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Measurement and simulation of nuclear inelastic-scattering spectra of molecular crystals
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A procedure is presented that allows us to simulate from first principles the normalized spectra of nuclear
inelastic scattering~NIS! of synchrotron radiation by molecular crystals containing a Mo¨ssbauer 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 of the Mo¨ssbauer
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)2# @tpa5tris~2-pyridylmethyl!amine#. 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 of@Fe(tpa)(NCS)2# with the theoretical simulations.
@S0163-1829~99!03102-1#
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I. INTRODUCTION

The recently developed method of nuclear inelastic s
tering ~NIS! of synchrotron radiation,1,2 which has become
available as spectroscopic method with the third genera
of synchrotron radiation sources, allows the investigation
the dynamics of a Mo¨ssbauer nucleus in solid state, liquid
or gases. The information about the lattice dynamics
tained by conventional Mo¨ssbauer spectroscopy is summ
rized in a single parameter, the Lamb-Mo¨ssbauer factorf LM ,
which gives the recoilless fraction of nuclear resonant
sorption. NIS instead provides a complete energy spect
of the absorption probability, which is recorded by detuni
the energy of the incident synchrotron radiation with resp
to the resonance of the Mo¨ssbauer nucleus. In solids th
spectrum is determined by the vibrational density of sta
~VDOS!, in liquid or gaseous samples by the normal mod
of molecular vibration. Although part of the informatio
gained with NIS can be obtained with other methods l
neutron scattering, IR and Raman spectroscopy, NIS sh
be regarded as a complementary method, because it al
us to measure phonons also in the region*50 meV, and
because it does focus on the partial VDOS of specific i
topes in a lattice or in a molecule, in the present case57Fe.

In solids the partial VDOS can directly be derived fro
the measured NIS spectra.2,3 If, on the other hand, the partia
VDOS, in the case of a cubic Bravais lattice, or, in the ge
eral case, the projected partial VDOS is known from expe
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ment or theory, the corresponding NIS spectra can be si
lated, as has been proved fora-iron and ferric borate.4,5 This
is, however, rather difficult for molecular crystals. For th
reason an alternative procedure is presented here, where
spectra of molecular crystals are simulated from first pr
ciples using the calculated normal modes of the moleculein
vacuo. The geometry and the vibrational modes of the m
ecule are calculated by applying the density-functio
theory~DFT!, which has been established as the most pro
ising approach to the calculation of vibrational spectra
large molecules containing transition metals.6 In a low-
temperature approximation it is described how the individ
molecular vibrations contribute to the NIS spectrum and
the mean-square displacement~msd! of the 57Fe nucleus.

To test this simulation procedure and to illustrate so
applications of NIS on molecular crystals, two differe
iron compounds, (CN3H6)2@Fe~CN!5NO# ~guanidinium
nitroprusside! and @Fe(tpa)(NCS)2# „tpa5tris~2-
pyridylmethyl!amine…, are investigated. Both compounds a
very promising materials for optical information storage w
extremely high capacity.7,8 Guanidinium nitroprusside
~GNP! is used here as a calibration standard since nitrop
side complexes have been studied in detail in the past
cades by a variety of experimental and theoretical metho
In addition GNP single crystals are very suitable to stu
the anisotropy of molecular vibrations because the t
nonequivalent nitroprusside anions~Fig. 1! in the unit
cell of GNP have almost the same orientation.9 The
975 ©1999 The American Physical Society
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976 PRB 59H. PAULSENet al.
@Fe(tpa)(NCS)2# complex~Fig. 2! belongs to the family of
thermally driven spin-crossover complexes, which exhib
transition from a low-spin~LS! to a high-spin~HS! state by
increasing the temperature. IR measurements on sev
spin-crossover complexes with a central@FeN6# octahedron
indicate a remarkable increase of the Fe-N bond stretch
frequencies from about 25 to 30 meV in the HS state
about 50 to 60 meV in the LS state.10 In this case NIS turns
out a very valuable alternative to IR and Raman spect
copy because the Fe-N stretching modes can be defin
identified in the NIS spectra, whereas the IR and Ram
spectra are rather complex in this frequency region11 making
an unambiguous assignment of these modes very difficu

II. SIMULATION OF NIS SPECTRA

The nuclear resonant absorption ofg quanta has been
used for the investigation of lattice dynamics since the d
covery of the Mo¨ssbauer effect.12 The bulk of these applica
tions was restricted to the determination of the elastic~or
recoilless! fraction f LM of the integrated nuclear absorptio
probability densityS(E), where E5Eg2Eres denotes the
difference between the energy of the incident radiationEg
and the nuclear resonance energy of57Fe, Eres. Only re-

FIG. 1. Geometry of the@Fe(CN)5 NO#2- anion in vacuoopti-
mized with B3LYP/6-3111G~2d,p!. The small greek letters defin
intramolecular bending modes.

FIG. 2. Geometry of the HS isomer of@Fe(tpa)(NCS)2# opti-
mized with B3LYP/3-21G*.
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cently synchrotron radiation sources with sufficient intens
became available that allow us to vary the energy differe
E in the range of phonons. If the incident radiation from t
synchrotron is detuned with respect toEres, nuclear absorp-
tion requires the simultaneous creation~for E.0) or annihi-
lation ~for E,0) of phonons.

In an actual NIS experiment the energy differenceE is
varied in steps of«, counting at each step the number ofg
quanta that experience incoherent nuclear scattering.
scattering process involves excitation of the 14.413 k
nuclear resonance of57Fe ~lifetime t5141 ns) followed by
the emission of ag quantum with the same energy ('8%
probability! or by the emission of a conversion electron a
subsequent K-fluorescence radiation ('92% probability!.
The time delay of theg- or K-fluorescence radiation allow
efficient discrimination of NIS from electronic scattering.

The number of delayed events that are counted for e
energy stepEn5n« is denoted byI n (n50,61,62, . . . ).
For samples with finite thickness the increased attenuatio
the incident radiation at the nuclear resonance2 leads to a
reduction of the count rateI 0 and to an overestimation of th
absorption probability in the inelastic part of the spectru
As a consequence the first momentĒ5(( jEj I j )/(( j I j ) of
the energy can be distinctly larger than the average of
energy that is actually transferred to the lattice. According
Lipkin’s sum rule13 the average transferred energy equals
recoil energyER5k2\2/2m of the free57Fe nucleus;m is the
nuclear mass andk is the length of the wavevectork of the
incident synchrotron radiation. Lipkin’s sum rule can be us
to avoid the overestimation of the inelastic spectrum,2 essen-
tially by multiplying the measured spectrum with the fact
ER /Ē. In the present study a modified procedure has b
applied that allows to reconstruct also the elastic peak giv
the corrected count rates

I n85I n1«R~En!S Ē

ER
21D(

j
I j . ~1!

The second term on the right side compensates for the
creased attenuation of the incident beam at nuclear r
nance. The resolution functionR(E), which describes the
energy distribution of the incident radiation, is assumed to
an even function. From the corrected count ratesI n8 the nor-
malized absorption probability densityS(En)5I n8/(«( j I j8)
can be extracted.

In the solid stateS(E), or more generally the anisotropi
absorption probability densityS(E,k̂), can be simulated
theoretically, if the projected partial VDOS,gFe(E,k̂), is
available, withk̂5k/k. S(E,k̂) can be written as sum o
the elastic part, that is due to the recoilless absorption, an
the inelastic part consisting of the multiphonon contributio
Sn(E,k̂):

S~E,k̂!5 f LM~ k̂!d~E!1 (
n51

`

Sn~E,k̂!. ~2!

The anisotropic Lamb-Mo¨ssbauer factorf LM( k̂) is obtained
from normalization ofS(E,k̂). With the one-phonon contri-
bution
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S1~E,k̂!5 f LM~ k̂!
ER

E

gFe~ uEu,k̂!

12e2bE
~3!

(b51/kBT) all higher multiphonon contributions

Sn~E,k̂!5
1

n fLM~ k̂!
E

2`

1`

S1~E8,k̂!

3Sn21~E2E8,k̂!dE8 ~n>2! ~4!

can be computed iteratively.5

This approach, however, is not suitable for liquids a
gases, or, as in the present case, for molecular crystals
this reason an alternative approach is described in the foll
ing, that can be used to simulateS(E,k̂) outside the energy
range ofintermolecular vibrations, i.e., forE*15 meV for
the complexes discussed here. In this molecular approxi
tion only theL53N26 (N is the number of atoms! discrete
intramolecular vibrations of the moleculein vacuo~in gen-
eral corresponding to theL highest optical branches of th
phonon spectrum of the molecular crystal! are considered
whereas theintermolecular vibrations~corresponding to the
three acoustical branches and, generally, to the lowest t
optical branches! are disregarded, i.e., the center of ma
and—in case of small amplitudes—the inertial tensor of
molecule are assumed to be fixed in space.

The probability density of nuclear absorption of a molec
lar complex containing only one57Fe nucleus is described b

S~E,k̂!5(
i , f

e2bEi

Z z^ f ue2 ik•uu i & z2
G/2p

~Ef2Ei2E!21G2/4
,

~5!

whereu stands for the displacement of the iron nucleus,Ei
andEf denote the energies of the initial and the final vib
tional states of the molecular complex,u i & and u f &, respec-
tively, G is the linewidth of the vibrational transition, andZ
is the partition function. To avoid the explicit summatio
over final states, the Lorentzian is Fourier transformed
the operator exp(2ik•u) is written in the interaction
representation14

S~E,k̂!5
1

hE2`

1`

^e2 ik•u~0!e1 ik•u~ t !&eitE/\2utuG/2\dt. ~6!

The angular bracketŝ . . . & represent both the quantum
mechanical and the thermal average. In the harmonic
proximation the expectation value of the time-dependent
erators can be replaced by the exponential of a displacem
correlation function15

^exp„2 ik•u~0!… exp„1 ik•u~ t !…&

5exp̂ k2@ k̂•u~0!#@ k̂•u~ t !#&. ~7!

The exponent on the right side of the equation c
be decomposed into a sum ofL terms proportional to

^@ k̂•ul(0)#@ k̂•ul(t)#&, which represent the contribution
from the normal modesl 51, . . . ,L. In the harmonic ap-
proximation these modes correspond to independent
monic oscillators with reduced coordinatesql and vibrational
energiesEl . The reduced coordinates can be transform
or
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into the Cartesian coordinates of the nuclei using the norm
ized eigenvectorsBl of the dynamical matrix. Only the pro
jections of these 3N-dimensional vectors into the three
dimensional subspace of the Cartesian iron coordinates,bl ,
are necessary for the determination of the displacement
tor u of the iron nucleus, that can be written as a sum oL
termsul5blql /Am. Using the known correlation function o
the harmonic oscillator, thel th contribution to the displace
ment correlation of the iron nucleus can be written as

^@ k̂•ul~0!#@ k̂•ul~ t !#&

5
~ k̂•bl !

2ER

2k2Elsinh~bEl /2!

3@e1bEl /22 i tEl /\1e2bEl /21 i tEl /\#. ~8!

With this expression the exponential on the right side of E
~7! can be expanded into the modified Bessel functionsI n of
the first kind andnth order, and insertion of this expansio
into Eq. ~6! leads to

S~E,k̂!5
e2^~k•u!2&

h E
2`

1`

eitE/\2utuG/2\

3)
l 51

L

(
nl52`

1`

ebnlEl /2I unl u
„Cl~ k̂!…e2 i tnlEl /\dt.

~9!

Here the symbolsCl( k̂) stand for

Cl~ k̂!5^~k•ul !
2&/cosh~bEl /2!. ~10!

For the actual computation of the probability density
given in Eq. ~9!, only a special case of the displaceme
correlation function in Eq.~8! is needed, the projected ms
contributions

^~ k̂•ul !
2&5~ k̂•bl !

2~ER /k2El !coth~bEl /2!, ~11!

and the total projected msd̂( k̂•u)2&5( l 51
L ^( k̂•ul)

2&. The
term nlEl in Eq. ~9! describes the net amount of energy th
is transferred to thel th vibrational mode. Ifnl is negative,
the number of deexcitations exceeds the number of exc
tions. The infinite series on the right side of Eq.~9! is abso-
lutely convergent and the product overl can be expanded
into an L-fold sum. Solving the integral and reordering th
terms in Eq.~9! the probability density takes its final form

S~E,k̂!5e2^~k•u!2& (
n152`

1`

(
n252`

1`

••• (
nL52`

1`

ebEvib/2

3
G/2p

~E2Evib!21G2/4
)
l 51

L

I unl u
„Cl~ k̂!…, ~12!

that is used in the following to simulate the absorption pro
ability density of the complexes under study. The ene
Evib5( l 51

L nlEl represents the increase (Evib.0) or decrease
(Evib,0) of the vibrational energy of the molecule. If th
linewidth G of the vibrational transition is small in compar
son to the energy resolution of the experimental setup,
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Lorentzian on the right side of Eq.~12! can be replaced by a
d function without loss of accuracy.

Assuming weak coupling between intra- and intermole
lar vibrations, the anisotropic Lamb-Mo¨ssbauer factor
f LM( k̂) can be factorized into a lattice factorf lat( k̂) and a
molecular factor16

f mol~ k̂!5e2^~k•u!2&)
l 51

L

I 0„Cl~ k̂!…. ~13!

The latter is obtained by integration of the elastic part of
nuclear absorption probability. For this elastic~‘‘zero-
phonon’’! part only those terms in Eq.~12! apply, which
correspond to zero excitation of all molecular vibrations
for which the number of excitations equals the number
deexcitations (nl50 for l 51, . . . ,L).

For the dominating ‘‘one-phonon’’ contribution to the in
elastic part, which corresponds to a single excitation or
excitation of one molecular vibrationl 8, only those terms of
the sum in Eq.~12! contribute where in the product of th
I unl u

all nl are zero except for one, i.e.,nl 8 , which must be

11 or 21. ForbEl@1 the modified Bessel functions can b
replaced byI 0„Cl( k̂)…;1 andI 1„Cl( k̂)…;Cl( k̂)/2 leading to
the low-temperature approximation

S1~E,k̂!; f mol~ k̂!
ER

E (
l 51

L

d~El2E!~ k̂•bl !
2. ~14!

This equation is the molecular equivalent to the one-pho
contribution in solid state@Eq. ~3!#. The sum on the right side
of Eq. ~14! corresponds to the projected partial VDO
gFe(E,k̂), in a single crystal. At low temperatures the pro
ability for the deexcitation of a molecular vibration or for th
simultaneous excitation of more than one vibration vanish
Using Eq.~11! the absorption probability density can then
written as a superposition of the elastic part and ofL contri-
butions to the inelastic part:

S~E,k̂!;e2^~k•u!2&Fd~E!1k2(
l 51

L

d~E2El !^~ k̂•ul !
2&G .

~15!

Each of theL contributions of the inelastic part is propo
tional to the projected msd̂( k̂•ul)

2& of the corresponding
vibrational mode.

Prior to the simulation ofS(E,k̂), DFT calculations have
to be performed, to yield the vibrational energiesEl and the
projected eigenvectorsbl of the dynamical matrix, which
comprise all the necessary information of the specific m
ecule.

III. MATERIALS AND METHODS

A. Computational details

DFT calculations were performed for the nitroprussi
anion in vacuo and for the HS and LS isomers o
@Fe(tpa)(NCS)2# using the B3LYP method,17 implemented
in the GAUSSIAN94 program system18 together with the split
valence 3-21G* basis set.19 For the nitroprusside anion add
-

e

r
f

-

n

,

s.

l-

tional calculations were performed with the6-311
1G(2d,p) basis set20 for C, N, and O together with the
Wachters-Hay basis set21 for Fe. The geometries were fully
optimized applying the Berny algorithm to redundant inte
nal coordinates.22 Force constants were calculated analy
cally at the same level of theory using the optimized geo
etries, and the resulting vibrational frequencies we
corrected by the scaling factor 0.9613 as has been prop
by Wong23 for the 6-31G* basis set. To obtain the project
eigenvectorsbl , the iron components of the normal coord
nate vectors provided by theGAUSSIAN94 program had to be
multiplied by the factorAm/ml , where ml is the reduced
mass of thel th normal mode.

The probability densityS(E,k̂) was calculated according
to Eq. ~12! and folded with the resolution functionR(E),
which represents the energy distribution of the incident
diation. In the present caseR(E) is a normalized Gauss
ian with 6 meV full linewidth. For the polycrystalline
@Fe(tpa)(NCS)2# sample S(E) was calculated by nu-
merical integration ofS(E,k̂) over k̂.

B. Samples

GNP single crystals with a size of 10310350 mm3

were grown from an aqueous solution
(CN3H6)2@Fe(CN)5NO# by slow evaporation of the solven
at about 310 K. The conditions of the crystal growth, as w
as all chemical and structural features of GNP are discus
in detail in Ref. 9. For NIS and IR measurements sin
crystals of different thickness varying from 50 to 2500mm
have been used. The samples were cut from larger crysta
high quality with the surface normal in the crystallographica
andc directions (a-cut andc-cut, respectively!. The thinnest
crystals that could be produced by mechanical polishing
a thickness of 150mm. Even thinner samples were pre
pared by etching these crystals in a 3:1 mixture of distil
water andn-propanol until a thickness of about 50mm was
reached. Lower thickness led to mechanical destruction
the crystals. The preparation of the polycrystalline sample
@Fe(tpa)(NCS)2# is described in Ref. 24.

C. Nuclear inelastic scattering

NIS spectra were recorded at the Nuclear Resona
Beamline ID 18 of the European Synchrotron Radiation F
cility ~ESRF! in Grenoble, France.25 The 6 GeV electron
storage ring was operated in single bunch mode for GNP
in a 16 bunch mode for@Fe(tpa)(NCS)2#. The purity of the
filling ~population of parasitic bunches compared to t
single bunch! was better than 1029. The incident beam was
monochromatized by a double-crystal Si~111! premonochro-
mator to the bandwidth of 2.5 eV at the energy of 14.4
keV. A further decrease of bandwidth down to 6 meV w
obtained with a ‘‘nested’’ high-resolution monochromator26

This beam was used to excite the 14.413 keV nuclear le
of 57Fe in a sample mounted in a closed-cycle cryostat
allow measurements at different temperatures. An avalan
photodiode with 10310 mm2 area, 100mm active thick-
ness, and a time resolution of less than 1 ns has been us
a detector27 to count the 14.413 keVg quanta and, mainly,
the K-fluorescence photons ('6.4 keV). The data were



a
im
ly
th

M
m
g

or

k

th

ta

the
t of
um.
n-
this

e-
the
the
the
at

en-
eV
ng
as a

ec-

a-

he

rgy
d-
S

o-

ose

f

of

oil
ia-

of

red
nal

ea-

to
ab-
eV

63,

re-

t
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collected during several energy scans with 140 steps on
erage, each with 2 meV step size and 10 s measuring t
All individual scans were corrected for the approximate
9% decrease of beam intensity of the storage ring during
1500 s required for each scan and added up afterwards.

D. Infrared spectroscopy

Infrared spectra for GNP were recorded with a BOME
DA3 Fourier spectrometer with 0.6 meV resolution, a bea
splitter of KBr, and a pyroelectric detector DTGS/KBr usin
single crystals of about 150mm thickness. However, in the
spectral interval between 50 and 125 meV where the abs
tion is very strong even thinner crystal cuts of 50mm thick-
ness were needed. In addition infrared spectra were ta
from guanidinium hydrochloride CN3H5ClH, which is one
of the chemical components used for the synthesis of
guanidinium nitroprusside.

IV. EXPERIMENTAL RESULTS

A. Nuclear inelastic scattering

NIS spectra have been recorded for thea-cut andc-cut
crystals of GNP at room temperature and for a polycrys
line sample of@Fe(tpa)(NCS)2# at 34 K ~LS state! and at
200 K ~HS state!. The NIS spectra of thea-cut andc-cut
crystals of GNP are shown in Fig. 3~a!. They exhibit central

FIG. 3. Measured NIS spectra of~a! the a-cut (n) and c-cut
(d) crystals of GNP, and~b! of the HS (d) and LS (n) isomers
of @Fe(tpa)(NCS)2#. The solid and dashed lines serve as a guide
the eyes.
v-
e.

e

-

p-

en

e

l-

peaks of 11 meV linewidth~full width at half maximum!,
which is almost twice as large as the energy resolution of
incident radiation and indicates that a considerable par
the central peak belongs to the inelastic part of the spectr
Apart from the central peak, nonvanishing probability de
sity is observed in the range between 50 and 90 meV. In
range the measured probability density of thea-cut crystal is
significantly different from that of thec-cut crystal. The NIS
spectra of the HS and LS isomers of@Fe(tpa)(NCS)2# @Fig.
3 ~b!# exhibit central peaks of 12 and 7 meV linewidth, r
spectively, and a pronounced inelastic peak at 30 meV in
HS state and at 50 meV in the LS state. Comparing
intensity of the pronounced inelastic peaks in the HS and
LS spectrum it should be kept in mind, that the HS peak
30 meV is located on the shoulder of the corresponding c
tral peak. The linewidth of the LS peak observed at 50 m
is significantly larger than the linewidth of the correspondi
central peak. The LS peak should, therefore, be regarded
superposition of two or more individual peaks. The LS sp
trum exhibits another, rather small peak at 66 meV~see also
Fig. 5!, which is invisible in the HS spectrum. In the neg
tive energy domain (Eg,Eres) the probability density van-
ishes at 34 K~LS!, whereas a small peak at230 meV can
be observed at 200 K~HS!.

The first moments of the NIS spectra of GNP and of t
NIS spectrum of the HS isomer of@Fe(tpa)(NCS)2# ~1.8 to
2.0 meV! are in reasonable agreement with the recoil ene
ER51.96 meV of the free57Fe nucleus, as expected accor
ing to Lipkin’s rule, whereas the first moment of the NI
spectrum of the LS isomer of@Fe(tpa)(NCS)2# amounts to 4
meV, which is about twice as large asER . For the two
complexes under study a correlation between the first m
ment of the NIS spectrum and the Lamb-Mo¨ssbauer factor
f LM is found. In those cases where the first moment is cl
to ER , the Lamb-Mössbauer factor is small†f LM(a)
50.12(1) andf LM(c)50.20(1) for the respective crystals o
GNP, and f LM

HS50.21(1) for the HS isomer of
@Fe(tpa)(NCS)2#‡, whereas a large Lamb-Mo¨ssbauer factor
has been measured for the LS isomer
@Fe(tpa)(NCS)2# @ f LM

LS 50.68(1)#,28 for which the first mo-
ment of the NIS spectrum significantly exceeds the rec
energyER . The increased attenuation of the incident rad
tion at nuclear resonance can be neglected iff LM is small.
For this reason only the NIS spectrum of the LS isomer
@Fe(tpa)(NCS)2# had to be corrected according to Eq.~1!.

B. Infrared measurements

The IR spectra recorded with thea-cut andc-cut crystals
of GNP exhibit three very strong absorption bands cente
at 125, 205, and 410 meV, which represent vibratio
modes of guanidinium as suggested by a separate IR m
surement with guanidinium hydrochloride only~not shown!.
In the region from 260 to 310 meV, that is attributed
vibrational modes of the nitroprusside anion, a narrow
sorption band with fine structure centered at about 267 m
is observed in the spectra for both crystal orientations.

In the IR spectra of very thin crystal cuts (50mm) a
number of strong, discrete lines are identified at 56, 60,
70, 76, and 81 meV@Fig. 4~a!#. Comparison of the vibra-
tional frequencies of the nitroprusside anion in GNP, as p

o
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sented here, with the corresponding results for sodium ni
prusside ~SNP!, taken from former studies,29,30 does not
provide any evidence for drastic frequency changes by go
from GNP to SNP. However, the presence of the gua
dinium cations complicates an unambiguous frequency
signment in GNP in comparison to some other nitropr
sides.

V. COMPUTATIONAL RESULTS AND DISCUSSION

A. Guanidinium nitroprusside

The B3LYP method combined with two different bas
sets has been used to calculate the geometry of the nitrop
side anionin vacuo, which has been restricted toC4v sym-
metry. The deviations from 1 to 3 pm between the calcula
bond lengths and the measured values for SNP~Table I! are
very likely due to the neglected interactions between the
troprusside anion and its counter-cations. Similar deviati
are observed comparing nitroprussides with different catio
e.g., SNP,31 barium nitroprusside and GNP.9 The symmetry
constraint is expected to have minor effect on the optimi
geometry. Deviations fromC4v symmetry by 2 to 5° for the
Fe-N-O bond angle and by less than 1 pm for the differ
bond lengths have been observed by x-ray studies on s

FIG. 4. IR spectra~a!, and NIS spectra—measured~b! and
simulated~c!—of thea-cut ~dashed lines,n) andc-cut ~solid lines,
d) crystals of GNP. The IR spectra were normalized to the sa
crystal thickness. The inelastic peaks in the simulated NIS spe
~c! are labelled according to the mode numbering in Table II.
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us-

d
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nitroprussides.9,31 Therefore these deviations can be regard
as an upper bound for the deviations fromC4v symmetry in
the free nitroprusside anion.

The 33 normal modes of the nitroprusside anion can
classified according to the five irreducible representations
theC4v point group. The displacement of the iron nucleus
varying with the normal coordinates of theA1 andE modes,
while it remains zero for the other modes; therefore only
A1 andE modes can be observed in the NIS spectra of GN
Since the symmetry axes of the two nonequivalent nitropr
sides anions in the unit cell of GNP approximately (69°)
coincide with the crystallographicc axis, the A1 modes,
which are connected with the mean-square displacem
~msd! of the iron nucleus parallel to the symmetry ax
(bl ic), can only be observed in thec-cut NIS spectrum,
whereas one out of each of the twofold degenerateE modes,
which contribute to the msd of the iron nucleus perpendi
lar to the symmetry axis (bl'c), is visible in thea-cut NIS
spectrum.

The calculated normal modes are characterized in te
of bond stretching ~s! and bending (a, b, b8, g, g8,
l, q, see Fig. 1! vibrations~Table II!. The carbon atom tha
is located on the symmetry axis is labeled with Cax, the
remaining four carbon atoms, lying in an equatorial pla
are labeled with Ceq. These assignments are in agreem
with previous assignments, that result from a norm
coordinate analysis in valence force-field approximation30

According to their energy the vibrational modes can be
vided into three groups:~i! six C-N or N-O bond stretching
modes in the spectral range above 220 meV,~ii ! six Fe-C or
Fe-N stretching modes and 12 Fe-C-N or Fe-N-O bend
modes (g, g8, l, q) in the range from 35 to 90 meV, an
~iii ! nine C-Fe-C or C-Fe-N bending modes (a, b, b8) in
the range below 20 meV. Comparison of the vibrational f
quencies calculated with the 6-3111G(2d,p) basis with the
corresponding experimental frequencies obtained from
and Raman measurements on SNP~Ref. 30! reveals devia-
tions in the range from 1 to 5 % for the C-N and N-O stretc
ing modes as well as for the Fe-N stretching and the Fe-N
bending modes. Good agreement between measured and
culated frequencies is also achieved for the Fe-C-N bend
modes~1 to 8%! whereas the calculated Fe-C stretching f
quencies are between 12 and 19 % smaller than the meas
frequencies for SNP. Comparable results from calculati
with other nonlocal DF methods for the free nitroprussi
anion and for solid NNP are reported in Refs. 7,32.

The vibrational frequencies calculated with the 3-21G
basis set differ from those calculated with the 6-3111G

e
ra

TABLE I. Bond lengths in pm for the nitroprusside anion take
from x-ray measurements on GNP~Ref. 9! and from present calcu
lations with the B3LYP method and two different basis sets.

X ray 3-21G* 6-3111G(2d,p)

Fe-N 165 160 163
Fe-Cax 195 195 197
Fe-Ceq 194 193 197
N-O 113 120 115
Cax-N 115 117 116
Ceq-N 114 117 116
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TABLE II. Vibrational energiesEl , measured for SNP by IR and Raman spectroscopy and calculate
the free nitroprusside anion with B3LYP/6-3111G(2d,p), and calculated contributions to the projected ir

msd ^( k̂•ul)
2&. ~With k̂5c for A1 modes andk̂5a for E modes.!

l a
Sym.
spec.

Primary
contributionb

El in meV ^( k̂•ul)
2&

Exp. ~Ref. 30! Calc. in pm2

1 A1 Cax-N s 269.9 266.1 0.00
2 Ceq-N s 268.8 265.2 0.00
3 N-O s 241.4 228.9 0.00
4 Fe-Ceq s 51.2 41.7 0.01
5 Fe-Cax s 52.1 45.9 0.23
6 Fe-Ns 81.5 84.8 0.75
7 Fe-C-Nq 57.4 55.9 0.14
8 C-Fe-C,Nb,b8 12.6 14.3 5.02
9 A2 Fe-C-Nl 38.2
10 B1 C-Neq s 268.3 264.6
11 Fe-Ceq s 50.0 40.7
12 Fe-C-Nq 49.2 50.6
13 C,N-Fe-Cb,b8 13.0 9.4
14 B2 Fe-C-Nl 52.8 53.7
15 C-Fe-Ca 11.4 13.0
16 E C-Neq s 266.3 264.1 0.00
17 Fe-Ceq s 56.3 45.5 0.50
18 Fe-C-Nq 39.7 38.3 0.04
19 Fe-C-Nl 53.9 51.0 0.05
20 Fe-C-Ng8 62.1 59.9 0.54
21 Fe-N-Og 82.7 83.0 0.35
22 C,N-Fe-Cb,b8 8.8 7.7 1.99
23 C-Fe-Cb,b8 18.9 14.5 3.74
24 C,N-Fe-Cb,b8 12.3 12.3 1.10

aFor comparison mode numbering has been adjusted to the convention used in Refs. 30.
bAssignment based on DFT calculations.s denotes stretching modes and small greek letters denote
bending modes defined in Fig. 1.
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(2d,p) basis set by less than 13%, for most modes by l
than 5%. Hence, if only a modest precision is demanded
if the investigated molecules are quite large, the smaller
much less time-consuming basis set 3-21G* is an accept
compromise.

The strongest molecular contributions to the projec
iron msd@Eq. ~11!# and to the nuclear absorption probabili
originate from the C-Fe-C and N-Fe-C bending mod
~Table II!. For these modes direct comparison between
measured and the calculated probability density is diffic
because of the expected strong interactions betweenintra-
and intermolecular vibrations. However, it should be not
that agreement of the measured and calculated energy r
of these modes~8–19 meV! is obtained. Out of the 18 Fe
N,C stretching and Fe-C-N and Fe-N-O bending modes th
A1 modes and threeE modes contribute significantly to th
absorption probability. Two of these modes, the Fe
stretching mode (6A1) and the Fe-N-Og bending mode
(21E), give rise to prominent peaks in thec-cut and the
a-cut spectrum, respectively, whereas the other four mo
give rise to peaks that are too broad to be resolved in
experimental NIS spectra.

The linewidth of the measured peaks is significan
larger than the linewidth of the simulated peaks. Nevert
s
d
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less qualitative agreement between the experimental and
simulated NIS intensity relations of thea-cut andc-cut spec-
tra is obtained: in the spectrum of thea-cut crystal contribu-
tions to the absorption probability of similar size arise fro
modes 17E, 20E, and 21E, whereas in thec-cut spectrum
the contribution of modeA1 is dominant in comparison to
the contributions of modes 5A1 and 7A1 @Fig. 4~b! and 4~c!,
Table II#.

The anisotropy of the nuclear absorption probability
closely related to the anisotropy of the iron msd. For t
a-cut andc-cut crystals of GNP the molecular part of the iro
msd along the crystallographic axes can be approximated
the sum of the msd contributions of theA1 modes (a-axis!
andE modes (c-axis!, respectively, which are given in Tabl
II.

The calculated iron msd along thea-axis (8 pm2) is
about 30% larger than the msd along thec-axis (6 pm2) and
correspondingly the calculated molecular Lamb-Mo¨ssbauer
factor for thea-cut crystal@ f mol(a)50.87# is slightly smaller
than the molecular Lamb-Mo¨ssbauer factor of thec-cut crys-
tal @ f mol(c)50.90#. Comparison with the experimenta
Lamb-Mössbauer factors,28 f LM(a)50.12(1) and f LM(c)
50.20(1), indicates, that the by far largest part of the iro
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msd must be due to intermolecular vibrations of the nit
prusside anions and its counter-cations.

B. †Fe„tpa…„NCS…2‡

For reasons of size the geometry optimization and
frequency calculation for@Fe(tpa)(NCS)2#, containing 47
atoms with 292 electrons, have been performed with
3-21G* basis set only. No x-ray structures are available t
can be compared with the calculated geometries
@Fe(tpa)(NCS)2#, but the calculated bond lengths of the H
and LS isomers qualitatively resemble the increase of
Fe-N bond distances upon spin crossover of about 10 to
pm observed in various spin-crossover complexes wit
central@FeN6# octahedron.10

The vibrational spectra of the HS and the LS isomers
@Fe(tpa)(NCS)2# consist of 135 normal modes and are,
the following discussion, subdivided into a high-frequen
region above 75 meV~which can be disregarded here, b
cause the modes in this frequency range do practically
contribute to the iron msd! and a low-frequency region be
low 75 meV.

Among the 41 normal modes of the low-frequency reg
the iron-ligand bond stretching vibrations are of special
terest here. In view of the results obtained for GNP, an e
margin of about 10 to 20 % is estimated for the calcula
Fe-N stretching frequencies, which can be considered
small in comparison to the expected drastic increase of th
frequencies upon spin crossover. Due to the almost oct
dral environment of the iron center three out of six Fe
stretching modes are invisible in NIS and IR spectra. Th
modes that transform according to theA1 and Eg represen-
tations of the ideal octahedron do not contribute to the m
of the iron nucleus or to the variation of the electric dipo
moment. Only the remaining three modes, that transform
cording to theT1u representations can be observed in N
and IR spectra. These three modes, with calculated freq
cies of 29.9, 30.1, and 35.3 meV for the HS state and 4
46.6, and 52.6 meV for the LS state, give rise to a promin
peak in the simulated NIS spectra of both isomers
@Fe(tpa)(NCS)2#.

By IR spectroscopy24 Fe-N bond stretching frequencies
59.5 and 66.0 meV have been found for the LS isomer, w
for the region below 35 meV, that is difficult to reach expe
mentally, no frequencies are reported. The Fe-N bo
stretching frequencies calculated for the LS isomer are ab
12.4 meV smaller than the IR values given above; howe
they are in good agreement with the frequencies obtai
from NIS. The broad peak at 50 meV observed in the m
sured NIS spectrum of the LS isomer~Fig. 5! represents the
envelope of the three Fe-N stretching modes in the rang
45 to 55 meV. The pronounced peak at 30 meV in the N
spectrum of the HS isomer is assigned to the same mo
~Fig. 5!. These modes reflect, according to the intensity
the peaks, the substantial contributions to the msd of the
nucleus that is associated with the threeT1u Fe-N stretching
modes.

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

The calculated N-C-S bending modes of the HS isomer
not show any admixture of Fe-N stretching modes becaus
the relatively large energy gap of about 30 meV betwe
these modes. Correspondingly the NIS spectrum of the
isomer does not exhibit a peak at the respective energy
summary, the NIS spectra of the LS isomer as well as
DFT calculations suggest, that the IR line attributed pre
ously to an Fe-N bond stretching mode of the LS isom
should be assigned to a bending mode of the NCS gr
instead. As a result the frequency shift of the Fe-N stretch
mode upon spin crossover is about 40% smaller than
sumed earlier. DFT calculations for another spin-crosso
complex with NCS groups, i.e.,@Fe(phen)2 (NCS)2# ~phen
51,10-phenanthroline!, lead to a similar conclusion.

The measured Lamb-Mo¨ssbauer factor of
@Fe(tpa)(NCS)2# is decreasing fromf LM

LS 50.68(1) for the
LS state at 34 K tof LM

HS50.21(1) for the HS state at 200 K.28

Comparison of these values with the calculated molecu
Lamb-Mössbauer factors (f mol

LS 50.92 andf mol
HS 50.52) indi-

cates, that for both spin states the major part of the iron m
is due tointermolecular vibrations. However, the msd of th

FIG. 5. Measured~a! and simulated~b! NIS spectra of the HS
~solid lines, d) and LS ~dashed lines, n) isomers of
@Fe(tpa)(NCS)2#.
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HS state contains, according to the calculations, also sig
cant contributions fromintramolecular vibrations.

VI. CONCLUSION

The energy spectra of nuclear inelastic scattering of s
chrotron radiation by molecular crystals have been simula
in a molecular approximation using a normal mode analy
that was obtained from DFT calculations. The peaks
served in the inelastic part of the absorption spectrum ca
related to individual molecular vibrational modes, where
position of the peak is given by the vibrational energy a
the intensity of the peak is proportional to the contribution
the msd of the Mo¨ssbauer nucleus of the respective mo
From the sum of the molecular msd contributions a mole
lar Lamb-Mössbauer factor can be calculated, that means,
rigidity of the molecular crystal can be separated into a p
that is due to interatomic forces within the molecule, an
part that is due to forces between the individual molecule
the crystal. NIS experiments with single crystals provide
formation about the anisotropy of the dynamics of the Mo¨ss-
bauer nucleus and about the anisotropy of the inter- and
tramolecular forces, as has been demonstrated for GNP

In the approach presented here the interactions betw
inter- and intramolecular vibrations have been neglec
However, NIS can be used to investigate these interacti
o

s
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if the energy resolution of the incident radiation is reduced
the order ofmeV by nuclear resonant filtering.

Due to its ability to focus on few modes out of a rathe
complex vibrational spectrum NIS can be a complementa
or, for certain problems, even a superior alternative to co
ventional methods like IR and Raman spectroscopy. A go
example is the investigation of iron~II ! spin-crossover com-
plexes as presented here. IR and Raman spectra are r
complex in the frequency range of the Fe-N bond stretch
modes~20–60 meV!. Even if the isotope technique is use
the assignment of these modes to the observed ba
often remains doubtful as has been demonstrated
@Fe(tpa)(NCS)2#. In the NIS spectra, however, the Fe-N
stretching modes could be unambiguously identified.
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