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Abstract. The temperature-induced spin crossover of iron(II) in the [Fe(tpa)(NCS)2] complex has been
investigated by nuclear forward scattering (NFS), nuclear inelastic scattering (NIS), extended X-ray ab-
sorption fine structure (EXAFS) spectroscopy, conventional Mossbauer spectroscopy (MS) and by mea-
surements of the magnetic susceptibility (SQUID). The various measurements consistently show that the
transition is complete and abrupt and exhibits a hysteresis between 102 and 110 K. The dependence of the
hyperfine parameters of the high-spin (HS) and of the low-spin (LS) phase on temperature is gradual while
the effective thickness (determined by the Lamb-Mossbauer factor fra) shows a step at the transition
temperature. This step could be identified clearly because the effective thickness is measured directly by
NFS. The Lamb-Mossbauer factor, the Debye temperature and the mean-square displacement of iron(II)
could be determined for the HS and for the LS phase. When comparing the NIS data with the results from
density functional theory (DFT), the Fe-N stretching vibrations of both LS and HS phases could be unam-
biguously identified and the fim could be factorized for both phases into a lattice and a molecular part.
The structural information from EXAFS and DFT geometry optimization are in reasonable agreement.

PACS. 33.25.+k Nuclear resonance and relaxation — 76.80.+y Madssbauer effect; other gamma-ray

spectroscopy — 31.15.Ew Density-functional theory

1 Introduction

The iron(IT) complex [Fe(tpa)(NCS)s] (tpa = tris(2-py-
ridylmethyl)amine) (Fig. 1) belongs to the family of
thermally driven spin-crossover complexes, which exhibit
a transition from a low-spin (LS) to a high-spin (HS)
state by increasing the temperature. These complexes are
promising materials for optical information storage and
display devices [1]. The thermally driven LS = HS con-
version of octahedral iron(II) complexes has been well
studied in the past and is summarized in several review
articles, e.g. [1,2]. The large family of spin-crossover com-
plexes can be divided in groups which show either a grad-
ual or an abrupt transition with and without hysteresis
when decreasing and increasing the temperature. A de-
tailed investigation of the condition for the thermally in-
duced spin crossover to take place allows an insight into
the fundamental mechanisms governing metal coordina-
tion chemistry. The knowledge of the Lamb-Mossbauer
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Fig. 1. Geometry of the LS isomer of [Fe(tpa)(NCS)2] calcu-
lated with DFT. Hydrogen atoms are not shown for clarity.
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factor fim provides information on the dynamics of such
systems as already demonstrated by Jung et al. [3,4]. The
precise determination of fin via conventional Mdssbauer
spectroscopy (MS) is difficult, because a number of pa-
rameters like the background of nonresonant radiation and
the frv-factor of the source have to be known accurately.
Therefore the novel method of nuclear forward scatter-
ing (NFS) was used to determine the effective thickness
directly from the measured data and to complement pre-
vious studies. Furtheron also nuclear inelastic scattering
(NIS) has been applied for the HS and the LS phase in
order to measure the iron partial phonon density of states
of each phase and to compare these with calculations of
the molecular vibrations applying density functional the-
ory (DFT). The iron-ligand distances derived from DFT
geometry optimizations have been compared with results
obtained from the extended X-ray absorption fine struc-
ture (EXAFS) of the complex. The spin transition behav-
ior has been checked with susceptibility measurements and
the hyperfine parameters of both phases have been docu-
mented by NFS and by conventional MS. For all measure-
ments polycrystalline [Fe(tpa)(NCS)2] with an enrichment
in 57Fe of 20% was used.

1.1 Nuclear resonant scattering

When a synchrotron radiation pulse (= 100 ps long) pen-
etrates a sample containing resonant nuclei like 57 Fe, elec-
tronic X-ray scattering happens instantaneously (¢ = 0)
while processes involving nuclear excitations are delayed
(the excited nuclear state of 5“Fe has a mean life time
7o = 141 ns). Therefore it is possible to separate the events
originating from nuclear and electronic scattering in the
sample. In general a nuclear scattering process can pro-
ceed coherently or incoherently.

In the coherent case the incident 14.4 keV photons are
scattered by the ensemble of resonant nuclei in the sample.
Due to interference effects the scattered radiation origi-
nating from different nuclei is forward directed [5], and
the hyperfine structure of the nuclear transition leads to
quantum beats, i.e. to a modulation of the intensity of this
forward scattered radiation. Taking two nuclear hyperfine
transitions with energy difference hAw = hi(wo2 —wo1) and
assuming equal weight of the transitions, as it is the case
for the pure LS and HS phases in the present study, the
forward scattered intensity for an infinitely thin sample
can be written as [6]

Ttwa(t) ~ e 7 [1 4+ cos(Awt)], (1)
where 7 = ¢/79 is time in units of the nuclear lifetime.
From the beat structure the hyperfine splitting of the ex-
cited and ground nuclear states and the energy shifts due
to different chemical or magnetic environment of the dif-
ferent nuclear sites can be derived. With the zero positions
in equation (1) the splitting AFys can be estimated via
the measured quantum beat period T

AEy; ~ h/T. 2)
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Another important feature of coherent scattering by a
large ensemble of nuclei is the speed-up of the nuclear
decay and the modulation of the time evolution due to
multiple scattering. The general expression for the mea-
sured NFS intensity for a single transition in a sample
with finite thickness d is [5,6]

Iv ter _,._
e [ (Viea)]

Iiwa(t) ~ ——
iwa(t) AE,, 4179

3)

I'y = h/70 denotes the natural linewidth for the nuclear
transition in 5"Fe, AE,, is the bandwidth of the monochro-
mator system, o is the electronic part of the cross section
per atom, n is the density of resonant nuclei in the target,
Ji is the Bessel function of first order and t.g the effective
thickness of the target:
teg = dn frm oo, 4)

where oy denotes the maximum resonance cross section
which is the nuclear part of the absorption cross section
per atom at nuclear resonance energy. The resulting time
dependence of the intensity is an exponential decay mod-
ulated by the Bessel function. These dynamical beats,
in contrast to quantum beats, do not have constant fre-
quency, but the distance of the beats increases with time.
The minima of the dynamical beats can be used to deter-
mine directly the effective thickness of the transition line
and via equation (4) the Lamb-Mdssbauer factor [7].

In the incoherent case [8] the scattering process is lo-
calized at a single nucleus due to various reasons:

(i) A single excited 5"Fe nucleus decays with 91.8%
probability by nuclear internal conversion giving rise
to fluorescence radiation with characteristic energies
(mainly 6.4 keV in the case of iron).

Despite detuning the energy F; of the incident syn-
chrotron beam (which has an energy resolution of

(i)

some meV) by < 10 meV nuclear resonance absorp-
tion is still possible if the energy difference between
FE; and the nuclear resonance energy Fy matches the
energy E of a phonon in the sample, £ = E; — Ej,
which, depending on whether E; > Ey or E; < Ejy,
causes creation or annihilation of phonons.
Time-dependent hyperfine interactions (relaxation)
cause changes of the nuclear states within the mean
life time of the excited nuclear state.

(iii)

Also in the incoherent scattering process the emitted
radiation is delayed because in all cases, (i-iii), the nu-
clei are involved in the scattering process; however, it is
no longer forward directed. Incoherent scattering includes
scattering processes which are inelastic with respect to the
vibrational state of the crystal. Therefore this scattering is
termed also nuclear inelastic scattering (NIS). In NIS the
isotropically scattered radiation is measured as a function
of E. The resulting NIS spectrum S(FE) can be expressed
as the sum of an elastic or zero-phonon contribution and
of single- and multi-phonon terms (using the harmonic ap-
proximation and assuming for simplicity a cubic Bravais
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lattice) [8,9]

S(E) = fumd(E) + fum Y Sa(E), (5)

=1
O-phononpart "

n-phononpart

Er  gre(E
SI(E):FR%7

+o0
() = % / S\ (E) Sn_1(E — E')dE.

Er = h2k? /2my. denotes the recoil energy of a free iron
atom, k is the wavevector of the incident X-rays, mpge is
the mass of the iron nucleus and gre(E) is the iron partial
density of phonon states. Since the elastic or zero-phonon
part of the spectrum represents a resonant scattering pro-
cess without recoil it is equal to the Lamb-Modssbauer fac-
tor [9]:

fim=e?", (6)
+ooE

2W = / ngFe(E) coth(BE/2) dE.
0

2 Experimental and computational details

The nuclear resonance scattering data were obtained at
the Nuclear Resonance Beamline ID 18 [10] of the Euro-
pean Synchrotron Radiation Facility (ESRF) in Grenoble,
France. The experimental setup was standard for nuclear
resonance scattering as described elsewhere (see e.g. [11]).
The NFS data were collected in hybrid-bunch mode and
the NIS data in 16-bunch mode.

The NFS measurements were performed between 34 K
and room temperature upwards and downwards. In order
not to trap the HS state, cooling was performed slowly
with 0.1 K per minute in the transition region (90-110 K)
and with 1 K per minute for all other temperatures. One
spectrum, however, was taken after rapid cooling in order
to determine the parameters related to the trapped HS
state at low temperature. The data collection time for a
single NF'S spectrum was between 30 minutes and 4 hours,
depending on the temperature of the sample. The evalu-
ation of the NFS spectra has been performed using the
program CONUSS [12].

NIS data were recorded at various X-ray energies which
are detuned by E from the nuclear resonance energy. All
photons scattered into a specific solid angle (=27 sterad)
were collected by integrating over the delay time which is
given by the time interval between two bunches.

K-edge EXAF'S data were collected in absorption mode
at beam line D2 of the European Molecular Biology Labo-
ratory, Outstation Hamburg, with a positron beam energy
of 4.6 GeV and a maximum stored current of 100 mA. The
synchrotron radiation beam was monochromatised using a
Si(111) double crystal monochromator [13]. Harmonic re-
jection was achieved by detuning the monochromator to
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50% of its peak intensity and by a focusing Au-coated mir-
ror. The sample was located in a closed-cycle He cryostat.
An energy resolution better than 2.0 eV was achieved.

Conventional Mossbauer spectra were obtained in ab-
sorption geometry. The ®”Co[Rh] source was driven with
constant acceleration. The energy calibration was per-
formed with a-iron at room temperature and the iso-
mer shift is relative to this standard. Mossbauer spec-
tra recorded at various temperatures were fitted with the
transmission integral using CONUSS [12].

For the magnetic measurements a SQUID magnetome-
ter of the type MPMS Quantum Design was used. The
applied field was 1T for all temperatures. The magnetic
susceptibility measurements were performed at various
temperatures between 2 K and 295 K by increasing and
by decreasing the temperature. The effective magnetic mo-
ment peg expressed in units of the Bohr magneton up was
derived from the experimental data by

XD) - (7)

In this expression xp = —220 x 107% ¢m?® mol~! denotes
the molar diamagnetic susceptibility which was estimated
from Pascals constants [14], wme = 471.453 gmol~! is
the molecular weight of [Fe(tpa)(NCS)2] and xmass the
experimental mass susceptibility at temperature 7.

For the HS and the LS isomers of [Fe(tpa)(NCS)s]
electronic structure calculations were performed using
the DFT method B3LYP [15] implemented in the GAUS-
SIAN98 program system [16] together with the split va-
lence 6-311G* basis set for H, C, N and S and the
Wachters-Hay double zeta basis for Fe [17]. The geome-
tries were fully optimized and the normal modes of molec-
ular vibration were calculated within the harmonic ap-
proximation for the optimized geometries. The resulting
vibrational frequencies were corrected by the scaling fac-
tor 0.9613 as has been proposed by Wong [18] for the
6-31G* basis set. The calculated normal modes for both
isomers have been used to simulate the absorption proba-
bility density S(E), equation (5), according to the proce-
dure described elsewhere [19].

Heff = UB \/ST(wmoleass -

3 Results and discussion

3.1 SQUID and MS measurements

Above the spin transition, at 295 K, the measured effective
magnetic moment peg = 5.35up is larger than expected
from the “spin-only” value pg, =~ 4.9up for S = 2 of a
ferrous high-spin complex. The same behavior was earlier
reported for similar compounds and was attributed in ad-
dition to the spin, to orbital contributions [20]. In the LS
phase pog = 1.1up was measured. The deviation of the
effective magnetic moment for the LS phase from zero is
due to an incomplete transition as shown by the MS data
(Tab. 1). For better comparison of the measured data with
those of the other methods the revealed effective magnetic
moment is expressed as fraction of HS as shown in Fig-
ure 2. The transition occurs abrupt and exhibits a narrow
hysteresis of about 5 K around 106 K.
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Fig. 2. HS fraction in the region of the transition temper-
ature measured by SQUID (solid triangles) and NFS (open
triangles). The values derived during a temperature scan with
increasing (decreasing) temperature are marked with up tri-
angles (down triangles). The NFS data are shifted by 3K to
higher temperature.

3.2 NFS measurements

A selection of the measured NFS spectra at various tem-
peratures is shown in Figure 3. At 133 K the regular quan-
tum beat structure reflects the quadrupole splitting from
the pure HS phase. The envelope reflects the dynamical
beating and shows a minimum around 200 ns. Below the
transition, at 83 K, the quantum beats appear with lower
frequency due to the smaller quadrupole splitting of the
LS state. Here the minima of the quantum beats coincide
with the dynamical beats, hence it is difficult to distin-
guish them by eye. The computer analysis of this spectrum
reveals the quadrupole splitting and the Lamb-Mossbauer-
factor of the LS isomer and also two additional HS phases,
which are also seen in the conventional Mossbauer spec-
tra and were also present in earlier measurements [21].
It turned out that in the whole temperature range a sec-
ond HS phase is present, which, however, does not exhibit
spin crossover. The fraction of this second HS phase is
only about 1%. The analysis of the NFS spectra without
this phase delivers at high temperatures a fit with approx-
imately the same quality as the fit with this phase. At low
temperatures the quality of the fits definitely improves by
adding this phase.

The NFS measurements yield a temperature depen-
dence of the fraction of molecules in the HS state which is
in agreement with the data obtained from MS or SQUID
measurements (see Fig. 2), provided that the NFS data
are shifted by 3 K to higher temperatures. This correc-
tion is plausible, because during the MS and SQUID mea-
surements the sample was surrounded by exchange gas
whereas during the NFS measurements it was mounted
on a cold finger in vacuum. Taking the temperature of the
MS and SQUID data as absolute, the spin-crossover takes
place within approximately 5 K at Tys—1s = 103.7 K
(for decreasing temperature) and T1s—us = 108.8 K (for
increasing temperature).
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Table 1. Parameters for [Fe(tpa)(NCS)2] obtained from con-
ventional MS. HS2 denotes the second HS state which can be
neglected for higher temperatures but which has to be taken

into account for low temperatures in order to obtain a reason-
able fit.

T Fraction AEqg é
(K) (%) (mms™')  (mms™")
LS 98.0 £1.0 0.414+0.01 0.49+0.01
42401 HS 1.0 £0.5 2.46+0.15 1.11+£0.15
HS2 1.0 £0.5 3.00£0.15 1.11+0.15
LS 99.0 £1.0 0.404+0.01 0.47+£0.01
77£0.5 HS 0.5 £0.5 275+£0.15 1.11+0.15
HS, 05 +05 280+0.15 1.11+0.15
LS 4.0 £0.5 0.34£0.15 047+0.15
130+0.5 HS 955 £1.0 251+£0.01 1.09=+0.01
HS» 0.5 £0.5 2.60+£0.15 1.09+0.15
LS 1.0 £0.5 0.34+0.15 0.52+£0.15
200£0.5 HS 98.5 £1.0 2.32+0.01 1.05+0.01
HS- 0.5 £0.5 230+£0.15 1.05+0.15

The NFS and MS quadrupole splittings AEq of
the diamagnetic LS isomer remain nearly constant over
the whole temperature range whereas the NFS and MS
quadrupole splittings of both HS phases decrease with in-
creasing temperature, which is the typical behaviour for
ferrous high-spin complexes [22]. The NF'S values for the
isomer shift § reflect the relative shift of the HS phases
against the LS phase. The two HS phases are not shifted
with respect to each other. Neither AEg nor ¢ of LS and
HS isomers change abruptly upon spin transition.

The temperature dependence of the effective thickness
tet obtained from the NFS data is shown in Figure 4. tog
is growing with decreasing temperature. The step in the
transition region is pronounced: on the branch measured
with decreasing temperature it changes from te.g = 26.5
to 30.1 and with increasing temperature from t.g = 29.4
to 25.4. This direct and accurate measure of the discon-
tinous behavior of teg in the transition region confirms
earlier, less accurate results obtained with MS from simi-
lar compounds [23,24].

According to equation (4) the Lamb-Méssbauer fac-
tor can be obtained from t.g if the sample thickness and
the density of resonant nuclei in the sample are known.
The density of resonant nuclei was calculated from the
density of the corresponding single crystalline compound
(1.475 g/cm?), the chemical composition of the complex
(CooH1gNgS2Fe) and the abundance of ®"Fe (20%). The
thickness was determined applying two different meth-
ods: (i) From the size of the absorber holder and the
weight of the sample the thickness was calculated to be
600 um=20%. The large error is due to the geometry of the
sample holder. (ii) Via electronic absorption the thickness
of the sample was determined to be 705 pum +5% over the
whole sample area. The small error in the latter case was
estimated from the inhomogeneity of the polycrystalline
sample which was checked by scanning the synchrotron
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Fig. 3. Time evolution of the NFS intensity for various temperatures around the HS-LS transition. The measurements were
performed at ID18, ESRF in hybrid-bunch mode. The left-hand side shows measurements in the transition region performed
with decreasing temperature and the right-hand side with increasing temperature. The points give the measured data and the
curves are results from calculations performed with CONUSS [12].

beam (2 mm x 0.2 mm) over the whole sample area. The Using the harmonic approximation for cubic crystals
two values obtained for the sample thickness agree within and the Debye model, the Debye temperature @p of the
the error margins. For calculating fiy of the HS and LS whole system can be derived from fiy and from the
states the value 705 pm for the sample thickness was used. temperature T of the sample [25]:

For the LS state fr is larger than that for the HS state

(Fig. 5a), reflecting weaker iron-ligand bonds in the HS _3E AT [OD/T
state compared to the LS state. This observation from  f\(T) = exp R 4 - dz| b,
NFS is confirmed by NIS and DFT results (vide infra, 2ksOp Op Jo et —1

Tab. 3). (8)
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Fig. 4. Effective thickness derived from NFS measurements.
The open squares (solid circles) denote measurements with a
fraction of high-spin (low-spin) higher than 95%. The open cir-
cle denotes the trapped high-spin isomer obtained after rapid
cooling. The insert shows the step in the transition region: The
up triangles (down triangles) denote measurements recorded
with decreasing (increasing) temperature. The lines are guides
to the eyes.

were kg stands for the Boltzmann constant. The Debye
model represents only a very rough approximation of the
phonon frequency spectrum. Corresponding to the be-
haviour of fry the Debye temperature Op is larger for the
LS state than for the HS state (Fig. 5b). Figure 5¢ shows
the mean-square displacement (msd) of the iron nucleus
in the molecule as derived from fr:

fum(T) = exp (—<x2>k2) . 9)

As a consequence of the general trend of the fry fac-
tors the obtained msd results show similar dependencies
as previously obtained from another spin-transition com-
plex using conventional MS [4], i.e. the iron atom in the
HS state has a larger mean-square displacement than in
the LS state.

In order to visualize the HS—LS transition in terms
of NFS spectra a 3D plot of the NFS intensity was cal-
culated for small temperature steps by interpolating the
parameters obtained from the measured data (Fig. 6). The
quantum beat structure abruptly changes at the transition
temperature. Above the transition the beating is faster
and more regular than below the transition. Also the tem-
perature variation of the 1st minimum of the dynamical
beats of the HS phase can be clearly seen (dashed line in
Fig. 6). The corresponding ‘valley’ extends from about
800 ns at 300 K to 160 ns at the transition tempera-
ture. This behaviour represents an increase in the effec-
tive thickness t.g from 5.2 to 26.5. Below the transition
the 1st minimum of the dynamical beats of the LS phase
can be hardly seen; the computer simulation shows that
the corresponding ‘valley’ reaches 90 ns at 30 K which
corresponds to teg ~ 47.

3.3 NIS measurements

Nuclear inelastic scattering measurements with
[Fe(tpa)(NCS)3] were performed with two different
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Fig. 5. Lamb-Mossbauer factor fim (a), Debye tempera-
ture Op (b) and mean-square displacement (z?) of the *"Fe
nucleus (c) derived from teg. In (a) values derived for a sam-
ple thickness of 705 um are shown for the HS phase (open
squares, >95% HS contribution) and for the LS phase (solid
circles, >95% LS contribution). The open circles denote the
frozen HS state (>95 % HS contribution). Note the step be-
tween values belonging to the HS and the LS state. The dotted
lines are guides to the eyes.

Fig. 6. 3D plot of the NFS intensity of [Fe(tpa)(NCS)z]. The
spectra were calculated with CONUSS [12] using the param-
eters obtained from the NFS measurements. The dashed line
indicates the variation of the 1st minimum of the dynamical
beats of the HS phase with temperature.
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Fig. 7. NIS spectrum of [Fe(tpa)(NCS):] at different temper-
atures as indicated, measured with a HRM of 1.7 meV band-
width. The solid circles represent the probability of absorption
and the solid line the resolution function R(E) measured in
forward direction and scaled to the maximum of the inelastic
data.

sets of high resolution monochromators (HRM). The
spectra were measured at ID18 with an energy resolu-
tion of AE, = 1.7 meV in 2/3 filling mode and with
AE, = 6.4 meV in 16-bunch mode. The spin state of
the complex was checked by recording simultaneously the
NFS intensity in 16-bunch mode; in 2/3 filling mode this
was not possible. The NIS spectra shown in Figures 7
and 8 are the sum of several individual energy scans as
listed in Table 2. Contributions in the measured spectra
with negative energy E account for annihilation and
positive energy for creation of vibrations in the molecular
complex. At low temperatures only low energy phonon
states are occupied (2.5 meV corresponds to approxi-
mately 30 K), therefore annihilation of phonons is scarce
in this temperature region. Creation of phonons, however,
is possible at all vibrational energies of the complex under
study. At elevated temperatures a symmetric broadening
of the inelastic data around the resonance energy E = 0
(Fig. 7, upper panel) and a weak peak around 30 meV
(HS phase, Fig. 8) is observed. At low temperatures the
broadening of the central peak is slightly asymmetric
(Fig. 7, lower panel) and the peak appears around 45 meV
(LS phase, Fig. 8). The broadening around the central
peak is much better resolved with the 1.7 meV HRM
(than with the 6.4 meV HRM) but the peaks at higher
energy vanish nearly in the noise level. The normalization
of the measured data was performed making use of
Lipkin’s sum rules as described in [11,19].

IR measurements on several spin-crossover complexes
with a central [FeNg] octahedron indicate a remarkable in-
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Fig. 8. (a) NIS spectra of the LS (solid circles) and HS (open
squares) isomers of [Fe(tpa)(NCS)2] measured with a HRM of
6.4 meV bandwidth. The dashed lines are guides to the eyes.
The simulated NIS spectra (b) for the LS (dotted line) and for
the HS isomer (solid line) were calculated with the B3LYP/6-
311G* method.

Table 2. Parameters for the NIS scans. AE, is the energy
resolution of the monochromator, 7" is the temperature of the
sample, ¢, is the measuring time per energy point, ns the
number of scans added up and n, the total number of points
measured.

AE, (meV) T (K) tm(s) ns mnyp
6.4 200 20 3 630
6.4 107 20 3 630
6.4 34 20 4 450
1.7 293 1 12 2600
1.7 14 1 31 4000
1.7 13 1 22 3200

crease of the Fe-N bond stretching frequencies from about
25 to 30 meV in the HS state to about 50 to 60 meV
in the LS state. For the complex studied here Fe-N bond
stretching frequencies of 59.5 and 66.0 meV were reported
for the LS isomer [26]. NIS is a valuable alternative to IR
and Raman spectroscopy; it easily extends below 35 meV,
which is difficult to reach by IR, and, in addition, the Fe-
N stretching modes can be definitely identified in the NIS
spectra, whereas the IR and Raman spectra are rather
complex in this energy region [27] making an unambigu-
ous assignment of these modes very difficult.

The measured NIS spectra of the HS and LS iso-
mers of [Fe(tpa)(INCS)s] exhibit inelastic peaks of 12 and
7 meV linewidth, respectively, and an inelastic peak at
30 meV in the HS state and at 50 meV in the LS state
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Fig. 9. A Fe-N bond stretching mode which can be observed
by NIS requires a non-zero mean-square displacement of the
iron atom.

tpa

(Fig. 8a) [11,19,28]. Comparing the intensity of the inelas-
tic peaks in the HS and the LS spectrum it should be kept
in mind, that the HS peak at 30 meV is located on the
shoulder of the central peak. The LS spectrum exhibits
another, rather small peak at 66 meV, which is not seen
in the HS spectrum.

The linewidth (~12—15 meV) of the inelastic peaks
observed at 30 meV (HS) and at 50 meV (LS) is by
far broader than the resolution of the HRM (6.4 meV)
and the linewidth of the central peak (7.2 meV). Assum-
ing that these peaks are attributed to only one individ-
ual molecular vibration, the observed broadening might
be caused either (i) by strong dispersion of the optical
phonon branch that corresponds to this molecular mode,
or (ii) by damping of this mode (i.e. dissipation of the
energy of this mode into other vibrational modes due to
anharmonicity) which leads to a very short lifetime of this
mode (<1 ps). Neither of the two explanations can be
strictly ruled out in the case of [Fe(tpa)(NCS)2]. How-
ever, experimental data for similar spin-crossover com-
plexes ([Fe(tptMetame)](ClOy4)2 [29] and [Fe(bpp)2] [30])
do not exhibit such a broadening. NIS measurements
for [Fe(bpp)s2] at different temperatures reveal that the
linewidth of the observed peaks is roughly temperature
independent. Instead, if the linewidth would be caused by
damping, a significant temperature dependence would be
expected. Therefore we conclude that the two peaks (HS
and LS) most likely are a superposition of two or more
individual peaks; this view is supported by the results ob-
tained from DFT calculations (vide infra).

3.4 DFT calculations

Simulations of the inelastic part of the NIS spectra on the
basis of DFT calculations [19] are shown in Figure 8b. The
group of peaks around 50 meV for the LS state and around
30 meV for the HS state are in agreement with the exper-
imental observation. These peaks correspond to normal
modes involving only Fe-N bond stretching as for exam-
ple indicated in Figure 9. The observed bond distances
from DFT geometry optimizations will be compared be-
low with results obtained by EXAFS.
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Due to the almost octahedral environment of the iron
center three out of six Fe-N stretching modes are invisi-
ble in NIS and IR spectra. Those modes that transform
according to the A, and E, representations of the ideal
octahedron do not contribute to the msd of the iron nu-
cleus or to the variation of the electric dipole moment.
Only the remaining three modes, that transform accord-
ing to the 71, representations can be observed in NIS and
IR spectra. These three modes, with calculated energies
of 29.1, 30.1 and 35.3 meV for the HS state and 42.8,
46.6 and 52.6 meV for the LS state, give rise to prominent
peaks in the simulated NIS spectra of both the LS and HS
isomer of [Fe(tpa)(NCS);]. Considerable contributions to
the calculated absorption probability also arise from N-Fe-
N bending modes in the range from 3 to 20 meV. These
modes cannot be identified in the experimental spectra be-
cause they are superimposed by modes originating from
the acoustical phonons which give much larger contribu-
tions to the experimental NIS spectra.

The Fe-N bond stretching frequencies calculated for
the LS isomer are about 12.4 meV smaller than the IR
values given above (59.5 and 66.0 meV); however, they
are in good agreement with the frequencies obtained from
NIS. The broad peak at 50 meV observed in the measured
NIS spectrum of the LS isomer (Fig. 8) represents the
envelope of the three Fe-N stretching modes in the range of
45 to 55 meV. The pronounced peak at 30 meV in the NIS
spectrum of the HS isomer is assigned to the same modes
(Fig. 8). These modes reflect, according to the intensity
of the peaks, the substantial contributions to the msd of
the iron nucleus that is associated with the three 17, Fe-N
stretching modes.

According to the normal mode analysis the low-
intensity peak at 66 meV in the measured NIS spectrum as
well as the line at 65.7 meV in the IR spectrum must be as-
signed to a mode which has predominantly N-C-S bending
character and to some extent Fe-N stretching character.
The mixed character of this mode is due to interactions
between Fe-N stretching and N-C-S bending modes, which
are close in energy in the LS isomer.

The calculated N-C-S bending modes of the HS isomer
do not show any admixture of Fe-N stretching modes be-
cause of the relatively large energy gap of about 30 meV
between these modes. Correspondingly, the NIS spectrum
of the HS isomer does not exhibit a peak at the respective
energy. In summary, the measured NIS spectra of the LS
isomer as well as the DFT calculations suggest, that the
IR line attributed previously to an Fe-N bond stretching
mode of the LS isomer [26] should be assigned to a bending
mode of the NCS group instead. As a result the frequency
shift of the Fe-N stretching mode upon spin crossover is
about 40% smaller than assumed earlier.

In molecular crystals the Lamb-Mdssbauer factor can

be regarded as a product of a molecular part, f3, and a

lattice part, fia4:

fim = fiM s (10)

The fum factor derived from NFS measurements com-
prises the molecular and the lattice part of fru. Instead,
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Table 3. Factorization of the Lamb-MG&ssbauer factor frm into
a molecular part £33 and into a lattice part fis5 according to
equation (10) at different temperatures. fim was determined

by NFS, fia3 by “truncated” NIS and by DFT calculations.

T spin fim A T
(K)  state NFS NIS DFT  NIS DFT
34 LS 0.68 0.85 0.92 0.80 0.74
107 HS 0.38 0.86 0.75 0.44 0.51
200 HS 0.20 0.80 0.52 0.25 0.38

an estimate of the molecular part fi$! only is obtained by

integrating over the ‘molecular part’ of the NIS spectrum,
i.e. after truncating its low-energy part (0-15 meV) which
mainly accounts for the lattice contribution fi3}. Jung
et al. [3,4] pointed out that the factorization of the Lamb-
Mossbauer factor is in fact more complicated, since indi-
vidual molecular and lattice parts have to be considered
for each vibrational mode. For the present qualitative com-
parison of fr\ contributions, however, we neglect this so-
phisticated approach. The fry values resulting from DFT
calculations, from NFS spectra and from “truncated” NIS
spectra for the HS and LS isomers of [Fe(tpa)(NCS);] are
listed in Table 3. At all temperatures the total Lamb-
Maéssbauer factor, frg, that is retrieved from NFS, is con-
siderably smaller than the molecular part, fi$, which is
determined either by NIS or by DFT. Using equation (10)
at low temperature (34 K) an estimate of 0.75 to 0.80
can be given for the lattice part of the Lamb-Mdssbauer
factor, f13}, depending on the method that is used for de-
termining £33 At higher temperatures (200 K) an almost
constant {33! results from NIS while the DFT calculations
give a decrease of f1%! by almost 50% when increasing the
temperature from 34 K to 200 K. This decrease is caused
by the excitations of low-energy (<10 meV) molecular vi-
brations, which contribute to the msd of the iron nucleus.
These vibrations have been neglected when fm¢! was de-
termined from the NIS spectra.

3.5 EXAFS

The extended X-ray absorption fine structure (EXAFS)
signal is a direct measure of the radial distribution of the
backscattering atoms around the absorbing atom. The fine
structure was extracted with the computer program pack-
age EXPROG [31] and analysed with EXCURV98 [32]
using the small atom approximation, a Hedin-Lundquist
potential [33] for the excited state and a van Barth po-
tential [34] for the ground state. The structural param-
eters were refined by minimisation of x2. The structural
model applied in the refinement of the fine structure is
defined by the symmetry of the iron site. The six nitro-
gen atoms were grouped together to one shell at about
2 A, accounting for the backscattering in the EXAFS of
[Fe(tpa)(NCS)s] in the LS state (Fig. 10). To calculate
the multiple-scattering contributions, the NCS groups and
the aromatic rings of the tpa moiety were treated as sep-
arate units. Mossbauer spectroscopy has shown, that at
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Fig. 10. EXAFS (left panel) and Fourier transform (right
panel) of [Fe(tpa)(NCS)2] obtained at 30 K (top) and 200 K
(bottom). The dashed lines represent the measured data and
the solid lines are the fit curves.

Table 4. Measured and calculated Fe-N bond lengths (A) for
the HS and LS isomers of [Fe(tpa)(NCS)2].

Spin state Method Fe-Nncs Fe-Nipa
LS B3LYP/6-311G* 1.91 1.93
EXAFS (30 K) 1.959(3)  1.959(3)
HS B3LYP/6-311G* 2.08 2.23
EXAFS (200 K)  2.066(8) 2.216(5)

30 K less than 2% of the iron is in the HS state and at
about 200 K less than 2% are in the LS state. Therefore we
have chosen these temperatures for the structural analysis
with EXAFS. In the LS state the Fourier transform of the
EXAFS spectrum is dominated by the 6 nitrogen ligands
at about 2 A (Tab. 4). Furthermore, strong contributions
at 3 A and at 4.7 A are present (Fig. 10). The latter two
are enhanced due to strong multiple scattering, which is a
result of the quasi linear arrangement of the NCS ligands.
The differences in distance between the nitrogen atoms in
the first coordination sphere appeared to be too small to
be resolved in a fit with two different nitrogen contribu-
tions in this shell for the LS isomer.

For the HS state the EXAFS amplitude is much
smaller due to the higher static and thermal structural
disorder and because of the destructive interference of the
Nncs and Nyp, contributions in the first shell. Again three
peaks dominate the Fourier transform. One is accounting
for the Nyxcg atoms at a distance of about 2.1 A and for
the N¢p, atoms at a distance of about 2.2 A from the iron,
one for the C atoms at 3 A (strongly enhanced by mul-
tiple scattering) and one for the contributions at 4.5 A
which are dominated by the sulfur atoms of the two NCS
groups (also enhanced by multiple scattering). In contrast
to the LS isomer, in the HS isomer the contributions of
the nitrogen atoms from tpa and NCS are clearly resolved,
i.e. for Nycs at a distance of 2.066(8) A and for Nipa at
2.216(5) A from the iron site.
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4 Conclusions

Nuclear resonance scattering of synchrotron radiation has
successfully been applied to a spin-crossover complex.
Compared to energy-resolved MS the time-resolved NFS
takes advantage of the properties of synchrotron radia-
tion such as high brilliance and pulsed time structure. The
recorded data are practically free from background orig-
inating from electronic scattering in the sample or from
high energy radiation as emitted by radioactive sources.
The effective thickness and from this the Lamb-Mossbauer
factor can be directly measured, no corrections for sat-
uration effects or source parameters are necessary. NIS
yields information about molecular vibrations which can-
not be obtained from NFS or conventional MS. Compared
to other methods like inelastic neutron scattering, inelastic
X-ray scattering, IR and Raman spectroscopy, NIS probes
only those molecular vibrations in which the resonant iron
nuclei in the compound under study is involved. Further-
more, NIS provides a precise energy reference by itself
whereas for the other methods the energy has to be anal-
ysed separately.

The results on [Fe(tpa)(NCS)z] represent the first
study obtained from a set of NFS measurements on a com-
plete temperature scan over a spin-crossover transition.
These data benefit in particular from the direct measure-
ment of teg within a large time window for the delayed
radiation. The directly and accurately measured discon-
tinuous behaviour of f.g by NFS in the spin-transition
region confirms earlier results obtained by conventional
MS on other compounds of this family. Related param-
eters such as foum, ©p and msd of the ®"Fe atom reveal
different behaviour for the LS and HS isomers. NIS mea-
surements and DFT calculations together provide infor-
mation about the intra-molecular part f1¢! and allow to
determine the vibrational modes of [Fe(tpa)(NCS)s]; i.e.
the Fe-N bond stretching vibrations of both the LS and
the HS isomers could unambiguously be identified. NIS
turned out to be powerful as a complementary tool for IR
and Raman spectroscopy. The observed bond distances
from DFT geometry optimizations are in good agreement
with the corresponding results obtained by EXAFS.
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