Pure & Appl. Chem., Vol. 70, No. 4, pp. 917-924, 1998.
Printed in Great Britain.
© 1998 IUPAC

Iron porphyrins reinvestigated by a new method:
Mossbauer spectroscopy using synchrotron
radiation

A. X. Trautwein®, H. Winkler®, S. Schwendy®, H. Griinsteudel*®, W. Meyer-
Klaucke®, O. Leupold®, H. D. Riiter’, E. Gerdau®, M. Haas®, E. Realo?, D. Man-
don® and R. Weiss®

@ Physik, Medizinische Universitiit, 23538 Liibeck, Germany

® ESRF, BP 220, 38043 Grenoble, France

€ ILInst. f. Experimentalphysik, Universitdt Hamburg, 22761 Hamburg, Germany
¢ Institute of Physics, Estonian Academy of Science, 2400 Tartu, Estonia

¢ Institut Le Bel, Université Louis Pasteur, 67070 Strasbourg, France

Abstract: Nuclear resonant forward scattering (NFS) of synchrotron radiation re-
presents Mossbauer spectroscopy in the time domain. This new technique com-
plements the conventional nuclear resonance absorption, e.g. Mdssbauer spectro-
scopy in the energy domain, by supplying highly brilliant, polarized, collimated
and timed radiation. In NFS the hyperfine interaction of coherently excited nuclei
manifests itself as quantum beats, i.e. as modulation of the time-dependent inten-
sity of the transmitted radiation, which is delayed with respect to the incoming
synchrotron pulse. We have investigated *"Fe-enriched iron porphyrins to test NES
for first biophysical applications. NFS spectra of the diamagnetic porphyrin
FeO,(SCsHFs)(TPivP) and of the paramagnetic porphyrin [Fe(CH;COO)(TP,,P)]
were recorded at various temperatures, with and without reference scatterer, with
and without applied field . Dynamic molecular properties, e.g. dynamic structural
disorder or spin-lattice relaxation document as variation of the time-delayed count
rate. Measured NFS spectra were analysed theoretically by programs which are
basically the analogue in the time domain compared to the usual calculations in
the energy domain.

INTRODUCTION

Nuclear resonant scattering techniques (1), i. e. nuclear forward scattering (NFS) (2-5) and nuclear inela-
stic scattering (NIS) (6-8), have become available as spectroscopic methods with the 27 and 3™ generati-
on sources of synchrotron radiation.

In the present contribution we focus on NFS, which represents Mossbauer spectroscopy in the time do-
main, and which complements the conventional nuclear resonance absorption, e.g.-Mossbauer spectrosce-
py in the energy domain. NFS makes use of the specific properties of synchrotron radiation, e.g. high bril-
liance (large flux of light within a narrow bandwidth of energy), high degree of polarization, timed
structure of radiation (narrow and equidistant pulses of light) and high degree of beam collimation (- 1
mm? at the 3“ generation machines). NFS is used to study hyperfine interactions and, via effective sample
thickness, also molecular dynamics. Here we present first biophysical applications, i. e. on the "picket-
fence" porphyrins FeO3(SC¢HF4)(TP;,P) and [Fe(CH;COO)(TP, P)]".

With respect to NIS, which we have employed to study molecular vibrations in an iron(Il) spin-crossover
complex, we refer to separate contributions which we present at this conference (9) and at the Internatio-
nal Conference on the Applications of the Mdssbauer Effect (ICAME 97) (10).

EXPERIMENTAL

The time dependence of NFS intensity was obtained with the nuclear resonance station at beamline BW4
(11) of HASYLAB, DESY in Hamburg, Germany (Fig. 1). The beam of white X-rays was monochromati-
zed by a double-crystal Si(111) premonochromator to a bandwidth of about 2.5 eV at.the resonance ener-
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gy of 14.413 keV for *’'Fe. A further decrease of bandwidth down to 6.5 meV was obtained with a
"nested" high-resolution monochromator (12, 13). This beam was used to coherently excite the 14.413
keV nuclear level of *’Fe nuclei in the sample. The sample was mounted in a cryostat to allow measure-
ments at different temperatures and in applied magnetic fields.

When the synchrotron beam of ~ 150 ps length hits the sample electronic X-ray scattering occurs instan-
taneously while the nuclear scattering process, involving coherent collective nuclear excitation (nuclear
exciton) and deexcitation, is only completed after same delay. Note that the mean life time of the first
excited state of a single > Fe nucleus is T = 141 ns. This property allows to separate the prompt electronic-
scattering signal from the nuclear-scattering signal. The latter appears after the nuclear decay as time-
delayed coherent electromagnetic radiation which is counted by a fast avalanche photo diode (14).

NFS SPECTRA VERSUS CONVENTIONAL MOSSBAUER SPECTRA

The time dependence of the intensity of the delayed radiation for the special case of electric quadrupole
interaction is given by (15):

(M

AEq -t
)

I(t) ~e~Y* cos? [

Eq. (1) documents that a conventional single-line Mdssbauer spectrum (with zero quadrupole splitting,
AEq =0, and natural line width) exhibits as exponential with the time dependence of the nuclear decay
¢" (Fig. 2a), while a quadrupole splitting AEq = h27/T exhibits as quantum-beat spectrum with period T
superimposed over the exponential e (Fig. 2b).

In case of magnetic hyperfine splitting beating occurs among several resonance lines with the result that
the beat pattern becomes more complicated than that shown in Fig. 2b (see below).

Another important feature of coherent scattering by an ensemble of nuclei is the speed-up of the nuclear
decay and the modulation of the time evolution due to multiple scattering (4). On account of this effect
the time dependence of the intensity of the delayed radiation becomes dependent on the effective sample
thickness, tegr (16):

2
Wty 1)~ e~ t2 D ten /) (e 17%) )
eff » eff m .

This results in dynamical beats which have in contrast to quantum beats no constant frequency, but the
distance of the beats increases with time. The minima of the dynamical beats may be used to determine teg
and from this the Lamb-Mo&ssbauer factor fiu .

Eq. (1) applies for "thin" nuclear scatterers, e. g. for effective thickness of ter < 1. Using a cylindrical
sample with a volume of 0.5 ml and a basal area of 0.5 cm? the situation tesr ~ 1 corresponds to a concen-
tration of about 1 mM in *'Fe (yielding a quadrupole doublet with ~ 10 % resonance effect in the energy
domain). Samples with higher concentration, i. e. with higher effective thickness, te > 1, exhibit additio-
nally to the quantum beats the modulation of the forward scattering intensity (dynamical beats) according
to eq. (2) (Fig. 2¢).

APPLICATIONS

Diamagnetic ''picket-fence' porphyrin FeQ,(SC¢HF (TP P)

A powder sample of the >'Fe-enriched "picket-fence" porphyrin FeOy(SCsHF,)(TP,yP) was our first test
object for biophysical NFS applications. We have used a powder sample instead of a frozen solution to
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Fig. 1 NFS beamtine BW4 at HASYLAB, DESY, Hamburg. The "white" X-rays are monochromatized in two successive steps,
i.e. by a double crystal high-heat-load premonochromator and by a high-resolution monochromator, to a bandwidth of ~ 6.5
meV at the resonance energy of 14,413 keV for *'Fe. The liquid helium cryostat with two superconducting split pairs in ortho-
gonal setting allows to investigate samples in the temperature range 2.7 to 300 X, and in applied fields up to 7 T (in various
directions relative to the synchrotron beam). As fast detector serves an avalanche photo diode (APD) with a time resolution of ~

1 ns capable for detecting up to ~ 10® photons per second.
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Fig. 2 Mossbauer spectra in the time domain (left) and in the energy domain (right). Note that the isomer shift of a sample does

not influence the time evolution of the NFS spectra. Spectra were generated by the CONUSS program'(17).
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obtain high effective thickness, i.e. to produce spectra with reasonable statistics in times as short as pos-
sible. With the small forward scattering count rates R between 12 and 3.5 Hz the NFS spectra with the
simple beat pattern arising from a quadrupole splitting (Fig. 3) took between 1 and 3 hours, depending on
R. Recording more complicated magnetic spectra took up to 10 hours. A disadvantage of using powder
samples, however, is that they are inhomogeneous compared to solutions, which yields a spread of dyna-
mical beat minima and therefore requires additional parameters in the fit analysis (18).

We have measured NFS spectra of two different samples of FeO(SCsHF4)(TP;P) at various temperatu-
res, with some of them shown in Fig. 3. From one sample we have also recorded spectra in applied fields
of 4 T pointing into different directions within a plane which is perpendicular to the synchrotron beam
(Fig. 4). All spectra were analyzed with the CONUSS program (17), assuming that the inhomogeneity
within the powder samples is represented by a rectangular thickness distribution, ter (140.25). The por-
phyrin FeO,(SCsHF4)(TP,,P) is diamagnetic therefore the only magnetic contribution in the analysis of
the spectra shown in Fig. 4 is the applied field. We have implemented the field rotation here to test the
cryomagnet system (Oxford Instruments), which was specially designed for NFS applications in particular
of paramagnetic systems, and also to test the fitting of NFS spectra under various conditions. The CO-
NUSS fits of the NFS spectra in Fig. 3 and 4 are of about the same quality with mean square error devia-
tions (x*) around 2.

Note that the NFS spectra in Fig. 3 and in Fig. 4 are not influenced by the isomer shift, 3. In order to de-
termine & preferably a single-line reference scatterer (e.g. stainless steel or K4(Fe(CN)g) has to be placed,
additional to the investigated sample, into the synchrotron beam, either up- or down-stream of the
cryostat. With this experimental setup beating occurs between three lines, e.g. the single-line from the re-
ference scatterer and the two quadrupole lines from FeO(SCsHF4)(TPiyP). A fit of the corresponding
NFS spectrum (Fig. 5) with the CONUSS program (17) yields an isomer shift of the porphyrin relative to
stainless steel of &= 0.30 mms™,

In Fig. 6 we have plotted the obtained temperature dependence of the quadrupole splitting AEq, which
compares well with the results from Mgssbauer spectra in the energy domain (19). We have originally
attributed this temperature variation of AEq to the dynamic distribution of one of the two oxygen atoms
in FeOz(SC5HF4)(TPpwP), which causes a time - and temperature-dependent electric field gradient (efg)
tensor at the *'Fe nucleus (18). This view is now additionally suported by the NFS study, which provides
new access to dynamic processes in molecules. The obtained effective thickness, tef, of
FeO,(SCsHF)(TPywP) (Fig. 7) is a measure of the number of 57Fe nuclei which take part in the coherent
collective excitation. The dynamic distribution of the oxygen atom represents in fact the stochastic
fluctuation of the efg tensor which destroys the coherence between the excited nuclei. The resulting de-
phasing reduces the probability for the excitation of the nuclear exciton. As a consequence the forward
scattered intensity is reduced, which formally exhibits as reduction of tey compared to the static situation
at low temperature. At elevated temperatures, when the fluctuation rates get much faster compared to the
quadrupole precession frequency, certain components of the efg tensor cancel to zero, and the remaining
components are constant, independent of a further increase of temperature; hence, the coherence between
the excited nuclei is retained and tes follows the normal trend with increasing temperature.

A similar behavior of the temperature variation of the intensity of delayed counts has been observed in the
NFS study of other molecular systems which exhibit dynamic properties: both, the spin-lattice relaxation
in the paramagnetic "picket-fence" porphyrin [Fe (CH;COO)(TP,;,P)]" and the superparamagnetic relaxa-
tion in ferritin are accompanied by a minimum of delayed count rate in the intermediate relaxation regime
where the stochastic fluctuations of the spin systems destroy the coherence between the excited nuclei
(20).

Paramagnetic ''picket-fence' porphyrin [Fe (CH;COO)(TP,;,P)]

For a thick sample, which consists of randomly oriented diamagnetic STFe-containing molecules in an
applied field, the response of this sample on the incident monochromatized and fully polarized syn-
chrotron beam has been given analytically, e.g. in the CONUSS program (17). This, however, is not pos-
sible in the general case of having randomly oriented paramagnetic instead of diamagnetic *’Fe-containing
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Fig. 3 Experimental NFS spectra of FeO,(SCs HF,)
(TP,,P) recorded at various temperatures as indicated.
The solid lines are fits obtained with the CONUSS pro-
gram (17). The resulting quadrupole splitting AEq and ef-
fective thickness te is plotted versus temperature in Fig. 6
and Fig. 7.
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Fig. 4 Experimental NFS spectra of FeQ,(SCs HF.)
(TP,P) recorded at 4.2 K in a field of 4 T, applied at
different angles © within a plane which is perpendicular
to the synchrotron beam. © = 0 represents a field orien-
tation parallel to the polarization G of the beam. The
solid lines are fits with the CONUSS program (17).
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Fig. 5 Experimental NFS spectrum of FeOa(SCsHF)(i Py F) at 4.2 K together with stainless steel at 300 K as reference scatte-
rer, the latter placed ~ 30 cm downstream and. outside the cryostat. A fit-with the CONUSS program (17) yields as
isomer shift of the porphyrin relative to stainless steel the value 8 = 0.20 mms™.
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molecules in an applied field, because of the integrations involved. The way how to evaluate NFS spectra
for this general case numerically by the SYNFOS program has been outlined elsewhere (21). Here we
present as first test case measured and calculated NFS spectra of a powder sample of the paramagnetic
“picket-fence” porphyrin [Fe (CH3COO)(TPy;ivP)] in applied fields.

Application of a field B to a ferrous high-spin complex induces spin-expectation values according to the
spin-Hamiltonian (22)

A A A
H=S. D -3+pB, S-g-B. 3)

A

D and g are tensors describing electronic spin-orbital and Zeeman interaction, respectively, S represents
the effective spin operator, and f3, is the Bohr magneton. The spin-expectation values depend on the ori-
entation of the applied field with respect to the molecular frame of reference. Accordingly, the magnetic
hyperfine splitting of the nuclear levels is characterized for the randomly oriented paramagnetic sample by
a complicated band of resonant absorptions. The specificity of this band in the present case is defined by
the spin-Hamiltonjan parameters of [Fe(CH,COO)(TPpivP)]’, which are D = -0.8 em™, E/D = 0 for the
zero-field splitting and Ay /gafn =-17 T, A/gaPn = -12 T for the magnetic hyperfine coupling parameters
(23) with g, and [, representing the nuclear g-factor and the nuclear magneton. Fig. 8 gives the results of
SYNFOS calculations for these parameters, with temperature T = 4.2 K and field B = 6 T applied perpen-
dicular to the wave vector X and to the polarization G of the synchrotron beam. The calculated NFS
spectra for AEq = 4.25 mms’™!, n = 0 and 0.2 demonstrate the sensitivity of the forward scattering intensity
on the asymmetry parameter 1}, compared to Mdssbauer spectra in the energy domain. Similar sensitivity
is achieved for other parameters, provided the NFS measurements are performed to high enough delay
times.

In Fig. 9 experimental NFS spectra of [Fe(CH;COO)(TPpivP)] are shown, which were recorded at 3.3 K
in an external field of 6.0 T applied (a) perpendicular to K and ¢ and (b) perpendicular to K and parallel
to & of the incoming beam. The sample had very high effective thickness (teg) in order to guarantee
reasonable statistics at least up to a delay time of ~ 150 ns. Any distribution in te, which very likely oc-
curs in a thick powder sample, would affect the dynamical beat structure of the NFS spectra. The solid
lines in Fig. 9 represent SYNFOS simulations with the parameters from above and with tegr = 20. Even
without the further improvement due to a thickness distribution the calculations reflect the main features
of the measured NFS spectra.

In an actual attempt to unambiguosly derive M&ssbauer and spin-Hamiltonian parameters from a SYN-
FOS analysis of experimental NFS spectra a number of different experimental conditions (temperature,
magnitude and direction of applied field) have to be met. In this respect Mdssbauer spectroscopy in the
energy domain and in the time domain are comparéble.

CONCLUSION

The first biophysical applications of nuclear resonant forward scattering presented here demonstrate the
usefulness of *’Fe-Mdssbauer spectroscopy with synchrotron radiation in biology and chemistry. The ad-
vantages (i) - (iii) of the time-domain (NFS) versus the energy-domain spectroscopy

(i) high sensitivity of quantum-beat structure on Mdssbauer and spin-Hamiltonian parameters, especially
when the delayed count rate is detected over several 100 ns,

(ii) high degree of collimation of the synchrotron beam at the 3™ generation machines (beam cross section
~ 1 mm? at the European Synchrotron Radiation Facility in Grenoble, allowing small sample volumes of <
50 pl) and

(iii) time structure and polarization of the radiation

are inviting to design experiments which were otherwise not possible.
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Fig. 8 Mdssbauer spectra in the energy domain and in the time domain, calculated with the spin-Hamiltonian parameters of the
ferrous high-spin iron porphyrin {Fe(CH;COO)TPpivP)]" (23) for temperature 4.2 K, slow relaxation and applied field of 6.0 T
perpendicular 10 K and G of the synchrotron beam. The energy-domain spectra were calculated according to the procedure
described in (23), and the time-domain spectra result from the new program package SYNFOS described in (21).
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Fig. 9 Experimental NFS spectra of [Fe(CH;COO)TPpivP)] at 3.3 K in a field of 6.0 T applied (a) perpendicular to K and ©
and (b) perpendicular to K and parallel to & of the incoming beam. The solid lines are calculations with the SYNFOS pro-
gram using T\ = 0 and the spin-Hamiltonian parameters given in the text.
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On the other hand, however, the analysis of NFS spectra by simple viewing is restricted to samples which
have small effective thickness and which exhibit a single beat frequency only. Otherwise a numerical
analysis of the spectra is inevitable.
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