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Abstract

For many years, Mossbauer spectroscopy has been applied to measure recoilless
absorption of x-ray photons by nuclei. Recently, synchrotron radiation
sources have enabled the observation of weaker features separated from
the recoilless resonance by the energy of vibrational quanta. This enables
a form of vibrational spectroscopy with a unique sensitivity to the probe
nucleus. Biological applications are particularly promising, because it is
possible to selectively probe vibrations of a single atom at the active site of
a complex biomolecule, while avoiding interference from the vibrations of
thousands of other atoms. In contrast with traditional site-selective vibrational
spectroscopies, nuclear resonance vibrational spectroscopy (NRVS) is not
hampered by solvent interference and faces selection rule limitations only
if the probe nucleus lies on a symmetry element. Here, we formulate a
mathematical language appropriate for understanding NRVS measurements on
molecular systems and apply it to analyse NRVS data recorded on ferrous
nitrosyl tetraphenylporphyrin, Fe(TPP)(NO). This compound mimics the haem
group found at the active site of many proteins involved in the biological usage
of oxygen and nitric oxide. Measurements on such model compounds provide a
baseline for evaluating the extent to which vibrations are localized at the active
site of a protein, with the goal of elucidating the mechanisms of biological
processes, such as intersite communication in allosteric proteins.

1. Introduction

It is a well-known consequence of energy conservation that absorption of a photon is
accompanied by a change in the energy of the absorbing system by an amount equal to the
energy of the photon. While momentum must also be conserved in this process, this fact does
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not have significant consequences in most areas of spectroscopy. An important exception is
the excitation of nuclear resonances, where the recoil energy Ex = E)% /2mc? is very large,
but the resonance linewidth is very narrow, reflecting the long lifetime of the nuclear excited
state. For the E, = 14.4 keV resonance of 5TFe, the recoil energy is 1.96 meV, while the
linewidth is only 4.7 neV. Thus a simple analysis would seem to suggest that excitation of the
nucleus would require a photon with an energy larger than the nuclear excited-state energy by
an amount E, or conversely, that the energy of a photon emitted by an excited nucleus would
have an energy smaller than the nuclear excited-state energy by an amount E.

However, in a celebrated experiment that won him the 1961 Nobel Prize in Physics,
Rudolf Mossbauer demonstrated that a nucleus bound in a solid had a significant probability
of absorbing or emitting a photon at an energy equal to the nuclear excited-state energy [1].
As he correctly concluded, this occurs because when the nucleus is in a bound state, its motion
is quantized, and the nucleus can only change its vibrational energy by discrete amounts. In
particular, there is a significant probability of absorbing with no change in vibrational state, at
an energy equal to the energy of the nuclear excited state. Theorists quickly pointed out the
corollary, that there should also be peaks displaced from the recoilless resonance by energies
corresponding to vibrational quanta of the system [2, 3].

Two factors make it nearly impossible to observe these vibrational sidebands in a
conventional Mossbauer experiment, which records the transmission of Doppler-shifted
photons emitted by nuclei in a moving source. First, Doppler velocities of the order of
hundreds of metres per second are needed to shift the energy of the emitted photon by an
amount corresponding to typical vibrational quanta of the order of tens of meV [4]. A second,
more fundamental, limitation stems from the fact that the resonance is now broadened by
vibrational lifetimes, typically of the order of 1 meV. Thus, a strong vibrational sideband with
an integrated cross section of the order of 1% of the recoilless resonance will have a peak
cross section six to seven orders of magnitude weaker for a resonance with a linewidth of a
few neV. With rare exceptions [4], there is little possibility of observing such a weak feature
in a conventional transmission experiment.

Systematic experimental observations of nuclear absorption with recoil had to wait
approximately 35 years for the development of suitable synchrotron sources [5,6]. The
unique properties of radiation from a third-generation synchrotron source circumvent these
experimental limitations by enabling measurements in a time-resolved fluorescence excitation
mode. The high source brilliance enabled the development of tunable monochromators with
sub-meV resolution and acceptable output flux [7, 8]. The energy of the incident photons
is tuned in the vicinity of the nuclear resonance, and the observed fluorescence signal is
proportional to the number of photons absorbed by nuclei within the excited sample volume.
The subnanosecond duration of the synchrotron pulse, together with fast detectors, allows the
nuclear resonance signal to be distinguished from the background signal due to electronically
scattered photons [9]. Electronically scattered photons arrive in coincidence with the pulse and
are rejected, while fluorescence photons resulting from nuclear excitation (as well as photons
scattered by the resonant nucleus, approximately 10% of the delayed signal for 3’Fe) arrive
with a delay of the order of the nuclear lifetime (141 ns for °’Fe).

Nuclear resonance vibrational spectroscopy (NRVS) has promise for elucidating the role
of Fe in biology. Many physiologically essential proteins incorporate Fe, often at the centre of a
planar haem group [10]. The best-known haem proteins (such as haemoglobin and cytochrome
c oxidase) are involved in the transport and usage of molecular oxygen. Haem proteins also
mediate the function of another diatomic molecule, nitric oxide (NO), a signalling molecule
involved in diverse physiological processes including neurotransmission, immune function,
and regulation of blood pressure [11, 12]. Both O, and NO bind to the Fe, and this atom is
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believed to play a fundamental role in protein control of active-site reactivity. For example,
motion of Fe into the plane of the haem plays a crucial role in the cooperative binding and
transport of O, by haemoglobin [13, 14], while NO binding to guanylate cyclase severs the
covalent connection of the Fe to the protein [15, 16], activating the enzyme [17]. Conventional
Mbssbauer studies provide insight into Fe dynamics in proteins [18-20], but only characterize
the averaged fluctuations of the Fe nucleus. In contrast, NRVS resolves the contribution of
individual vibrational modes to Fe fluctuations in proteins [21,22].

The function of a protein often involves chemical reactions that take place at a localized
site, and one approach to understanding protein behaviour is to synthesize and characterize
small molecules that mimic the structure of this active site. Here, we present NRVS data on
the compound ferrous nitrosyl tetraphenylporphyrin, Fe(TPP)(NO), a model for the active site
of a haem protein, such as activated guanylate cyclase, with NO bound to the central Fe atom
(figure 1). We formulate a multimode description of NRVS appropriate for molecular systems
and apply it to characterize the vibrational motion of Fe in this compound. The approach
used here does not depend on the feasibility of a direct simulation of the NRVS data from
first principles [23], and is considerably more general than a formulation restricted to a single
discrete mode [24]. Assuming only the harmonic approximation, we extract from NRVS
data recorded on Fe(TPP)(NO) quantitative information on the composition and frequency of
all modes involving significant Fe motion, which can be compared directly with the results of
other experiments or calculations. The mode structure is much richer than previously observed
for the O,-binding haem protein myoglobin [22], probably reflecting the symmetry-lowering
effect of the asymmetrically bound NO molecule. Quantitative analysis suggests that the haem
doming coordinate, which is believed to couple to the binding of diatomic ligands, contributes
to one or more of the observed low-frequency modes.

Figure 1. The structure of Fe(TPP)(NO), which mimics the active site of haem proteins. The Fe
atom at the centre of the porphyrin is coordinated by the N atoms of four five-membered pyrrole
rings. Note that the diatomic NO group bound to the Fe is tilted from the normal to the porphyrin
plane, removing the fourfold degeneracy. For clarity, four phenyl groups, which bind to the methine
carbons that bridge the pyrrole rings, have been omitted.
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2. Background

2.1. The harmonic approximation and normal modes

The harmonic approximation describes the motion of nuclear centres of mass according to the
Hamiltonian
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where 7; is the displacement of atom j, with mass m , from its equilibrium position, V; is
the gradient operator with respect to this coordinate, and derivatives of the potential energy
function V' are evaluated with all atoms at their equilibrium positions. Application of an
appropriately chosen transformation

N
Qu =) &ja-Fj/i; )
j=1
from mass-weighted Cartesian coordinates of the individual atoms to a set of normal co-
ordinates Q, leads to a decoupled representation of the Hamiltonian as a sum

3N 2
1., d 1
H = (——hz — + zwg g) 3)

of 3N one-dimensional harmonic oscillator Hamiltonians. The stationary states |{n,}) of
this Hamiltonian, determined by a set {n,} of occupation numbers for individual modes with
frequencies w,, are direct products of the harmonic oscillator wavefunctions described in
elementary quantum mechanics texts.

If the molecular potential V' is known, numerical diagonalization of the Hessian matrix

Qjk = (mjmk)_l/z[%j%kv]o 4

is computationally tractable even for proteins containing thousands of atoms. For an example
of such a normal-mode calculation on myoglobin, see reference [25]. The dimensionless
vectors €, that describe this unitary transformation obey the normalization conditions

N
e, =1 )

j=1

and

32, =3 ©)
a=1
It is important to note that the latter sum extends over all 3N modes of the molecule, including
modes of zero frequency (rotation and translation). The apparent difference in normalization
of equations (5) and (6) reflects the association of three Cartesian coordinates with each atom.
An alternative formulation of equation (6):

3N
= A2
D (@Eo i) =1 %
a=l1
projects the vectors onto a molecule-fixed direction represented by the unit vector . We

have previously used equation (7), together with symmetry arguments, to deduce the relative
direction of motion of modes identified using NRVS in the protein deoxymyoglobin [22].
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We shall see below that NRV'S provides an absolute measurement of the mode composition
factor e?a if atom j has a suitable nuclear resonance, so it is important to understand its physical
significance. The kinetic energies associated with atom j and mode « can be related using the
expression v = m}/ s i« (0/0Q¢), which follows from the chain rule and equation (2). It
is then straightforward to show that the kinetic energy added to the molecule by exciting mode
« is partitioned among the individual atoms according to e?a; that is,

A(=H*/2m)V7) = e§QA<—%h2(a/a Qa)2>

(where A(---) represents the change in the expectation value of the enclosed operator in
response to a change in the occupation number of mode «). Thus, the mode composition
factor e?a can be thought of as the fraction of mode kinetic energy associated with motion of
atom j.
In special cases, this insight allows an expression for e?a to be written by inspection. For
example, it is apparent that
2, =" ®)
Jjo M
is the mode composition factor for atom j, having mass m;, for a translational mode of a
molecule of total mass M. This expression also applies for pure acoustic lattice modes in a
crystal where the total mass of the unit cell is M. Another simple case is a two-body oscillator
composed of groups of atoms with total masses M; and M,. Since the vibrational motion
involves no translation of the centre of mass, it follows that the kinetic energy associated
with motion of M; must be a fraction M,/(M; + M;) of the total kinetic energy. Of this
fraction, a subfraction m ; /M, is associated with the motion of an atom j that is included in
M. Therefore,
2 =" M
J M, M + M,
for a two-body oscillator.
The mode composition factor e?a is also connected to the magnitude of atomic fluctuations.
In a stationary state |{n,}) of a harmonic system, the mean square deviation of atom j from
. s o 2 ; 2
its equilibrium position may be expressed as a sum (r;) = > QCng + D){r )0 over modes of
non-zero frequency, where
(rig)o "

&)

_ 2
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is the contribution of mode « to the zero-point fluctuations of atom j in the ground state. Thus,
the mode composition factor e?a is proportional to the contribution of mode « to the mean
square fluctuations of atom j.

The traditional method for obtaining information on mode composition in bench-top
vibrational spectroscopies (infrared and Raman) is to observe shifts in mode frequency when
the mass of one or more atoms is altered by isotopic substitution. According to standard non-

degenerate perturbation theory, a small change Aaik in the Hessian matrix will shift mode
frequencies according to the expression
2 > S .2
A@) =) ¢ja+ AQji * Era (11)
jk
to lowest order in Aa,-k. The perturbation caused by a small mass change can be estimated
from the derivative
=—|— )6+ 12
am) T (81 + 812k (12)
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as long as the mass change does not affect the potential V in equation (1). Substitution and
use of the identity

- pig 2
E eja ° ij = W, Cka
J

leads to the result
dlnes) 1, (13)
d(ln m J) 2«

At least in principle, then, frequency shifts in mode « resulting from isotopic substitution
of atom j provide an estimate of the mode composition factor e?a. In practice, isotope shifts
provide an important qualitative indicator of mode composition, but quantitative interpretation
can be problematic because of the finite mass change, particularly if the frequency shift is
comparable to the frequency separation from nearby modes. Moreover, substantial effort may
be required to synthesize isotopically labelled forms of a complex molecule.

In contrast, NRVS provides an accurate means to directly determine all mode compos-
ition factors e?a for the probe nucleus. For this reason, the above insights into the physical
significance of the mode composition factors bear repeating:

° e?a < 1 is the fraction of kinetic energy in mode « associated with motion of atom j;

. e?a is proportional to the contribution of mode « to the mean square fluctuations of atom

Js
e in simple cases, the frequency shift of mode « upon isotopic replacement of atom j is
proportional to e?a.

2.2. Nuclear resonance vibrational spectroscopy (NRVS)

The absorption cross section

o(E) = %F()G()S(E — Ep) (14)

for absorption of a photon of energy E and wave vector k with consequent excitation of a
nuclear excited state can be expressed [3] in terms of a normalized excitation probability

S(E) =Y pil(f|exp(ik - Fpli) PL L E — (Ey — E)] (15)
if

which may be dominated by the recoilless line at E = E, (=14.413 keV for >’Fe), but
also includes features shifted from the resonance energy by the amount £y — E; needed to
excite the vibrational transition i —> f. The peak cross section oy and linewidth I'y of the
nuclear excitation are independent of the environment of the probe nucleus. A time-dependent

reformulation
o0

1 A o L
S(E) = 5— dr e BTl exp[—ik - 7;(0)] explik - 7; (D )r  (16)
—00

of equation (15) in terms of a self-correlation function for the time-dependent position 7 i (t) of
the probe nucleus [3] often provides a more useful starting place for detailed calculations. The
thermal average in equation (16) replaces the sum over states, with initial-state populations p;,
in equation (15).

Lipkin [26, 27] has elaborated a series of useful sum rules involving moments of the
excitation probability S(E). The lineshape functions £ ;(E) appearing in equation (15) have
unit area, f L(E) dE =1, so a simple closure argument ensures the normalization

/ Y S(E)dE = 1 (17)

[ee]
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of the excitation probability. The first moment

oo
/ ES(E)dE = Eg (18)
—00

of the excitation energy yields the recoil energy Ex = h%k?/2m for a nucleus with mass m.
The recoil energy Ex (=1.96 meV for >’Fe) is independent of the environment of the probe
nucleus. As a result, equation (18) provides an alternative normalization for experimental
data that is more useful in practice [6] than equation (17). Higher moments provide model-
independent values for various sorts of environment-specific information. In particular, the
second moment

[e.¢]
/ E?S(E)dE = Ex(4K 4, + ER) (19)
—00
yields the averaged kinetic energy K, of the probe nucleus and is related to the second-order
Doppler shift of the recoilless line observed in conventional Mdssbauer spectroscopy [28].

2.2.1. Normal-mode formulation. In order to obtain more detailed information about the
motion of the probe nucleus, it is necessary to introduce a model for the motion of the probe
nucleus. The harmonic approximation summarized in section 2.1 allows a simple closed-form
expression to be written for the area of each vibrational feature in S(E). For molecular systems
which contain discrete vibrational resonances, this formulation provides a convenient basis for
comparison of experimental NRVS measurements with normal-mode calculations. According
to equation (15), the normalized excitation probability

S(@) = fLo@®) + D PraniLe (f» - Ang f)a) (20)
{Ang} o

for a harmonic system consists of a recoilless line with area fraction f, as well as a series
of terms with area fraction ¢a,,; corresponding to changing the initial populations {ny}
of vibrational states by amounts {An,}. Here, we follow the usual practice in molecular
spectroscopy and express the energy E = hcv or frequency w, = 27V, in terms of the inverse
free-space wavelength v of a photon with this energy or frequency.

Within the harmonic approximation, Zemach and Glauber [29] used the van Hove form-
ulation (equation (16)) to calculate the fractional contribution

—a 1 Ang /2
Dian) = f]"[(" - ) L, 22 jor/ i i + 1) 1)

of the transition {ny,} — {n, + An,} to the normalized excitation probability S(v). Here, the
dimensionless quantity

br o
Lo = §<k~eja)2 (22)

is expressed in terms of the nuclear recoil energy E = hcvg = h2k?/2m ;j and the unit vector
k = k/k, and

o = 1 23)
exp(hcvy/kpT) — 1

is the mean occupation number of mode « at temperature 7. For 3'Fe, vz = 15.8 cm™!. All
transitions contribute to the recoilless fraction

f = expl—((k - Fre)?)r] = exp[— > @iy + 1)Zja]. (24)
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In the low-temperature (high-frequency) limit 24/n4 (1, + 1)zje < 1, we can to a good
approximation keep the leading term

1 [n|
I,(x) = <§x> /|n|!

in the expansion of the modified Bessel function. In this limit, the ‘recoil fraction’ is

¢ = 1?—Re%(ﬁa +1)f (25)
39, 7/

for a fundamental transition n, —> n, + 1. A similar expression with the factor n, + 1
replaced by n, describes ‘anti-Stokes’ transitions n, + 1| —> n, appearing at energies
E = Ey — hcvy. At the same level of approximation, the first overtone n, —> ny, + 2
contributes a fraction

- \2
_ %(‘Vj—f) ¢t g + 1D’ f (26)
and a combination n, —> ny + 1, ng —> ng + 1 contributes a fraction
¢ = i(1+2cos25 ﬂ)i& e (g + D(g+ 1) f. 27)
15 PG, ST P

Both the recoil fractions ¢ and the recoilless fraction f depend on molecular orientation,
as apparent from inspection of equations (21), (22), and (24). Equations (25)—(27) reflect an
unweighted average over orientations, as appropriate for a solution or a polycrystalline sample.
For a sample consisting of randomly oriented molecules, the needed averages are

AL 1
((k-8ja)) = 3¢50

((k-€j)h) = %eia

(k- 210)*(k - 215)%) = €3,€%5(1 + 208 £4p) /15
where &4 is the angle between é;, and €;5. In principle, measurement of the intensity of
combination modes would yield mode-specific information on the relative direction of motion
of the probe nucleus.

The variation of the recoilless fraction f with molecular orientation is difficult to treat
rigorously. The expressions for the recoil fractions ¢ in equations (25)—(27) result from simply
replacing f with its isotropic average (f). Small systematic errors that might result from this
neglect of the anisotropy of the recoilless fraction are minimized if f is close to unity. In
section 4, we suggest a procedure to reduce such errors.

2.2.2. VDOS formulation. An alternative formulation [30] is particularly useful for a
harmonic solid in which the normal modes form continuous phonon bands. In this case,
it is natural to describe the NRVS signal in terms of a weighted vibrational density of states
(VDOS)

D) =Y (k-&ja) L — Vy) (28)
for atom j, since the individual frequencies are too close to resolve experimentally. The
excitation probability

(@) = f[ﬁo@ +> Sn(m} (29)
n=1
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can be expanded in a series, where S, (E) represents the contribution of n-phonon processes.
The one-phonon contribution

- - v -
S1(v) = [n(V)"‘l]?RDj('V') (30)
is proportional to the VDOS D;(E), and the n-phonon contribution

Su(V) = %fdf/ S1(0) 81 (v — V) €1y

is a convolution of the one-phonon and (n — 1)-phonon contributions.

While formally equivalent to the above formulation in terms of normal modes (section
2.2.1), the VDOS formulation given in equations (28)—(31) is often more useful for a crystalline
solid. In particular, an iterative procedure [6] based on equation (31) directly extracts D(v)
from the measured S(v), after subtraction of the recoilless line. This is a valuable feature
for systems where D (V) is continuous, since multiphonon contributions will in general not be
spectrally resolved from one-phonon contributions in the observed S(v).

The preceding expressions are rigorous for an oriented harmonic crystal. However, the
effect of orientational averaging must be considered for unoriented polycrystalline samples.
In particular, since (S;(V)S,—1(v — V) # (S1(V))(Sp—1(v — V')) in general [28], use of
equation (31) to estimate the multiphonon contributions may lead to systematic errors in the
iteratively extracted VDOS. In general, measurement of S(V) at a single temperature may
not uniquely determine D(v) without additional information about vibrational anisotropy.
However, iterative extraction of D (V) is still rigorously correct if vibrational motion is isotropic,
as in a cubic crystal [6], and the systematic errors are expected to be small for simple crystals,
where vibrational anisotropy is modest. Significantly larger lattice mode anisotropy might be
expected for the molecular crystal under investigation here.

3. Methods

TFe-enriched Fe(TPP)Cl was prepared using the metallation procedure described by
Landergren and Baltzer [31]. Fe(TPP)(NO) was then prepared by a route based upon the
synthetic method of Scheidt and Frisse [32]. Fe(TPP)CI was dissolved in a small volume
of chloroform, methanol and pyridine were added, and nitric oxide was bubbled through the
solution for several minutes. The product was then precipitated by addition of a large volume
of methanol, isolated by filtration upon sintered glass, and washed with several portions of
methanol. The resulting polycrystalline powder was mixed with minimal Apiezon N grease for
binding, loaded into a milled depression in a sapphire block, and covered with a Mylar sheet.
The sapphire block was then mounted on the cold finger of a cryostat with Mylar windows.

Measurements were performed at sector 3-ID-D of the Advanced Photon Source at
Argonne National Laboratory. A high-resolution x-ray monochromator [8] tuned the energy
of the x-ray beam in the vicinity of the 14.4 keV resonance of ’Fe with a resolution of
approximately 7 cm~!. K fluorescence emitted by excited 3'Fe nuclei was detected using a
large-area APD detector. Pulses from the APD were recorded by a counter that was enabled
after a delay to discriminate the 6.4 keV fluorescence photons from the large background of
electronically scattered 14.4 keV photons, which arrive in coincidence with the x-ray pulse.
The spectrum shown in figure 2 is a sum of ten scans, in each of which counts were recorded
for 5 s every 0.2 meV while scanning the incident x-ray energy.



7716 J T Sage et al

4. Results

The recoilless line at E = E, dominates the measured spectrum of >’Fe(TPP)(NO) at 80 K
(figure 2). Well-resolved peaks at higher energy indicate excitation of discrete vibrational
modes coincident with x-ray absorption by the ’Fe nucleus. There is significant thermal
excitation of low-frequency vibrational modes at this temperature, and a peak visible 130 cm™!
below the recoilless line in figure 2 corresponds to de-excitation of the same mode responsible
for the peak 130 cm™' above the recoilless line. The area ratio (7iq + 1) /iy = exp(hcvy/kpT)
of these two features provides a value T = 80 K for the sample temperature. Although most of
the spectrum shows little indication of dispersion, acoustic phonons obviously involve motion
of ’Fe and presumably contribute to the unresolved features on the shoulder of the recoilless
line. Note that the experimental resolution (0.85 meV ~ 7 cm~!) is comparable to vibrational
lifetime broadening, but many orders of magnitude larger than the intrinsic 4.7 neV nuclear
linewidth. As a result, the peak cross sections for the vibrational features in figure 2 are more
than 107 times weaker than the recoilless line, contrary to what might be concluded from a
cursory examination of the data.

E-E, (meV)
-20 0 20 40 60 80 100
25%10° [ recoilless absorption 57
(Mossbauer effect) Fe(TPP ) (N O)
20 T=80K
2 I
g 15¢ NRVS = absorption with
2 i \ (quantized) recoil
© oL |~ | o
[ ﬂ h !
L MJI[ ‘n |[
st - %30
[ i [
: w t M{ W[ it !
0F — W ‘ w@““"”‘ mew‘ﬁfwwf
0 200 400 600 800

frequency (cm™)

Figure 2. The NRVS signal recorded from polycrystalline 3’ Fe(TPP)(NO) at T = 80 K. The
temperature was estimated by equating the ratio of the features at 130 cm™~! to the Boltzmann
factor exp{—hcv/kpT}.

Figure 3 shows the experimental spectrum of polycrystalline 3’Fe(TPP)(NO) after
normalization so that the first moment yields the recoil energy vy, as required by Lipkin’s
sum rule (equation (18)) [26,27]. The resulting normalized spectrum is proportional to S(v)
for energies that are sufficiently separated from the recoilless line. Table 1 lists frequencies
and recoil fractions resulting from fitting the normalized spectrum to a sum of Lorentzians.
According to equation (25), experimental values for the mode composition factors e, can
be determined from the areas of the corresponding one-quantum features in the excitation
probability, given a value for the recoilless fraction f. However, the limited experimental
resolution presents some practical difficulties in determining the latter quantity, because the
recoilless line is not cleanly resolved from the distribution of unresolved vibrational states that
contribute shoulders on the central resonance in figure 2.
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Figure 3. Upper panel: the excitation probability derived from experimental data on Fe(TPP)(NO)
shown in figure 2. Dashed curves represent the results of a fit of the excitation probability to a
series of Lorentzian peaks. Lower panel: mode composition factors derived from equation (25),
using the fitted peak areas from the upper panel.

Elsewhere [33], this issue has been successfully dealt with by assuming a Debye
frequency distribution and extrapolating through E = E, to determine the underlying
vibrational contribution, with the remaining fraction attributed to recoilless absorption. The
resulting values for the recoilless fraction agree well with those determined using conventional
Mossbauer measurements [33]. Here, our primary goal is to determine accurate values for the
mode composition factors, and we adopt an alternative approach.

We estimate a value ' = 1 — > ¢ by summing only over the resolved features listed
in table 1, which we successfully fit to symmetric peaks, finding ' = 0.948. The mode
composition factors ef,, in table 1 are then calculated by inverting equation (25), using this value
for f’ and the experimental recoil fractions ¢. Table 1 also lists values for the contributions
of individual modes to the zero-point fluctuations of the Fe, as calculated from equation (10).
(Here and below, we take j = Fe and suppress the mode index « that appears explicitly in
equations (10) and (25).) Two tests suggest that the resulting values for e}%e are accurate. First,
the value of f calculated independently from equation (24), using the frequencies and eg,-
values listed in table 1, yields a consistent value f' = exp[—3 "' (Vr/D) (271 + 1)ef,] = 0.944.
A more convincing test compares the value

— 1 o

K = EZ D27 + 1)ed, (32)
for the mean kinetic energy of the Fe nucleus calculated from our harmonic model, yielding
K = 74 cm™!, with the model-independent value

=2y =2
K = u (33)
4VR

determined from Lipkin’s sum rule (equation (19)) [26,27], yielding K = 76 cm™'. (The
spectral moment in equation (33) is defined as (V") = f v"S(v) dv.) Since the former
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Table 1. Mode composition analysis for Fe(TPP)(NO) at 7 = 80 K.

Frequency (cm™') FWHM (cm™!) Recoil fraction x 10° €2, (rg.)o (pm?)
74 12.6 6.0 0.06 2.6
111 43.9 4.1 0.08 2.1
128 9.8 6.2 0.14 33
205 12.6 23 0.09 1.3
225 42 0.3 0.01 0.2
236 11.0 3.0 0.14 1.7
248 11.5 3.4 0.17 2.0
279 12.3 1.3 0.07 0.7
312 11.0 10.2 0.64 6.1
333 9.0 5.1 0.34 3.0
358 10.4 0.3 0.02 0.2
376 9.4 1.8 0.13 1.1
399 7.8 0.6 0.05 0.4
410 12.3 15 0.13 0.9
470 73 23 0.22 1.4
540 16.9 3.1 0.34 1.8

1-3"¢=0.948 Y ek =2.62

value is dominated by frequencies above 300 cm™!, the agreement of these two independent
values gives confidence that the e -values reported in table 1 do not suffer from a significant
systematic error due to misestimation of f.

Note that the quantity f’is simply an intermediate stage in the determination of the mode
composition factors eZ,, and should not be interpreted as the true recoilless fraction that would
be measured in a conventional high-resolution Mdssbauer experiment. In fact, by subtracting
the resolution function from S(v) to obtain a result that is approximately flat near v = 0 and
equating the area of the remaining spectrum to 1 — ( f), we roughly estimate a much smaller
value (f) = 0.72 for the orientationally averaged recoilless fraction. In fact, it is apparent
from the experimental data in figure 2 that the low-frequency shoulders are a much larger
fraction of the spectral area than the discrete modes listed in table 1, and will dominate the
value of the recoilless fraction measured in a conventional Mossbauer experiment.

The reason that this procedure works reasonably well can be seen from the VDOS
formulation of S(v). Because each term in the expansion takes the form of a convolution
of the previous term with the first-order term (equation (31)), each peak in the spectrum
should in principle exhibit asymmetric shoulders similar to those apparent on examination
of the recoilless line (figure 2). However, the shoulders on the wings of the individual
vibrational peaks will vary from peak to peak, depending on the direction of Fe motion in
each individual mode. In the experimental spectrum, these asymmetric shoulders are not
apparent on the vibrational peaks. This presumably results from the broader linewidth of these
features, compared to the recoilless line, and the limited signal-to-noise ratio. Nevertheless,
the fit accurately reproduces the entire spectral area, and since the shoulders constitute a
significant fraction of this area, the sharp peaks in the fitting function must include the area
of the asymmetric shoulders. As a result, it should be approximately correct to reformulate
the expansion (equation (29)) so that the zeroth-order contribution has the form not of a delta
function, but of the spectrum that would be observed due only to the continuous part of
the density of states responsible for the low-frequency shoulders. Sharp features due to the
discrete part of the density of states then appear in first and higher orders of the expansion, and
the ‘nearly recoilless fraction’ f’ is calculated from the right-hand side of equation (24) by
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summing only over discrete modes. Note that if, as here, the vibrational subspace is partitioned
so that f’ is significantly closer to unity than f, this procedure should reduce the severity of
the approximation of neglecting the anisotropy of the recoilless fraction.

More formally, we may partition the vibrational degrees of freedom into a subspace
(with occupation numbers {n,}) that contributes to the sharp vibrational resonances and a
second subspace (with occupation numbers {n4}) whose fundamental transitions are not clearly
resolved from the recoilless line. Then we combine the area of each vibrational feature in the
spectrum defined by a set of occupation numbers {An,} (including the recoilless resonance
with {An, = 0}) with the areas of features associated with all possible simultaneous excitations
{Ang} of the {ng} subspace. The subspace partitioning allows us to factor the contribution of
the {ng} subspace out of the product in equation (21), so that the total area

Pian,) = Z Biang: Ang)
{Anlg}

of the resolved resonance is easily shown to retain the form of equation (21), with f replaced

by

f/ = Z ¢{Anﬁ;Anu:0} > f
{

An,g}

5. Discussion

A striking feature of the NRVS data on >’Fe(TPP)(NO) is the large number of well-resolved
vibrational resonances. These sharp features contrast with the broad phonon bands observed
for simpler crystalline systems such as Fe metal and oxides [6, 33], reflecting the reduced
dispersion characteristic of molecular solids. The number of modes is significantly larger
than the number observed in NRVS data from 3’Fe-enriched myoglobin [22]. The reduced
symmetry of the Fe environment brought about by asymmetric binding of the NO ligand is
likely to contribute to activating these modes. In addition to the tilted orientation of the bound
NO ligand, both high-resolution x-ray structures [34] and recent DFT calculations [35] on
five-coordinate nitrosyl iron porphyrins reveal that the in-plane Fe—N,y, bonds are significantly
shorter in the direction of the NO tilt. In the absence of the axial NO ligand, the Fe lies on
a centre of Dy, symmetry, and all Fe motion will involve modes of A,, (out-of-plane) or E,
(in-plane) symmetry. NO binding removes this restriction and frees the Fe to participate in
a wider range of vibrational motions. Other factors that might restrict the number of modes
identified in myoglobin NRVS data include changes in the peripheral groups attached to the
porphyrin skeleton, interactions with the polypeptide, and the limited signal-to-noise ratio of
the protein data.

The results in table 1 present an important new challenge for theoretical calculations.
Traditional vibrational spectroscopies, such as infrared and Raman, typically provide
frequencies for a restricted subset of modes that modulate electronic properties of the molecule
[36]. NRVS not only identifies the frequencies of all modes with significant Fe motion, but
also provides quantitative information on mode composition that an accurate calculation must
reproduce. Most of the modes observed here are not seen in Raman spectra of Fe(TPP)(NO)
derivatives in solution at room temperature [37]. In fact, there are no precise frequency
correspondences. In particular, *NO/'>NO isotope shifts and DFT calculations associate 65%
Fe-NO stretching character with a mode observed at 524 (527) cm~! for Fe(TPP)(NO) in
benzene (dichloromethane) solution [37]. The nearest frequency that we observe in poly-
crystalline Fe(TPP)(NO) at 80 K is 540 cm ™. The value e, = 0.34 observed here compares
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well with the value eﬁe = 0.31 predicted by equation (9) for a two-body Fe-NO oscillator,
and it is likely that Fe-NO stretching remains a dominant contribution for the 540 cm~! mode.
However, intermolecular interactions in the crystalline environment may alter its frequency or
detailed composition. Temperature-dependent structural changes cannot be excluded. Also of
interest are the pair of modes at 312 cm™! and 333 cm™!, which have the largest eZ -values
other than those of the 540 cm~! mode. These modes may be analogous to the in-plane Fe—Npy;
modes that dominate the spectrum of photolysed myoglobin. However, the unequal e%e-values
in Fe(TPP)(NO) contrast with the nearly equal values observed for myoglobin [22]. It is
conceivable that this asymmetry reflects interactions with another mode or modes, such as the
Fe—N-O bending mode, which also involves in-plane Fe motion. Normal-mode calculations
will shed more light on the character of these modes.

The value >’ el%e = 2.62 obtained by summing only over the modes listed in table 1
is quite close to the value 3 — 3mp./M = 2.72 that would result from excluding acoustic
modes (equation (8)) from the sum in equation (6). This result further validates the method
introduced here to determine values for e,. Moreover, it suggests a clean partitioning of the
7Fe NRVS spectrum into discrete modes, which resemble vibrations of the isolated molecule,
and acoustic phonon bands, which give rise to the broad feature visible below ~30 cm™!
on the shoulders of the recoilless resonance (figure 2). These acoustic phonons also make
the dominant contribution to the recoilless fraction f = (.72 estimated above. A more
detailed quantitative analysis of the acoustic phonons would have to take into account the
highly anisotropic motion expected on the basis of the parallel packing of the planar porphyrin
molecules into the lattice.

One important motivation for NRVS investigations of haem proteins and model com-
pounds is to identify and characterize modes that participate in biochemical reactions. In
particular, the O, binding reaction in myoglobin and haemoglobin involves Fe motion
perpendicular to the haem plane [13, 14]. DFT calculations on isolated haems predict the
frequency of this haem ‘doming’ mode to lie in the range [38] of 50-70 cm™~!. Photochemical
release of NO from myoglobin with a femtosecond laser pulse leads to coherent oscillations
with 40 cm~! and 80 cm™! frequencies [39,40], but does not provide direct information on
the atoms involved in the motion. NRVS data on myoglobin failed to identify a well-resolved
mode with the intensity expected for a haem doming mode in this frequency region. The
proposed explanation is that the protein environment fundamentally alters the character of the
doming mode, with the result that atomic motion throughout the protein is involved and the
fraction of mode energy invested in Fe motion is consequently reduced [22].

Since the analysis presented above for Fe(TPP)(NO) appears to account for all intra-
molecular vibrations with significant Fe motion, one or more of the observed modes must
involve the haem doming coordinate. The largest e%e-value reported here for modes below
200 cm™! is for the 128 cm™! mode, This frequency is significantly higher than the 40 cm™!
frequency observed following NO photolysis from myoglobin [40], or the 50-70 cm ™' region
identified in calculations on a porphyrin with an unligated four-coordinate Fe [38]. Although
there is a mode near the expected frequency range, at 74 cm™!, its el%e-value is much smaller
than the value e%e 2~ 0.3 previously estimated [22] for the haem doming mode. Clearly,
caution is required, since the asymmetry induced by NO binding may introduce a significant
component of Fe motion into low-frequency porphyrin modes such as ‘saddling’, which would
involve no Fe motion in the strict Dy, symmetry of a four-coordinate porphyrin. Moreover,
some frequency differences are not unexpected, due to variations in Fe ligation, porphyrin type,
and environment (polypeptide, crystal lattice, or vacuum). Normal-mode calculations will be
needed to evaluate the contribution of haem doming to the low-frequency modes observed here
for Fe(TPP)(NO).
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Since the haem doming coordinate is directly involved in the oxygen-binding reaction,
there is particular interest in determining whether the mode remains localized at the haem when
placed in the protein environment, or whether it acquires a more global character, involving
the motion of atoms distant from the haem. In order to understand the mechanism of site-
to-site communication in allosteric proteins and other biomolecules, it is crucial to establish
whether biochemical reactions at an active site directly involve the motion of atoms at distant
sites on vibrational timescales or whether intersite communication primarily results from a
slower readjustment of the global protein conformation to a rapid structural change at the
active site. Successful identification of the haem doming mode in a model compound would
open an avenue of investigation aimed at characterizing this reaction coordinate in a protein.
In particular, determination of eZ, for a localized doming mode in a haem model compound
would provide a more definitive baseline value for comparison with NRVS measurements on
haem proteins. As we discuss elsewhere [22], NRVS provides a unique experimental probe of
mode localization, a crucial issue that previously could only be addressed theoretically.
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