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Abstract
Dynamical properties of the heme compound iron octaethylporphyrin (FeOEP) were previously
determined by direct measurement of the Fe vibrational density of states with nuclear resonance
vibrational spectroscopy (NRVS). A best-fit set of normal modes was calculated by comparing
simulations using classical force fields to the NRVS results. Like all previous calculations of this
type, a single isolated molecule was assumed, even though the data were from solid polycrystalline
specimens. A complete three-dimensional crystal normal mode calculation reported here reveals that
the previously neglected intermolecular couplings lead to a significantly better fit at low frequencies,
and certain high frequency artifacts are removed as well. The off-diagonal coupling constants
imposed by single molecule calculations prove to be unnecessary, indicating that these had served
to simply emulate the missing crystal field effects. Dispersion curves also yield the speed of sound,
which could be compared to the independently determined NRVS value to further fine-tune
intermolecular force constants.

1. Introduction
The normal modes of vibration in a molecule are determined by the set of interatomic force
constants associated with the molecule’s equilibrium structure. Normal mode frequencies are
measured with a variety of experimental techniques such as Raman and infrared spectroscopies,
1–3 with gas phase, liquid, and even solid specimens, and the experimental spectra are compared
to those predicted by empirical force field4,5 or from density functional theory,6,7 for example,
in order to refine the force fields or confirm the validity of the particular density functionals
employed. The calculations typically assume that any intermolecular interactions are weak, so
that only a single molecule need be considered.

The normal modes of an infinite crystal, on the other hand, also depend on the phase shift of
a given atomic motion with respect to translation from one unit cell to the next, a consequence
of Bloch’s theorem. This phase shift is expressed by the factor exp(ik•R) in the normal mode
eigenfunction, where k is the wavevector and R the unit cell translation vector. The complete
set of normal modes is calculated for each value of k, and the dependence of these normal
modes on wave vector leads to dispersion curves where a given normal mode (now referred to
as a phonon) might be dispersed over a continuous band of energies for the range of k vectors
encompassed by the reciprocal unit cell. Molecular crystals are ones where the molecules that
condense to form a crystal retain strong intramolecular interactions but the intermolecular
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interactions are relatively weak. For molecular crystals one expects a close correspondence
between the normal modes of the single molecule and the phonon bands of the crystal.

Nuclear resonance vibrational spectroscopy (NRVS) is a synchrotron-based technique that
measures the Fe-weighted vibrational density of states (VDOS) for iron-containing materials,
based on the resonant interaction of 57Fe nuclei with x-rays.8 VDOS spectra have been obtained
from a variety of heme proteins and iron-porphyrin complexes, and several have been compared
to normal mode calculations.4,5,9 Normal mode refinement to NRVS data is especially
stringent because the computed normal modes must match the measured VDOS in both
frequency and Fe amplitude, on an absolute scale. NRVS measurements of heme model
compounds have been obtained mostly from polycrystalline material, and from single crystals
in a few special cases.10 Despite that, all normal mode calculations have assumed an isolated
single molecule, neglecting any intermolecular interactions associated with crystal packing.

Two issues commonly arise in the normal mode refinements to NRVS data on heme
compounds: the fits are always relatively poor for energies below about 50 cm−1, and the
empirical force field approach generally requires the introduction of off-diagonal coupling
constants that couple one kind of motion at a particular location in the molecule to another
motion at a different location. Although necessary for a good fit, these off-diagonal terms
typically have no clear physical origin. The disagreement at low energies has been attributed
to the neglect of intermolecular coupling.

In this work we calculate the full lattice dynamics of a simple heme molecular crystal, iron
octaethylporphyrin (FeOEP), using an empirical force field that explicitly includes
intermolecular force constants. We compare these results with a previously published single
molecule normal mode analysis for FeOEP refined to NRVS data,11 to demonstrate what
essential dynamics are neglected by the standard single molecule approach. Including lattice
dynamics leads to better fits to the low energy density of states and the elimination of certain
high energy artifacts. The lattice calculations are done without the off-diagonal couplings
necessary for the single molecule fits, showing that these were a consequence of leaving out
the intermolecular interactions. We also show how comparison of calculated and measured
sound velocities allows for improved refinement of the intermolecular couplings.

While density functional calculations (DFT) are normally restricted to single molecules6,12,
some molecular crystals have been a subject for periodic DFT as well. Calculations have been
reported for benzoic acid and compared with inelastic neutron scattering (INS) measurements
on powder molecular crystals13. Later, inelastic x-ray scattering (IXS) data were obtained and
compared to INS data14 and to dispersion curves obtained from periodic DFT calculations.
Full lattice dynamics results with periodic DFT 15 were also described for benzene molecular
crystal powder specimens.

2. Crystal Model and Normal Mode Calculations
Sample preparation and experimental methods are described in a previous report.11 The NRVS
technique16 utilizes the Mössbauer transition in the 57Fe nucleus to observe shifts in resonant
x-ray absorption to measure the Fe vibrational density of states (VDOS). All data were obtained
at the Advanced Photon Source x-ray synchrotron at Argonne National Laboratory.

Empirical force field normal mode calculations for a molecular crystal are very similar to those
for a single molecule, except for the addition of intermolecular force constants and the
consequences of symmetry. From Bloch’s theorem, if an eigenvector has a given atomic
displacement within one molecular unit cell, the atomic displacement in another unit cell differs
by a phase shift exp(ik•R), where k is a wave vector within the Brillouin zone and R the unit
cell translation vector. Choosing a particular wave vector we compute the normal modes, then
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repeat for a set of wave vectors that span the Brillouin zone. The final Fe VDOS is the average
of each individual Fe VDOS.

The FeOEP molecule has 41 non-hydrogen atoms, with no ligand attached to the four-
coordinated Fe atom. The x-ray structure determined a point group of Ci, having only inversion
symmetry, and the P1 space group with one molecule per unit cell.17 Figure 1 shows the
stacking of molecules within a [100] plane, with four dashed lines originating on the Fe atom
denoting the nearest neighbor distances between the Fe and C atoms of the adjacent molecules.
In the purely phenomenological approach we have adopted, we assign intermolecular force
constants to these “bonds.” Since prior single molecule normal mode analysis demonstrated
the importance of peripheral substituents to Fe motion, we also assigned force constants to the
nearest-neighbor intermolecular ethyl-ethyl pairs, also indicated by dashed lines in Figure 1.
The number of such pairs turns out to be especially important for fitting the measured speed
of sound.

There are three atoms (one Fe atom and two C atoms) in the porphyrin core of the neighboring
molecule that form four such bonds with distances about 3.5Å, in addition to four bonds
between four pairs of ethyl carbon atoms. Thus we have chosen seven (three core plus four
ethyl) extra atoms to form eight (four core plus four ethyl) intermolecular bonds. As a result,
our extended molecule has 41+7 = 48 non-hydrogen atoms. Since the number of atoms per
unit cell in the crystal equals the number of atoms in the original molecule (41), to compute
the normal modes we need to modify the B-matrix which contains all the internal coordinates
(as described by Califano18), and to impose periodicity by introducing a phase shift exp
(ik•R).

The single molecule B-matrix, Bsm, has n rows for the internal coordinates and m columns for
the three vector components of the N atoms (m=3N), a matrix of size 334×123. The molecule
is then enlarged to include seven additional atoms from neighboring molecules (1 Fe and 2 C
from the core, and 4 C from ethyls) and these are assigned stretch, bend and torsional internal
coordinates, for an extended matrix Bext of size 410×144. This extended matrix must be mapped
back onto the same number of atoms as in the single molecule, since there is one molecular
unit per unit cell in the crystal. The mapping is given by:

for a crystal B-matrix of size 410×123. The wave vector k is incorporated as a phase factor in
the B-matrix,

where r ⃗j are the position coordinates of the atom corresponding to the j-th column. Solving for
the complete set of normal modes for a given wave vector k takes less than a minute of
computation time using minimal computer resources. Sampling the Brillouin zone at 27 equally
spaced intervals proved sufficient for observing the effects of dispersion for most modes.

3. Results
Normal mode calculations commenced with the best-fit empirical force constants determined
by the single molecule analysis of NRVS data, with the addition of trial values for the
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intermolecular force constants. After sampling the entire Brillouin zone, results were averaged
to produce the Fe-weighted VDOS to compare with the NRVS data.

To speed up and simplify our calculations the protocol described in previous work11 on FeOEP
single molecule normal mode analysis was used. First, we reduced the number of force
constants, breaking them into groups using symmetry. The FeOEP molecule possesses only
inversion symmetry, but we initially impose D4h symmetry on the force constants. After
optimizing the fit with D4h symmetry, inversion symmetry was re-imposed and force constants
fine-tuned to achieve the best fit shown in Fig. 2 &Fig. 3. In general the crystal model is clearly
superior to the single molecule model. Only slight changes to the single molecule force
constants were required; most of the improvement arises from the additional intermolecular
force constants.

The spectrum can be divided into three regions: low frequencies below 100 cm−1, the central
region from 100 to 450 cm−1, and high frequencies above 450 cm−1. Modes in the central
region are largely core vibrations that prove to be relatively insensitive to the addition of
intermolecular interactions. This is consistent with the previous observation that artificially
increasing the ethyl masses on the single molecule had little impact in this frequency range.
11 The single molecule normal mode analysis also produced to high frequency modes
associated with out-of-plane ethyl motion at 450 and 750, where none existed in the data. These
were clearly artifacts of the single molecule approximation that are absent in the crystal results.

Poor fits to NRVS data at low frequencies have previously been attributed to the neglect of
interactions with neighboring molecules. Figure 3 shows both the single molecule best fit to
FeOEP and the crystal best fit, showing the significant improvement possible from the inclusion
of only a few intermolecular coupling constants and crystalline periodicity. Even better fits are
likely with more complete modeling of all physically relevant interactions between molecular
units.

The crystal model without off-diagonal force constants yields a better fit than the single
molecule model that includes them. This strongly suggests that these terms, which have no
clear physical origin, merely served to emulate the crystal field effects that are explicitly
neglected in single molecule models. The improved fit is not due to an increase in the number
of fitting parameters: more off-diagonal terms were needed for the single molecule best-fit
VDOS than the number of additional intermolecular force constants for the crystal calculation.
That is, a crystal calculation replaces ad hoc off-diagonal terms with fewer but physically
realistic force constants and produces a better fit.

Normal mode analysis (NMA) for a crystal is done by calculating the VDOS at different points
of the Brillouin zone and then calculating the total VDOS weighting each point of the zone
according to the amplitude of the iron atom vibration. While in single molecule NMA each
particular mode has a distinct frequency, in crystal NMA each particular mode can have slightly
different frequencies at different points of the Brillouin zone (i.e. dispersion) that can result in
some broadening of the VDOS. To investigate the dispersion effect, the frequency of each
mode was calculated as a function of the wavevector k in any chosen direction. As can be seen
from Fig. 4 only a few low frequency modes exhibit dispersion comparable to or larger than
the instrumental broadening of 8 cm−1. More quantitative analysis of all modes shows that
dispersion contributes little to the observed width of peaks in the Fe VDOS.

Crystal normal mode analysis refined to NRVS data provides not only a best-fit force field,
but can also reveal elastic properties that are determined by the dispersion curves, such as the
velocity of sound:
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This equation allows one to find speed of sound in any chosen direction as a slope of the
dispersion curve (mode frequency ω vs. wave vector k) as it approaches the origin.

The average speed of sound can be extracted directly from the measured VDOS, where the
PHOENIX program for computing the VDOS from the raw data imposes the Debye limit at
the very lowest frequencies:19 20

where D(E) is the density of states, mFe the mass of 57Fe nucleus, E the energy, ρ the density,
and v the average velocity of sound, which can be written as

with vl and vt being the longitudinal and transverse velocities. The NRVS-determined value
for FeOEP is 1204 m/s, consistent with values for similar materials.21

The average sound velocity in FeOEP obtained from the dispersion curves computed from the
initial calculation (4 ethyl and 4 core intermolecular bonds) was only 234 m/s. Although this
small number of intermolecular bonds is sufficient to get a good fit to the overall VDOS, it is
lacking in the very low frequency limit. Increasing the strength of these force constants had
little effect on the speed of sound, so increasing the number of intermolecular bonds was
explored. It was found that while changing the number of core bonds increased only the
transverse speed of sound in [001] direction, had little impact on longitudinal speeds, and
significantly degraded the VDOS fit in the high frequency region. Increasing the number of
ethyl-ethyl bonds from 4 to 8, however, increased the speed from 234 to 504 m/s, and 16 bonds
further improved it to 843 m/s.

This phenomenological approach to matching the measured speed of sound by increasing the
intermolecular couplings without impairing the fit to the overall Fe VDOS is apparently on the
right track, as summarized in Fig. 5. Increasing the number of couplings does come at the
expense of larger force matrices and longer computation times, but it does convergence should
be readily attainable with adequate computational resources. These preliminary results point
to the relative importance of the ethyl-ethyl bonds as opposed to Fe-C bonds for elastic
constants, but a more physical approach, perhaps based on periodic DFT calculations, would
be appropriate.

4. Conclusions
Normal mode analysis for a molecular crystal produces a better fit to the NRVS vibrational
density of states for FeOEP that the usual single molecule approximation, without a significant
increase in fitting parameters. A minimal set of intermolecular bonds was successful in
achieving improved fits across the frequency range, but additional ethyl-ethyl couplings are
needed for good agreement with the measured speed of sound. Since good fits are obtained
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without the use of off-diagonal coupling constants, these ad hoc terms apparently serve only
to emulate the physical intermolecular couplings. The effect of dispersion on the vibrational
density of states for this molecular crystal was found to be insignificant compared to the NRVS
instrumental broadening except for a few low frequency bands. Calculating normal modes for
refinement to the NRVS vibrational density of states from polycrystalline or crystal specimens
is thus more effective with a crystal model that includes intermolecular coupling.
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Figure 1.
Crystal packing of FeOEP in the (100) plane. This wireframe version does not include hydrogen
atoms at the eight ethyl groups. The dashed lines emanating from the core of the molecule
show the shortest nearest neighbor distances to the central Fe atoms, and additional dashed
lines denote ethyl-ethyl intermolecular distances. These form the initial set of intermolecular
couplings for the crystal normal mode analysis.
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Figure 2.
Comparison of calculated Fe VDOS to the NRVS data above 200 cm−1. The Fe VDOS from
crystal (light line) and single molecule (dark line) normal mode calculations are both in fairly
good agreement for the modes between 200 and 400 cm−1. The single molecule calculation
predicts a strong peak at 450 cm−1 that is not seen in the data. Since it does not appear in the
crystal calculation, it appears to be a consequence of neglecting intermolecular coupling.
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Figure 3.
Low frequency comparison. The top panel compares the single molecule Fe VDOS calculation
to the NRVS data for frequencies below 200 cm−1; lower panel is the same for the crystal
calculation. There is significantly improved agreement for the crystal calculation, showing that
intermolecular coupling is especially important for low frequencies.
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Figure 4.
(Note: final figure shows 3 panels, one for each reciprocal lattice vector.) Phonon dispersion
curves for FeOEP. The three panels display the dispersion curves for modes below 80 cm−1

for the three reciprocal lattice vector directions. Note significant dispersion only for a few
modes.
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Figure 5.
Calculated sound velocity versus increasing number of ethyl-ethyl bonds. The lowest
frequency VDOS from the NRVS data (dashed line) correspond to a velocity of sound of 1204
m/s. VDOS determined from calculated dispersion curves are plotted for increasing number
of ethyl-ethyl bonds: 4 bonds (234 m/s), 8 bonds (504 m/s) and 16 bonds (843 m/s).
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