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The vibrational spectrum of solid ferrocene by inelastic neutron scattering
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We calculate the spectrum of internal vibrations of a single ferroce(@sHg), molecule usingb

initio density functional theorywithout free parametersand compare this with inelastic neutron
scattering data on ferrocene in the solid state at 28 K. Due to the good agreement, we can assign
each vibrational mode to each observed peak in the neutron spectrum and so remove ambiguities
existing in the literature. There is also consistency between the calculated potential energy of a
single ferrocene molecule for different orientatiopspf the two cyclopentadienyl 485 rings with

respect to each other, which shows a potential barrier of 0.9 kcal/mol, and electron diffraction, and
between the calculated shallow minimumet9 deg and x-ray diffraction. €2000 American
Institute of Physicg.S0021-960600)50424-3

INTRODUCTION EXPERIMENT AND RESULTS

The ferrocene molecule F&sHg), has attracted much Th_e INS neutron spectrum, i.e., the s_cattered neutron
experimental and theoretical interest during the last 4@ntensity, of ferrocene is obtained as a function of the energy
years—1 The interest lies in the unusual symmetric form of ransfer[S(w)], using the time focused crystal analyser
ferrocengtwo identical cyclopentadienyl4El5 rings on both (TFXA) spectrometer at ISIS, United KingdoffiThis spec-

sides of the Fe atojrwhile it is also the stablest member of trometer has an indirect geometry and uses a pyrolytic graph-

o . ite (002 crystal to select a final neutron energy of 24 ¢m
the metallocene group, which in general has important catay,

. . L , Ve note that the momentum transf&, is not constant, but
lytic properties. The vibrational frequencies of ferrocene, 4iieg as/w. For simplicity we will useS(w) to mean

have been calculated theoretically before and verified experig(Q, w). This spectrometer has an energy resolution of 2%—
mentally by Raman and infrarétR) spectroscopy. We note 49, depending slightly on the energy transfer. The acces-
that only the frequencies of the lines in the Raman and IRsible energy(w) range is 20—4000 cit. The powdered fer-
spectra can be accurately calculated, but not their relativeocene sample was contained in an aluminum sample holder
intensities. So far reliable intensities could not be obtainedind cooled to 28 K. The spectrum of each detector tube is
from ab initio calculations! since these are indirectly deter- converted toS(w) using standard programs. The individual

mined by subtle changes in the electron density caused bjPectra are then added to provide a single spectrum. The

the vibrations of the nuclei. Therefore, due to a lack of aresu_ll_thforS(Iw)l i?_ shown in Fig.dl. using density functional
complete theoretical spectrum, ambiguities easily occur in € calculations are carried out using density functiona
P P g y theory (DFT) on a single ferrocene molecule with the mod-

the assignment of the character of the vibrational mode to thﬁle Dmof of the program Cerids® We use the local density

!ines observed in the experimental spectra, as discussed, e'gpproximation, Perdew Wang functionals, the DND basis
in Ref. 1. set!® and an atomic cutoff radius of 4.95 A. To determine
Here we show for the first time that a full comparison the shape of the molecule from first principles we calculate
can be made between spectra for ferrocene obtained frofe energyE(¢) of ferrocene for different orientations of
inelastic neutron scatteringNS) and theoreticalab initio  the two GHs rings with respect to each other. Hege=0
calculations, i.e., including relative intensities. Since neu-efers to the state where the atoms of the uppgt;Cing are
trons probe the vibrations of the nuclei directly, a theoreticajust on top of the corresponding atoms in the lower ring. This
calculation of intensities in the corresponding INS spectrunis called the “prismatic* or “eclipsed” orientation. The
is feasible. Thus, since both agree, we can unambiguous§ngle ¢=36 deg refers to the “antiprismatic” or “stag-
assign the character of the vibrations to each line in the IN§€red” orientation, where the atoms in the upper ring are just

spectrum, as we will do in this paper for the most prominembewve.en the corrg_spondlng atoms |n_the Iower_ fng. F'r.St we
lines. As a result we can remove some ambiguities existinOpt'mlze the positions of the atoms in the eclipsed orienta-
n thé literature $on (¢=0). We find for the bond lengths: 1.423 £CC),

1093 A(CH), and 2.027 AFeQ. We find the H atoms to be

tilted 1.6° from theCs ring toward the Fe atom. These re-

aAuthor to whom correspondence should be addressed; electronic maipUlts agree with tho_se in the Ilteratdré_We then calculate
kemner@iri.tudelft.nl the energyE(¢) for different anglesp using these values for
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2.0 FIG. 2. Internal potentiaE(¢) for rotation of the two GHs rings in the
ferrocene FECsHs) molecule with respect to each other according to DFT
calculations as a function of orientatign where ¢=0 corresponds to the

15 eclipsed orientatiorfopen squargs Also shown is a fit withE(¢)=a(1
—cos@m(¢—h)/36), with amplitude a=0.47 kcal/mol and phaseb

—_ =1.96 deg(solid line).
3
% 1.0}
@ ’w"', rived before from electron diffractio(0.9+0.3 kcal/mo) on
05l | ferrocene in the gas phadeThere are several shallow
! minima in E(¢) which are grouped aroung=0 and extend
4 i i up to about 12 deg, which could be artefacts of the numerical
0 [ ”"'M‘V/‘\*’ calculations. The overall shape of the potential barrier
500 closely resembles a cosine, as shown in Fig. 2. For further
) calculations we take the rings of the ferrocene molecule as
rotated by 9 deg from the eclipsed orientation, to agree with

2.0 x-ray diffraction on the low-temperature phase of solid
ferrocené We optimize in this orientation the geometry of
the ferrocene molecule again, but find no differences in bond

1.5 lengths and CH tilt from the eclipsed configuration as given

- above. Using the so-determined shape of ferrocene we cal-
g culate the vibration frequencies of the normal modes and the
% 1.0 ) | displacements of all the atoms for each of these modes.
& ,“wyb: , ) These results are taken as input for the prog@mmax,

! CE AR which converts the data to a theoretical inelastic neutron

050 | AL scattering spectrur(w).* cLIMAX has been devised to in-

‘\ ! [ oo S clude the overtones and combinatiddsie to multiple exci-
\‘w o S ,hm,/L . ,' tationg and external lattice modéphonong in the calcula-
0 200 = 1000 1500 tion of the neutron scattering spectrum. Thus we calculate
S(w) in three steps.
© o (cm™)

First we treat ferrocene as an isolated purely harmonic
FIG. 1. Inelastic neutron scattering spectr&(w) for solid ferrocene at 28 mOIeCUIe' ThIS.erldS. th? fund_a,mental vibrational frequen-
K (dashed lingcompared with DFT calculations on a single ferrocene mol- Ci€S @, and their relative intensities. Here=1,...,34, where
ecule (solid line) taking into accounta) only the fundamental vibrational we apply the nomenclature commonly used in the literature.
modes(b) the fundamental modes plus overtones and combinationgcand Using the resolution of the spectrometer we so obtain the
fundamental modes, overtones and combinations, and phonons, as explain]ed ] "
in the text. undamental spectrui®;(w), as shown in Fig. (). Next we
include the effect of multiple excitations of ferrocene in-
duced by the incoming neutrons. This yields the spectrum
the bond lengths and CH tilt, using the DFT program asS; o(w) shown in Fig. 1b). It consists of the fundamental
discussed above. modesw,, its overtones, i.e., linear combinations of one
The result forE(¢) is shown in Fig. 2. The energy is o, , and their combinations, i.e., linear combinations of dif-
clearly lower for the eclipsed ¢=0) than for the staggered ferent fundamental modes. We observe that there are only
orientation(¢=36 deg, although the potential barrier of 0.9 minor differences betwee$;(w) and S (w). Virtually
kcal/mol is small, being virtually the same as has been denone of the very many overtones and combinations can be
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TABLE I. The frequencies of the normal modes and their assignment for the  Finally, we incorporate the effect of the lattice vibrations
present INS experiment and DFT calculations, and the frequencies and afphonons in solid ferrocene. We assume that the phonon
signments from IR and Raman experiments taken from the literature. L L .

spectrum is given by the experimeng&{lw) with 0O<w=150

Present Ref. 4 cm ! (cf. Fig. 1). This phonon spectrum is convolutédvith
INS DFT (¢=9° Mode # IR and Raman Mode # the theoretical resuls; ,(w) to yield vao-’p(w) as shown in
cm?Y  (emd (cm™Y Fig. 1(c). One sees that the convolution procedure causes
=20 9 6 44 6 significant sidewings ir$; , () to the right of each funda-
é?g ég 22'21 31075 422 mental peak irS o(w) [cf. Figs. Xb) and Xc)], as has been
391 395 16 389 16 discussed beforjél.
485 511 11 478 11 On the basis of the good agreement between the theoret-
504 519 21,22 492 21 ical and experimental spectra in Figclwe can, with some
598 606 28,34 569 34 . ) o
597 28 f:onﬂdence, -determlne the vibrational character of each peak
820-860 800-840 2,9,14,1927,33  814-855 2,9,14,19 in the experimental spectrus( o).
900 876 14,19,25,31 885 33 We start with the six sharp experimental peaks visible at
897 2 180, 315, 391, 485, 504, and 598 Thin Table | we com-
1010 988 13,18 998 13 . . .
1005 18 pare these values with the present theoretical calculations,
1060 1026 24,30 1055 31 from which we derive its character and the labeling accord-
1058 25

ing to Ref. 4. In Fig. 3 we give the graphical representations
of these vibrational modes: ring-metal-ring bend combined
with antisymmetric ring tilt(180 cni'l), metal-ring stretch
observed directlyexcept maybe the one at=350 cni’®). In (315 cni?), symmetric ring tilt (391 cm?), metal-ring
practice, the main effect of multiple excitations is that thestretch with oscillating F&€485 cmt), antisymmetric ring
intensities increase with increasing [cf. Figs. Xa) and tilt combined with ring-metal-ring benb04 cm 1), and out-
1(b)], due to the increasing number of overtones and combief-plane ring distortionlcombined with CH bending, sym-
nations. metric and antisymmetric(598 cm'Y). For all these six

ke
A ' FIG. 3. Graphical representation of the vibrational
K : <7 modes of ferrocene as calculated by DFT. The arrows
PR MR give the direction and amplitude of the motion of the
» ) , atoms, the numbers give the calculated frequencies in
- T . cm™
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modes it appears that each H nucleus moves in phase with its The modes seen in the INS spectrum at 180, 315, 391,
nearest C nucleus. 485, and 504 cm® agree with those given in the literature
Next, one sees a strong and very broad peak in the medsee Table ), including their character. We note that the
sured INS spectrum between820 and~860 cml. We  modes at 180 and 504 crhare both linear combinations of
attribute this peak to the contributions of six vibrational mode numbers 21 and ZZhis has been suggested befbfe.
modes(also represented in Fig.),3which are in order of In our INS spectrum we do not find a peak at 569 ¢m
increasing energy in-phase CH bending perpendicular to thas reported for IR and Raman spectra, where it is attributed
ring plane(14), in- and out-of-phase CH bending perpen-to mode number 34cf. Table | and Ref. & Instead we find
dicular to the ring plane with all the carbon atoms of one ringthat the modes 28 and 34 yield indistinguishable peaks at
moving in phasé2 and 9, out-of-phase ring distortion in the 598 cm. This confirms the assumption of Lippincott,
ring plane(33), out-of-phase CH bending perpendicular to based on their character, that both modes have the same fre-
the ring plane(19), and in-phase ring distortion in the ring quency. The peak at 569 ¢t alluded to above, is only
plane(27). For these modes it appears that in most cases thectually present in the spectrum shown by Wingerml.,°
H nuclei move out of phase with their nearest C nucleus, butvho assigned it to mode 34. However, this peak is rather
that the CH bond length is fixed. weak and there are several other weak peaks in their IR
Then, we assign the sharper isolated peak near 908 cm spectrum, which were left unassigned. It seems likely that
to an in-phase CH bending perpendicular to the ring plan¢hese peaks arise from impurities.
and an out-of-plane ring distortion combined with CH bend-  The broad INS peak between 820 and 860 tragrees
ing. Finally, we attribute the experimental peak at 1010tm with IR and Raman spectra, including their main character.
to two modes, being respectively, out- and in-phase CHHowever, we find that the parallel ring-distortion modes 27
bending in the ring plane and we assign the last clearly visand 33 are included in this INS peak, contrary to what is
ible peak at 1060 cit again to CH bending in the ring plane conjectured for IR and Raman spectcd Table ). Also, we

(cf. Table | and Fig. B find that the INS peak at 900 crhis certainly not due to
these modes 27 and 33. Instead, the character is given by
DISCUSSION orthogonal CH bends with the hydrogens moving out of

By means of density functional theory we have identifiedphase(ll_]"ll_g'25'31’ Cf. Table | and F'g)-m“? IN.S peak at
the vibrational character of the most prominent peaks in th 010 cr™is due to parallel CH beno[§3,1_8 like in IR and
INS spectrum of solid ferrocene at 28 K. We start our com- aman spectra. The INS peak at 1060 ¢iis due to parallel
parison with results given in the literature with the lowest- " bends 24,30 and not to orthogonal CH bendz_5,3]) as
lying eigenmode, the so-called torsion mogeimber 6 in suggested for IR and Ramaq spectra. In conclusion, we add a
Ref. 4. Here the two GHs rings oscillate in plane, but out of nevylcharagter o the peaks in the spectrum at 900 and 1060
phase with each other with frequeney around the equilib- M Ve finally note that we have calculated thg fundamen-
fium position ate=9° (cf. Fig. 3. From our DFT calcula- tal modes of an |solated'ferrocene moleculg Whlph appear to
tions with ¢=9°, we find wg=9 cm* and an intensity as agree reasonably well with those observed in solid ferrocene.

large as that of the peak at 180 chisee Fig. 1a)]. There- Differences might be due to the fact that in solid ferrocene
fore this torsion mode falls outside the reg.imazz.o cnil  the molecules are not isolated, but interact with each other.

covered by our neutron spectrometer. We note, however, th Ie{ahrly, thet Io:c/fv-frte?jueTncy n|10<|jets, tshqch ?S th? torfs lon, f\.N'I:
our resultwg=9 cm ! is extremely sensitive to the equilib- ¢ N€ Most alfected. 10 calcuiate this interaction from firs

fium position ¢. By varying ¢ between 6 and 10 deg we principles is a formidable task, but it seems feasible in the

estimate the uncertainty ing=9 cm ! to be at least 100%, near future.
i.e., 0<wg=20cm 1. Since we do not see a sharp peak with
the correct intensity in the experiment&(w) for »w>20
cm !, we conclude that the torsion mode frequency must®A. Bérces, T. Ziegler, and L. Fan, J. Phys. Che8, 1584 (1994.
i io i —1 2p. Seiler and J. D. Dunitz, Acta Crystallogr., Sect. B: Struct. Crystallogr.
indeed lie in the range Bwg=20cm -. In IR spectra a : ystallogr., ystallog
ery weak line has been observed at 44 &which has been ~ ;S™YSt Chems35, 2020(1979.

very weakline | VEC I¢ 3A. Haaland and J. E. Nilsson, Acta Chem. Sca2).2653(1968.
tentatively attributed to the torsion modeyhile Howard 43 s. Bodenheimer and W. Low, Spectrochim. Act29) 1733(1973.
et al® suggested that a peak at 56 ¢clrin their inelastic  °E. R. Lippincott and R. D. Nelson, Spectrochim. Adi@ 307 (1958.

; E. Diana, R. Rossetti, P. L. Stanghellini, and S. F. A. Kettle, Inorg. Chem.
neutron spectruniat room temperatujenight be due to tor- ' : 9 ' » Inorg

. o ¢ . td " firm th wo S 382(1997.
sion. LI.I’ presen eXpe”rgne.n .Oes r.10. con “jm ese o Rocquet, L. Berreby, and J. P. Marsault, Spectrochim. Ac29,A101
expectations. Gardnest al” find in their inelastic neutron  (1973.
spectrum 85 K apeak at 22 cmt, and our calculations lend  ®J. Howard, T. C. Waddington, and C. J. Wright, J. Chem. Soc., Faraday
; ; ; ; Trans. 272, 513(1976.
support to their aSSIQnmenJ.[ of thls peak to the torsion mOdegA. B. Gardner, J. Howard, T. C. Waddington, R. M. Richardson, and J.
~ From our DFT calcglatlons_ it follows that_qnly fche tor-  Tomkinson, Chem. Phy&7, 453 (1981).
sion mode frequencyg is sensitive to the equilibration po- °w. K. Winter, B. Curnutte, Jr., and S. E. Whitcomb, Spectrochim. Acta
sition ¢ due to the several local minima in the potential 12 1085(1959.
barrier as described above. All other frequencies do nopX: Paimo and S. Kiimm, J. Comput. Chet, 754 (1998.
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