming frequencies by ¥734 cn1.%%In the presence of more  the suggestion that vibrational mixing with polypeptide vibra-
massive ethyl groups, the predicted doming frequency of Fe- tions accounts for the reduced signal for such modes in
(OEP)(Py)(CO) drops to 39 cri#4 In contrast to the effect of ~ myoglobin2’ Moreover, the measurements and calculations
pyrrole substituents, introduction of the four phenyl groups described here represent a crucial first step toward quantifying
slightly increases the predicted doming frequency from 103 the reactive energetics of Fe porphyrins, since these low-
cmtin Fe(P)(NO) to 109 cmt in Fe(TPP)(NO). frequency modes make the principal contribution to the energet-

Effects of peripheral substituents on the low frequencies are ics of Fe displacement. In a subsequent publication, we will
also evident in the NRVS data on the series of FeNO porphyrins use NRVS measurements on oriented single crystals to quantify
shown in Figure 2. For Fe(OEP)(NO), modes at 58 tifmot the energetics of Fe displacement perpendicular to the porphyrin
resolved from the acoustic mode background in Figure 2) and plane.

161 cnt! dominate the out-of-plane Fe VDOS determined from
oriented single-crystal NRVS measurements (to be published Acknowledgment. We thank G. Y. Georgiev and T. H. Ching
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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 JA038526H
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