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A procedure is presented that allows us to simulate from first principles the normalized spectra of nuclear
inelastic scatteringNIS) of synchrotron radiation by molecular crystals containing asshauer isotope.
Neglecting intermolecular vibrations the NIS spectrum is derived from the normal modes of the free molecule,
that are calculated with the density-functional method B3LYP. At low temperatures the inelastic part of the
calculated NIS spectrum is a superposition of peaks that correspond to the individual vibrational modes of the
molecule. The area of each peak is proportional to that part of the mean-square displacement sktheubto
isotope that is due to the corresponding vibrational mode. Angular-dependent NIS spectra have been recorded
for a guanidinium nitroprusside single crystal and temperature-dependent NIS spectra for the spin-crossover
system[ Fe(tpa) (NCS)] [tpa=tris(2-pyridylmethy)aming. Qualitative agreement is achieved between mea-
sured and simulated spectra for different crystal orientations of guanidinium nitroprusside. A remarkable
increase of the iron-ligand bond stretching upon spin crossover has unambiguously been identified by com-
paring the measured NIS spectra[ &(tpa) (NCS)] with the theoretical simulations.
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[. INTRODUCTION ment or theory, the corresponding NIS spectra can be simu-
lated, as has been proved fesiron and ferric boraté:> This
The recently developed method of nuclear inelastic scatis, however, rather difficult for molecular crystals. For this
tering (NIS) of synchrotron radiatioh? which has become reason an alternative procedure is presented here, where NIS
available as spectroscopic method with the third generatiospectra of molecular crystals are simulated from first prin-
of synchrotron radiation sources, allows the investigation otiples using the calculated normal modes of the moleule
the dynamics of a Mssbauer nucleus in solid state, liquids vacua The geometry and the vibrational modes of the mol-
or gases. The information about the lattice dynamics obecule are calculated by applying the density-functional
tained by conventional Mesbauer spectroscopy is summa-theory(DFT), which has been established as the most prom-
rized in a single parameter, the Lamb-8&bauer factof, ,, , ising approach to the calculation of vibrational spectra of
which gives the recoilless fraction of nuclear resonant ablarge molecules containing transition metalsn a low-
sorption. NIS instead provides a complete energy spectruriemperature approximation it is described how the individual
of the absorption probability, which is recorded by detuningmolecular vibrations contribute to the NIS spectrum and to
the energy of the incident synchrotron radiation with respecthe mean-square displaceméntsd of the °>’Fe nucleus.
to the resonance of the Msbauer nucleus. In solids this  To test this simulation procedure and to illustrate some
spectrum is determined by the vibrational density of statesipplications of NIS on molecular crystals, two different
(VDOSY), in liquid or gaseous samples by the normal modesron compounds, (ChHg),[FE(CN)sNO] (guanidinium
of molecular vibration. Although part of the information nitroprussid¢ and [Fe(tpa)(NCS)] (tpa=tris(2-
gained with NIS can be obtained with other methods likepyridylmethydaming, are investigated. Both compounds are
neutron scattering, IR and Raman spectroscopy, NIS shoulgery promising materials for optical information storage with
be regarded as a complementary method, because it allovestremely high capacity® Guanidinium nitroprusside
us to measure phonons also in the regieB0 meV, and (GNP) is used here as a calibration standard since nitroprus-
because it does focus on the partial VDOS of specific isoside complexes have been studied in detail in the past de-
topes in a lattice or in a molecule, in the present caf@.  cades by a variety of experimental and theoretical methods.
In solids the partial VDOS can directly be derived from In addition GNP single crystals are very suitable to study
the measured NIS spectrdlf, on the other hand, the partial the anisotropy of molecular vibrations because the two
VDOS, in the case of a cubic Bravais lattice, or, in the gen-nonequivalent nitroprusside anion&ig. 1) in the unit
eral case, the projected partial VDOS is known from expericell of GNP have almost the same orientatiorThe
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cently synchrotron radiation sources with sufficient intensity
became available that allow us to vary the energy difference
E in the range of phonons. If the incident radiation from the
synchrotron is detuned with respectEq.s, nuclear absorp-
tion requires the simultaneous creatidor E>0) or annihi-
lation (for E<0) of phonons.

In an actual NIS experiment the energy differereas
varied in steps of, counting at each step the numberof
quanta that experience incoherent nuclear scattering. This
scattering process involves excitation of the 14.413 keV
nuclear resonance ofFe (lifetime 7=141 ns) followed by

an the emission of ay quantum with the same energy-8%

probability) or by the emission of a conversion electron and
subsequent K-fluorescence radiationr92% probability.
The time delay of they- or K-fluorescence radiation allows
efficient discrimination of NIS from electronic scattering.

The number of delayed events that are counted for each
energy stefE,=ne is denoted by, (n=0,£1,+2,...).
For samples with finite thickness the increased attenuation of

. . the incident radiation at the nuclear resondniemads to a
[Fe(tpa) (NCS;] complex(Fig. 2) belongs to the family of reduction of the count ratiey and to an overestimation of the

thermally driven spin-crossover complexes, which exhibit a . S . :
transition from a low-spirLS) to a high-spin(HS) state by absorption probability in Ithe melasﬂc part of the spectrum.
increasing the temperature. IR measurements on severdf & consequence the first momdat (2;E)l)/(Z1)) of
spin-crossover complexes with a centfBeN;] octahedron the energy can be distinctly larger than th_e average _of the
indicate a remarkable increase of the Fe-N bond stretchir(lf!’er_gy that is actéjally transferred to the lattice. According to
frequencies from about 25 to 30 meV in the HS state t |pk|'n’s sum rulé®the average transferred energy gquals the
about 50 to 60 meV in the LS stat€In this case NIS turns recoil energyEg=k%2/2m of the free>Fe nucleusmis the
out a very valuable alternative to IR and Raman spectrosbuclear mass ankiis the length of the wavevectér of the
copy because the Fe-N stretching modes can be definite!?c'def‘t synchrotron_ rad!at|on. L|p|§|n's sum rule can be used
identified in the NIS spectra, whereas the IR and RamafQ avoid the overestimation of the inelastic spectfuessen-
spectra are rather complex in this frequency retfiomaking tially by multiplying the measured spectrum with the factor
an unambiguous assignment of these modes very difficult. ER/E. In the present study a modified procedure has been
applied that allows to reconstruct also the elastic peak giving

IIl. SIMULATION OF NIS SPECTRA the corrected count rates

FIG. 1. Geometry of th¢Fe(CN) NO]? anionin vacuoopti-
mized with B3LYP/6-313%G(2d,p. The small greek letters define
intramolecular bending modes.

The nuclear resonant absorption ¢fquanta has been E
used for the investigation of lattice dynamics since the dis- I;:In+sR(En)(E——1) 2 . D
covery of the Mesbauer effedf The bulk of these applica- R ]
tions was restricted to the determination of the elagic
recoilless fraction f|, of the integrated nuclear absorption
probability densityS(E), where E=E,—Es denotes the
difference between the energy of the incident radiatign
and the nuclear resonance energy°dfe, E,. Only re-

The second term on the right side compensates for the in-
creased attenuation of the incident beam at nuclear reso-
nance. The resolution functioR(E), which describes the
energy distribution of the incident radiation, is assumed to be
an even function. From the corrected count rdfethe nor-
malized absorption probability densit$(E,)=1,/(¢2;l])

can be extracted.

In the solid stateS(E), or more generally the anisotropic
absorption probability densityS(E,k), can be simulated
theoretically, if the projected partial VDOS@Fe(E,R), is
available, withk=k/k. S(E,k) can be written as sum of
the elastic part, that is due to the recoilless absorption, and of
the inelastic part consisting of the multiphonon contributions

Sh(E.K):

S(E,b:fLM(R)&(EHgl SH(EK). )

The anisotropic Lamb-Mssbauer factofLM(R) is obtained

FIG. 2. Geometry of the HS isomer pFe(tpa)(NCS)] opti-  from normalization ofS(E, k). With the one-phonon contri-
mized with B3LYP/3-21G*. bution
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A - Ergrd|E| k) into the Cartesian coordinates of the nuclei using the normal-
Si(E,k)= fLM(k)E ——,BE (3) ized eigenvector8, of the dynamical matrix. Only the pro-
1-e jections of these R-dimensional vectors into the three-
(8=1/kgT) all higher multiphonon contributions dimensional subspace of the Cartesian iron coordinates,
are necessary for the determination of the displacement vec-
R +oo ~ tor u of the iron nucleus, that can be written as a sunt of
SH(E k)= Pa— f Si(E',k) termsu, = b,q, /Y/m. Using the known correlation function of
nfim(k) /== the harmonic oscillator, theth contribution to the displace-
XS, 1(E— E’,K)dE' (n=2) 4) ment correlation of the iron nucleus can be written as
can be computed iterativefy. ([k-u(0)[k-u(t)])
This approach, however, is not suitable for liquids and ~
gases, or, as in the present case, for molecular crystals. For _ (k-by)?Eg
this reason an alternative approach is described in the follow- - 2K2E,sinh( BE,/2)

ing, that can be used to simulatEéE,R) outside the energy
range ofintermolecular vibrations, i.e., foE=15 meV for

the complexes_discussed here. In this molecular approximgyi, this expression the exponential on the right side of Eq.
tion only theL =3N—6 (N is the number of atomsliscrete 7y can e expanded into the modified Bessel functignsf

intramolecular v.ibrations of .the molec.ule vacuo(in gen- the first kind andnth order, and insertion of this expansion
eral corresponding to the highest optical branches of the into Eq. (6) leads to

phonon spectrum of the molecular crystare considered

X [@F BEI2-IE Ih | o= BEV2+ItE| /A7 ®

whereas théntermolecular vibrationgcorresponding to the e~ ((kw?) ~
three acoustical branches and, generally, to the lowest three S(E,Kk)= —J gltE/A—[tiT/2A
optical branchesare disregarded, i.e., the center of mass h %
and—in case of small amplitudes—the inertial tensor of the L 4o
molecule are assumed to be fixed in space. x[[T > efnE /2”n l(Cl(R))e—itn|E| Ihgt.
The probability density of nuclear absorption of a molecu- i=1n=—w= !
lar complex containing only on&Fe nucleus is described by 9)
SER-S o BE; (Fle- iy T2 | Here the symbol€,(k) stand for
r 2 (Es—E—E)2+T?%4 .
5) Ci(k)=((k-uy))/cosh BE; /2). (10)

whereu stands for the displacement of the iron nucldas, For the actual computation of the probability density as
andE; denote the energies of the initial and the final vibra-given in Eq.(9), only a special case of the displacement
tional states of the molecular compldx) and|f), respec- correlation function in Eq(8) is needed, the projected msd

tively, I is the linewidth of the vibrational transition, arffl  contributions

is the partition function. To avoid the explicit summation

over final states, the Lorentzian is Fourier transformed and ((R-u,)2)=(l2~b|)2(ER/k2E|)cotr(BE|/2), (11
the operator expfik-u) is written in the interaction ] S, Lo
representatiott and the total projected msdk-u)9)=3_,((k-u)?). The
termn|E, in Eq. (9) describes the net amount of energy that
1 [+ is transferred to théth vibrational mode. Ifn, is negative,

S(Ek)= h)_. (71 uOlgrikuD) g2y, (6) the number of deexcitations exceeds the number of excita-
tions. The infinite series on the right side of E§) is abso-
The angular bracket$...) represent both the quantum- lutely convergent and the product overcan be expanded
mechanical and the thermal average. In the harmonic agnto anL-fold sum. Solving the integral and reordering the
proximation the expectation value of the time-dependent opterms in Eq.(9) the probability density takes its final form
erators can be replaced by the exponential of a displacement

correlation functiof® S(E.Ry=e-(tcw? g g g FEuel?
(exp(—ik-u(0)) exp(+ik-u(t))) np=-—%® Mp=—  n=-x
~ ~ L
= exp(K[k- u(0) ][k~ u(t)]). (7) Pem _ 1q @), (2

X
The exponent on the right side of the equation can (E~Eyp)®+T2/4 11
be decomposed into a sum df terms proportional to that is used in the following to simulate the absorption prob-
<[l2-u|(0)][l2-u|(t)]>, which represent the contributions ability density of the complexes under study. The energy
from the normal mode$=1,... L. In the harmonic ap- E\,isz,Lzln,E| represents the increasg,{,>0) or decrease
proximation these modes correspond to independent hafg,;,<0) of the vibrational energy of the molecule. If the
monic oscillators with reduced coordinatgsand vibrational  linewidth I" of the vibrational transition is small in compari-
energiesg,. The reduced coordinates can be transformedson to the energy resolution of the experimental setup, the
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Lorentzian on the right side of E¢12) can be replaced by a tional calculations were performed with thé&-311
o function without loss of accuracy. +G(2d,p) basis séf for C, N, and O together with the
Assuming weak coupling between intra- and intermolecui\vachters-Hay basis €étfor Fe. The geometries were fully
lar vibrations, the anisotropic Lamb-Msbauer factor optimized applying the Berny algorithm to redundant inter-
fuu(K) can be factorized into a lattice factép(k) and a nal coordinate$? Force constants were calculated analyti-
molecular factot? cally at the same level of theory using the optimized geom-
. etries, and the resulting vibrational frequencies were
S kewd) N corrected by the scaling factor 0.9613 as has been proposed
fma(k) =€ |1:[1 1o(Ci(Kk)). (13 by Wongd? for the 6-31G* basis set. To obtain the projected
eigenvectord,, the iron components of the normal coordi-
The latter is obtained by integration of the elastic part of thenate vectors provided by th@aussiaNg4 program had to be
nuclear absorption probability. For this elastitzero-  multiplied by the factorym/m;, wherem, is the reduced
phonon”) part only those terms in Eql12) apply, which  mass of thdth normal mode.
correspond to zero excitation of all molecular vibrations or e probability densityS(E,k) was calculated according
for which_ the number of excitations equals the number of, Eq. (12) and folded with the resolution functioR(E),
deexcitations 1§, =0 for [=1,... L). o ~ which represents the energy distribution of the incident ra-
For the dominating “one-phonon” contribution to the in- Giation. In the present casR(E) is a normalized Gauss-
elastic part, which corresponds to a single excitation or dejyn, with 6 meV full linewidth. For the polycrystalline

excitation of one molecular vibratidri, only those terms of [Fe(tpa)(NCS)] sample S(E) was calculated by nu-
the sum in Eq.(12) contribute where in the product of the merical integration o(E,K) overk

iyl all n; are zero except for one, i.e,,, which must be
+1 or —1. ForBE,;>1 the modified Bessel functions can be

. N « B.S I
replaced byl 4(Cy(k))~1 andl(C,(k))~ C,(k)/2 leading to . amples
the low-temperature approximation GNP single crystals with a size of ¥Q0x50 mn?
were grown from an aqueous solution  of

L . (CN3Hg) o[ Fe(CNENO] by slow evaporation of the solvent
IZl S(E;—E)(k-b)? (14  atabout 310 K. The conditions of the crystal growth, as well
a as all chemical and structural features of GNP are discussed
This equation is the molecular equivalent to the one-phonoin detail in Ref. 9. For NIS and IR measurements single
contribution in solid statgEq. (3)]. The sum on the right side crystals of different thickness varying from 50 to 25@0n

of Eq. (14) corresponds to the projected partial VDOS, have been used. The samples were cut from larger crystals of
9ed E,K), in a single crystal. At low temperatures the prob- high qu.ality-with the surface normal in the Crystallograpdnic
ability for the deexcitation of a molecular vibration or for the @ndc directions @-cut andc-cut, respectively The thinnest
simultaneous excitation of more than one vibration vanishe<STyStals that could be produced by mechanical polishing had

Using Eq.(11) the absorption probability density can then be@ thickness of 150um. Even thinner samples were pre-
written as a superposition of the elastic part and. @bntri- pared by etching these crystals in a 3:1 mixture of distilled

. _ Eg
Sl(Evk)~fmol(k)E

butions to the inelastic part: water andn-propanol until a thickness of about 5@m was
reached. Lower thickness led to mechanical destruction of
A ) L R the crystals. The preparation of the polycrystalline sample of
S(E,k)~e {(k-w?) 5(E)+|<2|2l S(E—EN{(k-up?)|. [Fe(tpa)(NCS)] is described in Ref. 24.
(15) C. Nuclear inelastic scattering

_— : ; : ~ NIS spectra were recorded at the Nuclear Resonance
Each of thel. co.ntrlbutlons qf the2|nelastlc part Is propor Beamline ID 18 of the European Synchrotron Radiation Fa-
tional to the projected msd(k-u;)%) of the corresponding cility (ESRP in Grenoble, Franc® The 6 GeV electron
vibrational mode. ) storage ring was operated in single bunch mode for GNP and
Prior to the simulation o8(E, k), DFT calculations have in a 16 bunch mode fdrFe(tpa) (NCS)]. The purity of the
to be performed, to yield the vibrational energigsand the  filling (population of parasitic bunches compared to the
projected eigenvectorb, of the dynamical matrix, which single bunchwas better than IC. The incident beam was
comprise all the necessary information of the specific molmonochromatized by a double-crysta($i1) premonochro-
ecule. mator to the bandwidth of 2.5 eV at the energy of 14.413
keV. A further decrease of bandwidth down to 6 meV was
Ill. MATERIALS AND METHODS obtained with a “nested” high-resolution monochromator.
This beam was used to excite the 14.413 keV nuclear level
of >Fe in a sample mounted in a closed-cycle cryostat to
DFT calculations were performed for the nitroprussideallow measurements at different temperatures. An avalanche
anion in vacuo and for the HS and LS isomers of photodiode with 1&10 mn? area, 100um active thick-
[Fe(tpa) (NCS)] using the B3LYP methodi, implemented ness, and a time resolution of less than 1 ns has been used as
in the GAUSSIAN94 program systeff together with the split a detecto’ to count the 14.413 ke quanta and, mainly,
valence 3-21G* basis sé&tFor the nitroprusside anion addi- the K-fluorescence photons~6.4 keV). The data were

A. Computational details
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LI B LA A BN L B B peaks of 11 meV linewidth{full width at half maximum,
. which is almost twice as large as the energy resolution of the
4 (a) _ incident radiation and indicates that a considerable part of
4 the central peak belongs to the inelastic part of the spectrum.
Apart from the central peak, nonvanishing probability den-
7 sity is observed in the range between 50 and 90 meV. In this
. range the measured probability density of &aeut crystal is
significantly different from that of the-cut crystal. The NIS
spectra of the HS and LS isomers[&fe(tpa) (NCS)] [Fig.
3 (b)] exhibit central peaks of 12 and 7 meV linewidth, re-
spectively, and a pronounced inelastic peak at 30 meV in the
HS state and at 50 meV in the LS state. Comparing the
intensity of the pronounced inelastic 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 corresponding cen-
tral peak. The linewidth of the LS peak observed at 50 meV
is significantly larger than the linewidth of the corresponding
central peak. The LS peak should, therefore, be regarded as a
superposition of two or more individual peaks. The LS spec-
trum exhibits another, rather small peak at 66 n{g¥e also
Fig. 5, which is invisible in the HS spectrum. In the nega-
tive energy domainE,<E.J the probability density van-
ishes at 34 K(LS), whereas a small peak at30 meV can
be observed at 200 KHS).
The first moments of the NIS spectra of GNP and of the
NIS spectrum of the HS isomer pFe(tpa)(NCS)] (1.8 to
2.0 meV are in reasonable agreement with the recoil energy
Er=1.96 meV of the freeFe nucleus, as expected accord-
E (meV) ing to Lipkin's rule, whereas the first moment of the NIS
spectrum of the LS isomer ¢Fe(tpa) (NCS)] amounts to 4
FIG. 3. Measured NIS spectra @ the a-cut (A) and c-cut meV, which is about twice as |arge ﬁ? For the two
(@) crystals of GNP, andb) of the HS @) and LS (A) isomers  complexes under study a correlation between the first mo-
of [Fe(tpa) (NCS}]. The solid and dashed lines serve as a guide tOnent of the NIS spectrum and the Lamb-4sbauer factor
the eyes. f_u is found. In those cases where the first moment is close
to Eg, the Lamb-Massbauer factor is smal[f y(a)

collected during several energy scans with 140 steps on av- 0.12(1) andf,y()=0.20(1) for the respective crystals of

erage, each with 2 meV step size and 10 s measuring tim%NP and f52021(1) for the HS isomer of
’ LM~ Y

All individual scans were corrected for the approximately .
9% decrease of beam intensity of the storage ring during thEFe(tpa)(NCSQ]], whereas a large Lamb-l\ﬂsba_uer factor
as been measured for the LS isomer of

1500 s required for each scan and added up afterwards.
: P [Fe(tpa) (NCS)] [f+S =0.68(1)],% for which the first mo-

ment of the NIS spectrum significantly exceeds the recaoill
energyEgr. The increased attenuation of the incident radia-
Infrared spectra for GNP were recorded with a BOMEMtion at nuclear resonance can be neglectef] jf is small.
DA3 Fourier spectrometer with 0.6 meV resolution, a beam+or this reason only the NIS spectrum of the LS isomer of
splitter of KBr, and a pyroelectric detector DTGS/KBr using [ Fe(tpa)(NCS)] had to be corrected according to Hd).
single crystals of about 15@:m thickness. However, in the
spectral interval between 50 and 125 meV where the absorp-
tion is very strong even thinner crystal cuts of 20m thick-
ness were needed. In addition infrared spectra were taken The IR spectra recorded with tieecut andc-cut crystals
from guanidinium hydrochloride CsCIH, which is one  of GNP exhibit three very strong absorption bands centered
of the chemical components used for the synthesis of that 125, 205, and 410 meV, which represent vibrational

Probability Density (eV™)

—— T
-100 -50

D. Infrared spectroscopy

B. Infrared measurements

guanidinium nitroprusside. modes of guanidinium as suggested by a separate IR mea-
surement with guanidinium hydrochloride or{lyot shown.
IV. EXPERIMENTAL RESULTS In the region from 260 to 310 meV, that is attributed to

vibrational modes of the nitroprusside anion, a narrow ab-

sorption band with fine structure centered at about 267 meV
NIS spectra have been recorded for #zeut andc-cut  is observed in the spectra for both crystal orientations.

crystals of GNP at room temperature and for a polycrystal- In the IR spectra of very thin crystal cuts (50m) a

line sample of[ Fe(tpa)(NCS)] at 34 K (LS statg¢ and at number of strong, discrete lines are identified at 56, 60, 63,

200 K (HS state. The NIS spectra of tha-cut andc-cut 70, 76, and 81 me\[Fig. 4a]. Comparison of the vibra-

crystals of GNP are shown in Fig(a88. They exhibit central tional frequencies of the nitroprusside anion in GNP, as pre-

A. Nuclear inelastic scattering
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TABLE I. Bond lengths in pm for the nitroprusside anion taken
from x-ray measurements on GNRef. 9 and from present calcu-
lations with the B3LYP method and two different basis sets.

8 014

@ ] X ray 3-21G* 6-31HG(2d,p)

% Fe-N 165 160 163

;;3 Fe-Cy 195 195 197

' Fe-Gq 194 193 197

0.0 N-O 113 120 115

CacN 115 117 116

CeqN 114 117 116

nitroprussides:*! Therefore these deviations can be regarded
as an upper bound for the deviations fr@y, symmetry in
the free nitroprusside anion.

The 33 normal modes of the nitroprusside anion can be
classified according to the five irreducible representations of
the C,4, point group. The displacement of the iron nucleus is
varying with the normal coordinates of tidg andE modes,
while it remains zero for the other modes; therefore only the
A; andE modes can be observed in the NIS spectra of GNP.
Since the symmetry axes of the two nonequivalent nitroprus-
sides anions in the unit cell of GNP approximately §°)
coincide with the crystallographic axis, the A; modes,
which are connected with the mean-square displacement
(msd of the iron nucleus parallel to the symmetry axis
(b/lc), can only be observed in thecut NIS spectrum,
whereas one out of each of the twofold degeneEateodes,
which contribute to the msd of the iron nucleus perpendicu-

FIG. 4. IR spectra(@), and NIS spectra—measurd) and lar to the symmetry axish{L c), is visible in thea-cut NIS
simulated(c)—of the a-cut (dashed lines)\) andc-cut (solid lines, ~ SPectrum.
®) crystals of GNP. The IR spectra were normalized to the same The calculated normal modes are characterized in terms
crystal thickness. The inelastic peaks in the simulated NIS spectrf@f bond stretching(s) and bending &, 8, B8', v, v/,

(c) are labelled according to the mode numbering in Table II. \, 9, see Fig. lvibrations(Table Il). The carbon atom that
is located on the symmetry axis is labeled with, Cthe

sented here, with the corresponding results for sodium nitrot€maining four carbon atoms, lying in an equatorial plane,
prusside (SNP), taken from former studi€S*® does not are labeled with G,. These assignments are in agreement
provide any evidence for drastic frequency changes by goin/ith previous assignments, that result from a normal-
from GNP to SNP. However, the presence of the guanicoordinate analysis in valence force-field approximatfon.

dinium cations complicates an unambiguous frequency agiccording to their energy the vibrational modes can be di-
signment in GNP in comparison to some other nitroprus-vided into three groupsi) six C-N or N-O bond stretching
sides. modes in the spectral range above 220 m@V six Fe-C or

Fe-N stretching modes and 12 Fe-C-N or Fe-N-O bending
modes ¢, v', A, 9) inthe range from 35 to 90 meV, and
V. COMPUTATIONAL RESULTS AND DISCUSSION (iii) nine C-Fe-C or C-Fe-N bending modes,( 8, B') in
the range below 20 meV. Comparison of the vibrational fre-
quencies calculated with the 6-315G(2d,p) basis with the
The B3LYP method combined with two different basis corresponding experimental frequencies obtained from IR
sets has been used to calculate the geometry of the nitroprusnd Raman measurements on S{fef. 30 reveals devia-
side anionin vacug which has been restricted ©,, sym-  tions in the range from 1 to 5 % for the C-N and N-O stretch-
metry. The deviations from 1 to 3 pm between the calculatedng modes as well as for the Fe-N stretching and the Fe-N-O
bond lengths and the measured values for $N&ble ) are  bending modes. Good agreement between measured and cal-
very likely due to the neglected interactions between the niculated frequencies is also achieved for the Fe-C-N bending
troprusside anion and its counter-cations. Similar deviationsnodes(1 to 8%9 whereas the calculated Fe-C stretching fre-
are observed comparing nitroprussides with different cationgyuencies are between 12 and 19 % smaller than the measured
e.g., SNP! barium nitroprusside and GNPThe symmetry  frequencies for SNP. Comparable results from calculations
constraint is expected to have minor effect on the optimizedvith other nonlocal DF methods for the free nitroprusside
geometry. Deviations front,, symmetry by 2 to 5° for the anion and for solid NNP are reported in Refs. 7,32.
Fe-N-O bond angle and by less than 1 pm for the different The vibrational frequencies calculated with the 3-21G*
bond lengths have been observed by x-ray studies on solidasis set differ from those calculated with the 6-31d

Probability density (V™)

E (meV)

A. Guanidinium nitroprusside
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TABLE Il. Vibrational energie€, , measured for SNP by IR and Raman spectroscopy and calculated for
the free nitroprusside anion with B3LYP/6-31G(2d,p), and calculated contributions to the projected iron

msd((k-u;)?). (With k=c for A; modes andk=a for E modes)

_ E, in meV ((k-u)?)
Sym. Primary

|2 spec. contributior? Exp. (Ref. 30 Calc. in pnt
1 Ay CuxcN's 269.9 266.1 0.00
2 CeiN's 268.8 265.2 0.00
3 N-Os 241.4 228.9 0.00
4 Fe-Gq S 51.2 41.7 0.01
5 Fe-Gx s 52.1 45.9 0.23
6 Fe-Ns 81.5 84.8 0.75
7 Fe-C-N9 57.4 55.9 0.14
8 C-Fe-C,NB,B’ 12.6 14.3 5.02
9 A, Fe-C-NA 38.2
10 B, C-Ngg s 268.3 264.6
11 Fe-Gq s 50.0 40.7
12 Fe-C-N¢ 49.2 50.6
13 C,N-Fe-CB,B’ 13.0 9.4
14 B, Fe-C-NA 52.8 53.7
15 C-Fe-Ca 114 13.0
16 E C-Ngg s 266.3 264.1 0.00
17 Fe-Gq s 56.3 45.5 0.50
18 Fe-C-N¢ 39.7 38.3 0.04
19 Fe-C-Nx 53.9 51.0 0.05
20 Fe-C-Ny’ 62.1 59.9 0.54
21 Fe-N-Oy 82.7 83.0 0.35
22 C,N-Fe-CB,B’ 8.8 7.7 1.99
23 C-Fe-CB,B’ 18.9 145 3.74
24 C,N-Fe-CB,B’ 12.3 12.3 1.10

8 or comparison mode numbering has been adjusted to the convention used in Refs. 30.
PAssignment based on DFT calculatiorssdenotes stretching modes and small greek letters denote the
bending modes defined in Fig. 1.

(2d,p) basis set by less than 13%, for most modes by lestess qualitative agreement between the experimental and the

than 5%. Hence, if only a modest precision is demanded angimulated NIS intensity relations of tteecut andc-cut spec-

if the investigated molecules are quite large, the smaller bufra is obtained: in the spectrum of thecut crystal contribu-

much less time-consuming basis set 3-21G* is an acceptabifons to the absorption probability of similar size arise from

compromise. modes 1E, 20E, and 2E, whereas in the-cut spectrum
The strongest molecular contributions to the projectedhe contribution of mode\; is dominant in comparison to

iron msd[Eq. (11)] and to the nuclear absorption probability {he contributions of modes/g and 7A; [Fig. 4b) and 4c),
originate from the C-Fe-C and N-Fe-C bending modesrype .

(Table 1l). For these modes direct comparison between the
measured and the calculated probability density is difficul
because of the expected strong interactions betvietea-
and intermolecular vibrations. However, it should be noted dal th tall hi b imated b
that agreement of the measured and calculated energy rang%éS along the crystallographic axes can be approximated by
of these mode$8—19 meV is obtained. Out of the 18 Fe- the sum of the msd contributions of ti#g modes g-axis)
N,C stretching and Fe-C-N and Fe-N-O bending modes thre@NdE modes €-axis), respectively, which are given in Table
A, modes and thre& modes contribute significantly to the ) ) )
absorption probability. Two of these modes, the Fe-N The calculated iron msd along theeaxis (8 pnf) is
stretching mode (8;) and the Fe-N-Oy bending mode @bout 30% larger than the msd along thaxis (6 pnf) and
(21E), give rise to prominent peaks in thecut and the correspondingly the calculated molecular Lambsdloauer
a-cut spectrum, respectively, whereas the other four modekactor for thea-cut crystal f ,,(a) =0.87] is slightly smaller
give rise to peaks that are too broad to be resolved in ththan the molecular Lamb-Msbauer factor of the-cut crys-
experimental NIS spectra. tal [fp(c)=0.90. Comparison with the experimental
The linewidth of the measured peaks is significantlyLamb-Massbauer factor® f ,,(a)=0.12(1) and f y(c)
larger than the linewidth of the simulated peaks. Neverthe=0.2Q(1), indicates, that the by far largest part of the iron

A The anisotropy of the nuclear absorption probability is
closely related to the anisotropy of the iron msd. For the
a-cut andc-cut crystals of GNP the molecular part of the iron
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msd must be due to intermolecular vibrations of the nitro-
prusside anions and its counter-cations.

B. [Fe(tpa) (NCS),]

For reasons of size the geometry optimization and the
frequency calculation fof Fe(tpa)(NCS)], containing 47
atoms with 292 electrons, have been performed with the
3-21G* basis set only. No x-ray structures are available that
can be compared with the calculated geometries of
[Fe(tpa)(NCS)], but the calculated bond lengths of the HS <™
and LS isomers qualitatively resemble the increase of the%
Fe-N bond distances upon spin crossover of about 10 to 2(
pm observed in various spin-crossover complexes with a-
central[ FeN;] octahedrort?

The vibrational spectra of the HS and the LS isomers of
[Fe(tpa) (NCS)] consist of 135 normal modes and are, in
the following discussion, subdivided into a high-frequency
region above 75 me\(which can be disregarded here, be-
cause the modes in this frequency range do practically no
contribute to the iron mgdand a low-frequency region be-
low 75 meV.

Among the 41 normal modes of the low-frequency region
the iron-ligand bond stretching vibrations are of special in-
terest here. In view of the results obtained for GNP, an error
margin of about 10 to 20% is estimated for the calculated
Fe-N stretching frequencies, which can be considered a:
small in comparison to the expected drastic increase of thes
frequencies upon spin crossover. Due to the almost octahe
dral environment of the iron center three out of six Fe-N E (meV)
stretching modes are invisible in NIS and IR spectra. Those
modes that transform according to the and E, represen- FIG. 5. Measureda) and simulatedb) NIS spectra of the HS
tations of the ideal octahedron do not contribute to the msdsolid lines, ®) and LS (dashed lines, A) isomers of
of the iron nucleus or to the variation of the electric dipole[Fe(tpa)(NCS)].
moment. Only the remaining three modes, that transform ac-

cording to theT,, representations can be observed in NISy, some extent Fe-N stretching character. The mixed charac-
and IR spectra. These three modes, with calculated frequefs, ¢ 1his mode is due to interactions between Fe-N stretch-

cies of 29.9, 30.1, and 35.3 meV for the HS state and 42.8] ; : . .
! ' - : n N-C- , Which I
46.6, and 52.6 meV for the LS state, give rise to a prominen hg igdisoncie? bending modes, which are close in energy in

Fg:(lipg(wgsi]lmulated NIS spectra of both isomers o The calculated N-C-S bending modes of the HS isomer do
' ) . . not show any admixture of Fe-N stretching modes because of
By IR spectroscop? Fe-N bond stretching frequencies Oféhe relatively large energy gap of about 30 meV between

59.5 and 66.0 meV have been found for the LS isomer, whil h q dinalv th £ h
for the region below 35 meV, that is difficult to reach experi-_t ese modes. Correspondingly the NIS spectrum of the HS

mentally, no frequencies are reported. The Fe-N bondSOMer does not exhibit a peak at the_ respective energy. In
stretching frequencies calculated for the LS isomer are abo@mmary, the NIS spectra of the LS isomer as well as the
12.4 meV smaller than the IR values given above; howevePFT calculations suggest, that the IR line attributed previ-
they are in good agreement with the frequencies obtaine@USly to an Fe-N bond stretching mode of the LS isomer
from NIS. The broad peak at 50 meV observed in the meashould be assigned to a bending mode of the NCS group
sured NIS spectrum of the LS isom@ig. 5) represents the instead. As a rgsult the frequgncy shift of the Fe-N stretching
envelope of the three Fe-N stretching modes in the range dfode upon spin crossover is about 40% smaller than as-
45 to 55 meV. The pronounced peak at 30 meV in the Njssumed ear_ller. DFT calculat_lons for another spin-crossover
spectrum of the HS isomer is assigned to the same modé&®mplex with NCS groups, i.e[Fe(phen) (NCS)] (phen
(Fig. 5. These modes reflect, according to the intensity of=1,10-phenanthrolinelead to a similar conclusion.
the peaks, the substantial contributions to the msd of the iron The measured Lamb-Msbauer ~ factor  of
nucleus that is associated with the thisg Fe-N stretching  Fe(tpa)(NCS)] is decreasing fronfiy,=0.68(1) for the
modes. LS state at 34 K td {5 =0.21(1) for the HS state at 200%R.
According to the normal mode analysis the low-intensityComparison of these values with the calculated molecular
peak at 66 meV in the measured NIS spectrum as well as tHeamb-Massbauer factorsffs,=0.92 andf"'>=0.52) indi-
line at 65.7 meV in the IR spectrum must be assigned to @ates, that for both spin states the major part of the iron msd
mode which has predominantly N-C-S bending character ani due tointermolecular vibrations. However, the msd of the

S1t

Probability den

80 100
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HS state contains, according to the calculations, also signifif the energy resolution of the incident radiation is reduced to

cant contributions fromintramolecular vibrations.

VI. CONCLUSION

the order ofueV by nuclear resonant filtering.

Due to its ability to focus on few modes out of a rather
complex vibrational spectrum NIS can be a complementary
or, for certain problems, even a superior alternative to con-

The energy spectra of nuclear inelastic scattering of syngentional methods like IR and Raman spectroscopy. A good
chrotron radiation by molecular crystals have been simulategdyample is the investigation of ir@ih) spin-crossover com-
in @ molecular approximation using a normal mode analysigexes as presented here. IR and Raman spectra are rather
that was obtained from DFT calculations. The peaks obgomplex in the frequency range of the Fe-N bond stretching
served in the inelastic part of the absorption spectrum can bg,odes(20-60 meV. Even if the isotope technique is used
related to individual molecular vibrational modes, where thejhe assignment of these modes to the observed bands
position of the peak is given by the vibrational energy andopften remains doubtful as has been demonstrated for
the intensity of the peak is proportional to the contribution t0[ Fe(tpa) (NCS)]. In the NIS spectra, however, the Fe-N

the msd of the Mesbauer nucleus of the respective mOdestretching modes could be unambiguously identified.
From the sum of the molecular msd contributions a molecu-

lar Lamb-Massbauer factor can be calculated, that means, the
rigidity of the molecular crystal can be separated into a part
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