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Abstract

Nuclear Resonance Vibrational Spectroscopy (NRVS) is a sensitive vibrational probe for
biologically important heme complexes. The exquisite sensitivity of the NRVS data to the
electronic structure provides detailed insights into the nature of these interesting compounds, but
requires highly accurate computational methods for the mode assignments. To determine the best
combinations of density functionals and basis sets, a series of benchmark DFT calculations on the
previously characterized complex [Fe(OEP)NO] (OEP2?~=octaethylporphyrinatio dianion) were
performed. A test set of 21 methodology combinations including 8 functionals (BP86,
mPWPW91, B3LYP, PBE1PBE, M062X, M0O6L, LC-BP86 and wB97X-D) and 5 basis set (VTZ,
TZVP, Lanl2DZ for iron and 6-31G*, 6-31+G* for other atoms) was carried out to calculate
electronic structures and vibrational frequencies. We also implemented the conversion of
frequency calculations into orientation-selective mode composition factors (e2), which can used to
simulate the Vibrational Density Of States (VDOS) using Gaussian normal distribution functions.
These use a series of user-friendly scripts for their application to NRVS. The structures as well as
the isotropic and anisotropic NRVS of [Fe(OEP)NO] obtained with the MO6L functional with a
variety of basis sets are found to best reproduce the available experimental data, followed by
B3LYP/LanL2DZ calculations. Other density functionals and basis sets do not produce the same
level of accuracy. The noticeably worse agreement between theory and experiment for the out-
plane NRV'S compared with the excellent performance of the MO6L functional for the in-plane
prediction is attributed to deficiencies of the physical model rather than the computational
methodology.

Introduction

Iron porphyrinates! are among the most important biological prosthetic groups and occur in
many proteins and enzymes. A pivotal property of iron porphyrinates is the strong attraction
of central iron to axial ligands including histidine and diatomics like O2 in hemoglobin (Hb)
and myoglobin (Mb). The binding and dissociation reactions of small ligands like O2 and
NO in heme proteins are important biological processes. In nature, NO is discriminated
from O2 quite efficiently, presumably due to conformational changes in the protein imparted
upon ligand binding3. Infrared and resonance Raman spectroscopy have provided insights
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into the interplay of structure and function of heme active sites*. However, these techniques
have some inherent limitations, especially in the low frequency regime where mode
assignment is hampered by weak signals, spectral congestion and low sensitivity to isotopic
substitution®. Nuclear resonance vibrational spectroscopy ® (NRVS)provides much higher
selectivity because only the vibrational modes of the probe nucleus (°’Fe in the case of iron
porphyrinates ) contribute to the observed signal. Moreover, the NRVS intensity is directly
related to the magnitude and direction of the motion; hence the method has a unique
quantitative component in the measured vibrational spectrum. This method has been applied
to heme enzymes, nitrogenase, and model complexes’. However, the spectral crowding in
the NRVS response region makes the spectra hard to identify the several vibrational modes
even for some very significant modes. In these cases, the computational prediction of NRVS
spectra and comparison with experiment is an invaluable and indispensable tool in the
assignment of the observed modes. In turn, good agreement between experimental and
computed NRVS spectra validates the computed results and increases the confidence in an
analysis of the geometric and electronic structure of the entire molecule.

Density functional theory (DFT) methods now predict electronic structures and properties
for molecules of increasing sizes, including detailed descriptions of their vibrational
dynamics®. Very recently, Noodleman and coworkers use a series of well-established
density functionals to accurately calibrate °’Fe Méssbauer isomer shift and quadrupole
splitting parameters8d. Despite the complex electronic structure of heme complexes, DFT
calculations are becoming increasingly accurate in the prediction of vibrational frequencies
and are a very useful tool in mode assignments. The new generation of recently developed
density functionals (such as the MOX series that address some of the shortcomings of
previous DFT methods) hold significant promise for clarifying the character of a vibronic
mode. The rich data set of vibrational frequencies, amplitudes, and directions available from
NRVS can also provides a particularly rigorous test of the ability of DFT calculations to
predict the vibrational dynamics of transition metal complexes®.

Lehnert and coworkers developed a useful method called “quantum chemistry centered
normal coordinate analysis” (QCC-NCA)20 to fit some of the important NRVS peaks
(bending and stretch modes ) based on initial normal frequency calculations from Gaussian
software. Clearly, a more rigorous and direct use of the normal modes would be preferable
over such fitting procedures. In addition, the DFT methods applied to the prediction of
NRVS have so far been limited to BP86 and B3LYP functionals, which do not describe
dispersive interactions and suffer for incorrect descriptions of the self-interaction, especially
in open shell systems!1. As a result, they do not always have good agreement with
experimental observations®12, To the best of our knowledge, there have been no systematic
studies of more modern functionals that provide a much more balanced description of the
electronic structure.

In this paper, we report a series of computational studies at different levels of theory,
including the modern functionals that have not previously been tested for this purpose, with
the goal of establishing best practices for the prediction and interpretation of NRVS data.
Specifically, we compare the performance of different computational methods for: (1)
structure predictions, (2) the Fe-NO stretch and Fe-N-O bending vibrational modes, (3)
prediction of NRVS and (4) directional NRVS (in-plane and out-plane). Finally, we discuss
the effects of model issues. We also describe a set of user-friendly scripts that allow the
direct conversion of frequency calculations into orientation-selective NRVS plots that can
directly be compared to experimental data.

These calculations were benchmarked for [Fe(OEP)(NO)], a model complex for biologically
relevant interactions of nitric oxide and heme iron for which there are high-resolution
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structures and NRVS data available. The rich data set of vibrational frequencies and
directions available from NRVS for [Fe(OEP)(NO)] can provide a highly reliable test for
our evaluation of DFT functionals and basis sets. At the same time, [Fe(OEP)(NO)] is a
challenging molecule for DFT calculations because of the well-known difficulty in treating
unpaired S=1/2 spin systems!3, [Fe(OEP)NO] can adopt two conformations with different
ethyl orientations in the solid statel4. One conformation is from a triclinic crystal that has
four neighboring ethyl groups of OEP pointing to one face of the porphyrin, whereas the
remaining four ethyl groups are in the opposite direction (Scheme 1 top). The other
conformation is from a monoclinic crystal with five and three ethyl groups of OEP pointing
to each face of the porphyrin plane (Scheme 1 bottom).

Ferrous heme-nitrosyls have low energy barriers for rotations of the NO ligand around the
Fe-NO bond!®, which causes disorder in the NO orientation1. The recent work by Lehnert
and coworkers has used B3LYP/LanL2DZ and BP86/LanL2DZ* calculations to test the
twelve possible conformations for the disordered NO and rotated ethyl substituents of
[Fe(OEP)(N0)]1%d. Their prediction of NRVS spectra followed by QCC-NCA fitting has
shown fair agreement with their powder measurements. However, comparisons of DFT
predictions to powder measurements are lacking in the directional character of modes. We
previously completed single-crystal measurements on [Fe(OEP)(NO)], taken at three
orthogonal crystallographic directions, which shows significant directional anisotropy20. In
contrast to typical nitrosyl iron porphyrins, [Fe(OEP)(NO)] exhibits a completely ordered
NO group and is ideal for the oriented single-crystal NRV'S experiment and for DFT
calculations .

Electronic Structure Calculations

The G09 program packagel” was used to optimize the structures and for frequency analysis
in our study. The model complex [Fe(OEP)(NO)] (S=1/2) was fully optimized without any
constraints using the spin unrestricted DFT method. The starting structure was obtained
from the crystal structure of triclinic [Fe(OEP)(NO)]*4. Frequency calculations were
performed on the fully optimized structures at the same basis level to obtain the vibrational
frequencies with >’Fe isotope set which can yield inelastic scattering at the 14.4125keV
nuclear resonance line in the NRVS experiment18, It is well known that that the frequencies
obtained from harmonic frequency analyses are larger than the experimentally observed
values due to the neglect of anharmonicity9. This is typically addressed using scaling
factors. However, the precise values are not only method and basis set dependent, but are
also different for different frequency regimes and have been validated mostly for pure
organic molecules rather than the metal complexes discussed here. Therefore, the choice of
the precise value would be ambiguous and the frequencies reported here were not scaled.
The frequency output data have been created using the high precision format vibrational
frequency eigenvectors in order to calculate Mode Composition Factors (e2) and Vibrational
Density of States (VDOS) as described below.

We studied five classes of functionals: (1) Generalized Gradient Approximation (GGA)
functionals (BP8620, mPWPW9121) which contain the exchange and GGA correlation
functionals.; (2)Hybrid-GGA functionals (B3LYP22, PBE1PBE?23), which contain a mixture
of Hartree-Fock exchange with DFT exchange-correlation; (3)Hybrid meta-GGA
functionals (M062X24) (4) meta-GGA functionals (M06L2°) , MO6L is a local meta-GGA
functional; (5) long range GGA functionals (LC-BP8620:26 (:B97X-D?’) which contain
long range corrections. These were combined with different basis sets?8 as specified in the
results section. In general, we used triple- valence basis sets with (TZVP) or without (VTZ)
polarization functions or a double effective core potential (LanL2DZ) on iron and 6-31G* or
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6-31+G* basis sets for all other atoms. In order to allow comparison to Lehnert’s results0d,
the LanL2DZ basis set was also tested for all atoms..

Calculation of the NRVS data

The first step in the calculation of the NRVS data is the calculation of the predicted mode
composition factors, which are based on the atomic displacements of each atom (r;) from the

analytical frequency analysis using DFT. The mode composition factors efa, which represent
the fraction of the kinetic energy in frequency mode a due to the motion of atom j (j= >"Fe
for NRVS), and provide a convenient quantitative comparison between measurements and
calculations?®. Mode composition factors are defined in Eq. 1:
2 _ m/'rjz'
es =
” )y miriz

)

where miis the atomic mass of atom 7and r7is the absolute length of the Cartesian
displacement vector for atom /7in Angstroms. The Mode Composition Factors for different
directions are defined in terms of an averaged porphyrin plane as in-plane, which can be
calculated from a projection of the atomic displacement vector xand y(Eq.2). The out-of-
plane atomic displacement perpendicular to the resulting porphyrin plane for a normal mode
is obtained from a projection of the atomic displacement vector 2 (Eq.3).

(42 2
2 ~ m](rjx+rj),) o
Jja,in—plane Z m; ri2

2
m;r-

e’ S (3)

ja,out—plane 2 ir2

The Perl scripts to calculate the mode composition factors are provided in the Supporting
Information and directly read from a G09 frequency output file using a high precision
format for the vibrational frequency eigenvectors. Figure 1 showed the flow scheme for the

scripts calculating ei,. The total procedures include six simple scripts, three of which
(shown in red in Figure 1) need user input based on the specific molecule to be studied. In
step 1, the starting and ending line numbers are needed for the frequency range of interest.
In our case, a frequency range 0-800 cm™1 is defined to follow the range of NRVS in the
experimental observations. In step 3-1, the orientation of interest is set as shown in Figure 2.
For porphyrins, the standard orientation used in G09 aligns the x and y coordinate along the
iron-meso carbon axes, but the stretch vibration along the iron-nitrogen bond is needed.

Thus, the calculation of eil requires in some cases a rotation of the coordinates by 45°. In
the final step, the desired e2 data (in our case for ®’Fe, but available for any set of atoms
already) is read out.

The predicted mode composition factors ei, can also be compared to the integrated spectral
areas obtained from NRVS®. Therefore Vibrational Density of States (VDOS) intensities can
be simulated from the Mode Composition Factors using the Gaussian normal distributions
function, where the full width at half height (FWHH) is defined appropriately by
considering the spectral resolution in the experiment. In this study, the MATLAB R2010a
software was used to generate the predicted NRVS curves.
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Results and Discussion

Effects of DFT method and basis set on the calculated geometry of [Fe(OEP)(NO)]

To investigate the effects of DFT method and basis sets, we have performed DFT
calculations on [Fe(OEP)(NO)] applying the functionals and basis sets discussed above.
Tables 1 and 2 show the selected geometric and vibrational properties of [Fe(OEP)(NO)]
with the different basis sets in each density functional. In general, the basis set used is
6-31G* for H, C, N and O; VTZ, TZVP or Lanl2DZ for Fe, respectively. For selected
functionals, a diffuse function 6-31+G* was added to N and O to better allow for molecular
polarity and possible partial change on the donor atoms. For the combination of the VTZ
and TZVP basis sets on iron with the B3LYP and M062X functionals, strong spin
contamination (0.87 for B3LYP and 0.95 for M062X) prevented in some cases the
calculation of stable electronic structures.

As shown in Table 1, the BP86, mPWPW91 and PBE1PBE functionals regardless of basis
set underestimate the Fe-NO bond length by up to 3.5 pm. The B3LYP, M0O6L and wB97X-
D functionals reproduce the experimentally observed values quite accurately, while the
MO062X grossly overestimates the Fe-NO bond length. The basis set effect on this parameter
is negligible. For the N-O bond length, the majority of the calculations with a variety of
basis set overestimate this parameter, but the accuracy is better than for the Fe-NO bond
length. Interestingly, the basis set effect here is much higher, with the Lanl2DZ basis set on
all atoms performing poorly compared to other methods. This can be rationalized by the iron
back-donation to the N-O p” orbital because this would make the Fe-NO bond short and
elongate the N-O bond.

All functional/basis set combinations predict the Fe-N-O angle within 4° except for M062X
which gives a value 17° degrees higher than the experimental value of 142.7°. The better of
the predictions seem to occur in basis sets with simplified electronic systems such as the
VTZ basis with no polarization function and Lanl2DZ with core effective potentials shown
in Table 2 (BP86/VTZ, B3LYP/Lanl2dz, MO6L/Lanl2dz).

An important feature of [Fe(OEP)(NO)] that has been observed by the Scheidt group4? are
the different bond lengths of the four equatorial Fe-N bonds. Two short Fe-Np distances are
in the direction of the tilted NO ligand, while two long Fe-Np distances are opposite the off-
axis NO tilt. This anisotropic effect can be simplified to the different bond lengths of two
short patterns and two long patterns as shown in Table 1. All functional/basis set
combinations except M062X method predict this feature well. The observed difference of
Np-long - Np-short was 2.1 pm in crystal structure and ranged from 1.0-3.0 pm in
calculations.

In summary, the M062X functional provides poor results for several of the geometric
parameters, namely the Fe-NO distance and the Fe-N-O angle, and can therefore not be
recommended for the systems under study here. Both of the GGA functionals, BP86 and
mPWPW91, perform better but still underestimate the Fe-NO bond by about 3.5 pm and
overestimate the N-O bond by about 2.5. Better predictions were obtained from the B3LYP,
MO6L, wB97X-D functionals with a suitable basis set, all having agreement with
experimental data within 1.0 pm for both bonds. MO6L clearly stands out as providing the
best agreement with experiment.

Fe-NO stretch and Fe-N-O bending vibrational modes

The Fe-NO stretch and Fe-N-O bending modes are two major vibrations in [Fe(OEP)(NO)]
that have high frequencies and strong intensities. In the Fe-N-O bending mode, the motions
of Fe and O are in the same direction and opposite to the nitrosyl nitrogen, while the Fe-NO
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stretch mode was predicted to have the opposite direction motion between the Fe and NO
group (Figure 2). Both the Fe-NO stretching and Fe-N-O bending frequencies are listed in
Table 2 with functional method and basis set designated.

As shown in Table 2, the GGA functionals, BP86 and mPWPW91, severely overestimate
the Fe-NO stretching frequency( >615 cm™1 predicted vs. 517 cm~Lobserved). This
difference is too large to be explained with anharmonicity and is likely because the Fe-NO
bond lengths are underestimated. The other methods, including the Hybrid-GGA, meta-
GGA and long range GGA provide better prediction for the stretch mode ranging from 448
cm1to 551 cm™1. The exact frequency of 517 cm™1 was predicted by the B3LYP and
MO6L method with 6-31G*/lanl2dz basis set. The PBE1PBE, LC-BP86 and wB97X-D were
significantly less accurate than B3LYP and MO6L. All of the Fe-N-O bending mode
predictions are within 50 cm™1 of the experiment observation. The MO6L method predicts it
accurately to within 2-3 cm™1 when the VTZ basis set for Fe was used. Although the BP86
and mPWPW91 provides the Fe-N-O angle closer to the experimental value, it does not give
a better bending frequency prediction. It is clear that the harmonic approximation common
to all calculations leads to deviations from the experimentally observed values, but that the
computed values still allow a clear assignment of the normal modes.

Prediction of powder NRVS of [Fe(OEP)(NO)]

The main goal of this work was to determine the best practices for the prediction of NRVS.
To investigate the effects of DFT methods and basis sets, we calculated the NRVS powder
spectrum of [Fe(OEP)(NO)]. This spectrum has all the vibrational modes of iron including
the Fe-NO stretch mode and Fe-N-O bending modes discussed earlier. Selected NRVS
predicted spectra are shown in Figure 3, and predicted spectra using other functionals can be
found in the Supporting Information. As can be seen in Figure 3, the NRVS can
conveniently be divided into three frequency domains for which the mode assignment has
been discussed in detail previously2P:30. Here we will discuss the performance of the
different methods in terms of the different frequency domains.

In the region > 360 cm™1, there are two important modes (Fe-NO stretch and Fe-N-O bend)
in the observed NRVS spectrum and in each predicted spectra (Figure 3, A-F). There is an
additional or partial peak in > 360 cm™ region when the long range LC-BP86 method was
used (Figure 3C). It could be an overestimated mode from the 220-360 cm™1 region.
However, MO6L was the best of the methods and was chosen to investigate the effects of the
basis sets in the NRVS level. (Figure 3, D-F). As seen in Figures 3D and 3E, increasing the
basis function from 6-31G* to 6-31+G* can move the Fe-NO stretch and it is somewhat
underestimated. In Figure 3D, the bending mode and stretch mode had shifted from 398 and
496 to 392 and 481, respectively. Similar trends can be seen in Figure 3E. The VTZ and
TZV/P basis sets show little difference. However, the Lanl2DZ basis set gives inconsistent
frequency predictions (Figure 3F). In the region 220-360 cm™1, the two high-intensity peaks
are observed in the region with considerable spectral crowding. Most mode frequencies are
poorly predicted by all functionals except MO6L. The worst predictions are obtained by
using GGA functionals with three apparently independent peaks (Figure 3A). The largely
overestimated spectra are predicted with the Long range GGA functionals. As shown in
Figure 3C, the major peaks move to the high-frequency region and are far away from the
experimental observation designated by the black line. The better spectra are generated by
MOG6L functional with suitable basis set combinations. The spectra are almost coincident
with the experiment spectra when VTZ or TZVP basis set for Fe are used in the calculation
(Figures 3D and 3E). However, the MO6L functional is not quite as good when Lanl2DZ
basis set is used (Figure 3F).
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All of the calculations obtained similar spectral predictions in the < 220 cm™ region where
the important doming mode occurs. However, all DFT methods used here underestimate the
doming mode frequency and overestimate its intensity. The results of the calculations should
therefore be interpreted with caution.

The In-Plane and Out-Plane NRVS of single-crystal [Fe(OEP)(NO)]—
Comparisons of DFT predictions to powder measurements do not account for the directional
character of modes - that is substantial. A more detailed comparison needs to be done to
capture the directional anisotropy. In porphyrin chemistry analysis confined to the averaged
porphyrin plane is usually defined as in plane, and two directions are defined (in-plane-xand
in-plane-)) The third direction is perpendicular to the porphyrin plane and defined as out-of
plane or the z direction. In this paper, in-plane x s parallel to the Fe-NO plane and y is
perpendicular to the Fe-NO plane as shown in Scheme 2. This axis selection is called 4C-
inplane. Only functionals that predicted the powder spectrum well are used in the
comparisons of x-y-z-directional spectra (Figure 4-6). The published data with the BP86
method was chosen to highlight the superiority of MO6L functional. The orientation-
selective spectra using other functionals can also be found in the Supporting Information.

— The possible anisotropy in the in-plane NRVS spectrum can be shown by a measurement
in two orthogonal in-plane directions. Conveniently, we chose for measurements and
predictions, x to be along the projection of the FeNO plane and y to be orthogonal. These are
shown in Figures 4 and 5, respectively. As shown in Figure 4, there are three observed peaks
in the >300 cm™1 region including one doublet peak at 300-325 cm™L. The observed doublet
peak is only accurately predicted with the diffused function 6-31+G* for N and O (Figure
4B). The Lanl2DZ basis set is unfavorable in the prediction of NRVS spectrum, because
more peaks are predicted from 300 cm™ to 360 cm™1 than observed and the bending mode
around 390 cm™1 in the x-direction is overestimated in both cases (Figure 4A/blue line and
4C/blue line). In sharp contrast, all the major peaks in the NRVS along y direction are
underestimated when Lanl2DZ was used (Figure 5A/blue line and 5C/blue line). The BP86
functional is ruled out because 3 peaks are predicted and only two are observed (Figure 5A).
MOG6L with VTZ or TZVP basis set shows better prediction than all others not only along the
x direction but also along the y direction of NRVS.

The predictions of the out-of-plane NRV'S spectra, shown in Figure 6, do not agree as well
with experimental data as the in-plane spectra. The predicted doming modes are around 140
cm™1 regardless of the functional and basis set used, while the experimental observation is a
broad peak at 160 cm~1. The bending mode in z-direction component is better predicted
only when MO6L and VTZ basis set were used as shown in Figure 6B. It is surprising that
the stretch mode was perfectly predicted by the DFT calculation with Lanl2DZ basis set
which in general gave poor predictions as discussed above (Figures 6A and 6C). This
presents a dilemma when using the Lanl2DZ basis set, because it predicts the stretch mode
perfectly but fails on others modes. The diffuse function is not suitable for the prediction of
the stretch mode and it underestimates the experimental observations (Figure 6B). It is also
inconsistent with the basis set strategy for in-plane NRVS.

A probable explanation is the difference between the gas phase calculation and solid-state
experiment. The predicted model is a single molecule without any intermolecular
interactions, while both the experimental powder and crystal are in a crystal lattice and have
intermolecular interactions or cooperativity. Figure 7 presents some likely intermolecular
interactions. The distance between crystal layers is 3.41 A and the closest distance between
two irons is 7.67 A. This suggest that an intrinsic interaction between different crystal layers
could affect the out-plane modes more than in-plane ones. For the in-plane modes, the
intermolecular close contacts cannot easily influence the iron center due to long distances.
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Therefore, the in-plane NRVS spectra may be more easily modeled. These unaccounted
forces can also explain why the out-plane spectra are always more difficult to predict
accurately. The perfectly predicted stretching frequency by Lanl2DZ is probably the result
of chance rather than ideal modeling and basis set because it fails to predict other modes.

Conclusions

It is important to validate density functional methods in order to accurately predict
directional anisotropy, a new feature in Nuclear Resonance Vibrational Spectroscopy
(NRVS),120 and to reliably assign the vibrational modes. The scripts discussed here and
made available in the Supporting Information allows the facile calculation of orientation-
selective mode composition factors (e2), Vibrational Density Of States (VDOS), and NRVS
data from standard Gaussian outputs. The extensive benchmarking of 21 different electronic
structure methods for the representative case of the [Fe(OEP)NO] complex indicates that the
MOG6L functional with suitable basis sets such as VTZ/6-31+G* or TZVP/6-31+G* provides
the best agreement between calculated and experimental structures and NRVS data,
followed by the B3LYP/6-31G*/LanL2DZ method. This is presumably due to the accurate
description of the open-shell system and accurate excitation energies3L, which are likely to
be important due to the low lying excited states in heme complexes, by the MO6L functional.

A comparison of computational NRVS predictions and experimental data reveals that the
MO6L functional shows excellent agreement in the frequency domains of > 360 cm™1 and
200-360 cm™1. However, the frequencies of the modes in the region below 200 cm™ are
underestimated by all methods, including the MOG6L functional. A more detailed analysis of
the anisotropic NRV'S data shows that the MO6L functional gives very good results for in-
plane (x and y), but less so for out-of-plane (z) NRVS. The prediction of the in-plane NRVS
using the MO6L functional still exhibits the higher performance while the out-of-plane
vibrations are less well predicted. This is most likely due to limitations of the model, which
does not consider the crystal packing contacts that more influence the out-of-plane, but not
the in-plane vibrations.

In summary, the protocol presented here allows the facile and accurate prediction of NRVS
data for the purpose of made assignment and to understand the detailed geometric and
electronic structure of heme complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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high precision format

vibrational frequency eigenvectors

enter the starting
1 gen_e2_1.pl| ";nq ending line

i

out11.da
out12.da
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B
!

numbers

gen_e2_2.pl

gen_e2_3.pl

gen_e2_3_1.pl| enter rotation
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en_e2_5.pl
9eN_CZ5P | of €2 atom

Flowchart of the scripts that generate e2 in different orientations. The rectangles and ovals
represent the script files and output files in every step, respectively.
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Figure 2.

Fe-N-O bending (left) and Fe-NO stretch (right) vibrational modes. Hydrogen atoms and Fe-
N bonds have been omitted for clarity. The vector is shown 100(m/mFe)/2 times longer
than the zero-point vibrational amplitude of atom /.
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NRVS spectra of [Fe(OEP)(NO)] with a variety of methods and basis sets with 12 cm™1
FWHH. The experimental observation of [Fe(OEP)(NO)] powder is colored black and the
prediction data is colored red or blue (the same color strategy and FWHH in Figures 4-6).
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NRVS spectra of [Fe(OEP)(NO)] with selected methods and basis sets in the x direction,
which is parallel to the intersection of porphyrin and Fe-N-O plane.
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Figure 5.
NRVS spectra of [Fe(OEP)(NO)] with selected methods and basis sets in the y direction,

which is perpendicular to the Fe-N-O plane.
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NRVS spectra of [Fe(OEP)(NO)] with selected methods and basis sets in the z direction,
which is perpendicular to the average porphyrin plane.
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Figure 7.
Crystal structures of triclinic [Fe(OEP)(NO)]. Hydrogen atoms have been omitted for
clarity. Atom color: Fe (dark red), N(blue), O(red), C(green)
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Scheme 1.
Conformations of [Fe(OEP)(NO)]
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