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Scattering Study

E. Kemner,*T . M. de Schepper A. J. M. Schmets! H. Grimm, * A. R. Overweg," ¢ and
R. A. van Santer?

Interfaculty Reactor Institute, Delft Unérsity of Technology, Mekelweg 15, 2629 JB Delft, The Netherlands,
Forschungszentrum”lah, Institut fir Festkaperforschung, D-52425 Jich, Germany, and Schuit Institute of
Catalysis, Laboratory of Inorganic Chemistry and Catalysis, EingimoUniversity of Technology,

5600 MB Eindheen, The Netherlands

Receied: September 16, 1999; In Final Form: Member 24, 1999

We study the molecular motion of ferrocene Fgf€). locked up in the supercages of KY zeolite at
temperatures 22 & T < 238 K by means of quasielastic neutron scattering. The geometry of the motion is
determined to be a 5-fold internal jump reorientation of the cyclopentadiefid @hgs around the symmetry

axis of the ferrocene molecule. We also obtain the mean residence time for these jumps as well as the activation
energy for the process. We compare with NMR results on ferrocene in faujasite-type zeolites and with
quasielastic neutron scattering results on pure ferrocene.

Introduction the quasielastic broadening

Recently, Overweg et dlhave studied the molecular motions J] i
of ferrocene molecules Fe{Bs), locked up in the supercages B(Q,w) = 2A,(Q) 14 4 2A2(Q)1—2 2)
of faujasite-type zeolites by means of NMR spectroscopy. They T @? + /112 T w?+ Ay

concluded that for temperatur@sbelow 225 K the ferrocene

molecules have no translational freedom, the only motion being Here the amplitudesy(Q) with | = 0, 1, 2 are given by
a, on the time scale of NMR experimentsniicroseconds), very L 5 o

rapid internal jump rotation of the cyclopentadienyHs rings 1,4 7T <l

about their 5-fold axes. The actual value of the residence timeA'(Q) 5 * 5J°(2QRsm 5) COS( 5 ) +

7 of the rings at each site was determined by NMR to be much 2. 2ORsi 27 o) 3
smaller than microseconds. Here we study at various temper- 510( QRsin 5)CO 5 ) (3)
atures the dynamics of ferrocene in a KY zeolite by means of

quasielastic neutron scattering with which we can probe motions with jo(X) the spherical Bessel function of zeroth order, and the
at time scales of the order of nanoseconds as well as thehalf-widthsA, with | = 1, 2 are given by

geometry of the motion. For ferrocene in a KY zeolite it is found

that the motion is consistent with an internal jump rotation of A= 2 sinzll 4)

the rings about their 5-fold axes. The residence tifi@ = 62 T 5

ps atT = 202 K. From the temperature dependence(dj we . . . .
determine an activation ener@y = 5.96 kJ mof* needed for wherer is the mean residence time of the molecule_at one site.
the rotations. We compare our results with those obtained by W& note thatz depends on but not onQ, as we will need
Overweg et al. and with quasielastic neutron scattering results 2€low. We will also need thao(Q) + 2A(Q) + 2AQ) = 1

on pure ferrocend. for all Q, due to the normalization &Q,w), i.e., fYQ,w) dw
= 1 for all Q. We remark that the neutron spectrum observed
Quasielastic Neutron Scattering in experiments is given by eq 1 folded with the resolution

L ) function R(Q,w) of the spectrometer.
The theoretical incoherent dynamic structure fa8@,w),

i.e., the scattered neutron intensity as a function of momentum gxperiment
Q and energyw transfer, is for a powder sample and 5-fold

jump diffusion over a circle with radiuR given by? The sample consisted of ferroceng FH6)2 Ioadedlin.to the
supercages of dehydrated KY zeolite, prepared similar to the
SQ,w) = A(Q) 6(w) + B(Qw) 1) way described by Overweg et ‘@lThere is one ferrocene
molecule in each supercage. The sample was contained in an
where the amplitudéo(Q) of the delta functiond(w) is the indium sealed aluminum flat plate sample chamber.
so-called elastic incoherent structure factor (EISKR,w) is The neutron scattering measurements have been performed
on the backscattering spectrometer BSS of the Forschungszen-
" Delft University of Technology. trum Jilich, Germany. First we used the Si(111) monochroma-

* Institut fir Festkoperforschung. ina i ; < o <
5 Eindhoven University of Technology. tor, resulting in an energy window15 < w < 15ueV and an

* Corresponding author: tek31 152787109, fax-31 152786422, e-mail ~ €nergy resolutiow(Q) ~ 0.5ueV (hwhm), depending slightly
kemner@iri.tudelft.nl. on the momentum transf€. Second, the energy window was
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Figure 2. Fitted values for the area of the central likg the incoherent
elastic structure factor EISF, for ferrocene in KY zeolite (open circles).
The solid line gives the theoretical EISF according to a 5-fold jump
reorientational model on a circle with radiRs= 2.33 A (cf. eq 1) and
the dashed line for 10-fold and the dotted line $oifold jumps (cf.
Béed).
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001 Results

Below 100 K no quasielastic broadening in the spectra of
ferrocene in KY zeolite is observed; i.e., the spe&Q,w)
are indistinguishable from the resolution functR(®,w). Above
140 K a broadening starts to appear which is very cledr=at
202 K. In Figure 1a the spectra for momentum trans@rs
1.8 A at T = 22 and 202 K are plotted. Clearly the central
peak afl = 202 K is lower than the peak @t= 22 K, whereas
the side wings have more intensity Bt= 202 K than afl =
22 K. This means that at 22 B(Q,w) = 0 andAyQ) = 1
while at 202 KB(Q,w) > 0 andAo(Q) < 1 (cf. eq 1). The spectra
at T = 202 K were subsequently fitted with the 5-fold jump
reorientational model according to eqs-4, whered(w) is
replaced by the normalized resolution functiRfQ,w). Ao and
7 were taken as two independent fit parameters whAilend

A, were determined by the relatioAg + 2A; + 2A; = 1 and

L L ) Ax(Q)/A(Q) as given by eq 3 anB = 2.33 A (i.e., the actual

0.1F

S(Q.o)

0.01¢

-15 -10 -5 0 5 10 15 radius of the cyclopentadienyl rin§s The fits forQ = 1.34
Energy transfer (neV) and 1.88 A are shown in Figure 1b,c. We find that all the
Figure 1. Top: Neutron scattering spectra on ferrocene B in spectraS(Q,w) can be fitted perfectly (like in Figure 1) with
KY zeolite for momentum transfe@ = 1.8 A-* at temperature§ = the 5-fold jump model where depends off, but not onQ, as
22 K (open squares) antl = 202 K (solid squares) as measured on theoretically predicted.
the BSS spectrometer in“lith. Middle and bottom: Incoherent The fitted values for the area of the central lixg the elastic
dynamic structure factor§(Qw) for momentum transfer® = 1.34 incoherent structure factor, are represented in Figure 2 as a

?iltnsda}:fcﬁ ﬁ;goge;rg_cfg%ejb%ﬁt :gﬁg;?;?gf; ﬁ:g’é‘zsl)(;ggeiﬁz{n‘gghm function of Q, as well as the theoretical EISF according to eq

the text). The dotted line gives the central peak of the fit, and the dashed3 Wlt_h _R =233 A W_e also show (cf. Bé) the theor_etlcal

line gives the quasielastic broadening. predictions for 10-fold jumps and for continuous diffusion over
a circle (i.e.o-fold jumps). The agreement between theory and
experiment is sufficient to ascertain that one indeed observes a

shifted to —5 < o =< 30 ueV by using the SidGey1(111) 5-fold jump rotation of the cyclopentadienyl rings of ferrocene

monochromator, resulting in an energy resolutan(Q) ~ 1.2 over a circle with radiusR = 2.33 A. From the present

ueV, again slightly depending o. In both setups the  experiment we find for the mean residence tim€E) = 203

momentum transfef ranged from 0.2 to 1.9 AL We also  ps (146 K), 121 ps (170 K), 71 ps (191 K), 62 ps (202 K), and

performed in both setups measurements on vanadium to30 ps (238 K) as shown in Figure 3. The dependence of the

determine the full resolution functioR(Q,w) of the spectro- ~ mean residence timegT) on temperaturd is well-described

meter, which, in good approximation, is of Lorentzian shape by an Arrhenius law:

with hwhm Aw(Q). Measurements on pure KY zeolite show

quasielastic spectra also proportional RfQ,w). From the 7(T) = 7., exp[E/KsT] )

intensity we conclude, as expected, that the scattering from KY

zeolite is far less than from ferrocene. Its (small) contribution with E, being the activation energy for a jump reorientation, to

is accounted for in the modeling procedure. be determined from the slope of the curve in Figure 3. We find
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agreement with the theoretical curve according to the 5-fold
jump reorientational model. For small values we find that

the radius of the circle is in agreement with the actual radius of
the cyclopentadienyl rings (i.e., 2.33 A), whereas for large values
we find that the EISF tends to 1/5, where five is the number of
sites used in the 5-fold model. These conclusions are consistent
with those obtained by Overweg etlal.

We are also able to determine the mean residence time of
the ferrocene molecule at one site, being 62 ps at 202 K. From
the temperature dependence of the mean residence time we
determine the activation energy for a jump reorientation of the
cyclopentadienyl rings of the ferrocene molecule around their
5-fold axes to be 5.96 kJ mol. The values of the mean

0 T W A residence times and for the activation energy are considerably
2 3 4 5 6 7 8 larger than those obtained for pure ferrocene (as shown in Figure
(1000/T) (K") 3), meaning that the ferrocene molecule is more tightly bound

in the supercages of the zeolite than in the pure solid state.
Figure 3. Residence times obtained from fits on neutron spectra According to Brof the frequencywyp, of libration of the
with the 5-fold jump reorientational model as a function of temperature farrgcene molecule in its potential well is of the ordermf,

T for ferrocene in zeolite (solid squares, present work) and solid _ . .
ferrocene (open squares, by Gardner é).alhe solid line is a fit with wheret., = 1.63 ps is the prefactor in eq 5. Thus, one expects

an Arrhenius type law. a libration pe_ak irs(Q,w) atw ~ wjipr ~ 1.3 meV, fa_r outside
the energy window of the BSS spectrometer used in the present
work. We prepare experiments on the IRIS spectrometer of ISIS
for Exa value ofEa = 5.96 kJ mot? and for the preexponential ~ (UK) to confirm the existence of such a libration peak.
factor ., = 1.63 ps.
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