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Localization of ferrocene in NaY zeolite by powder x-ray
and neutron diffraction
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We study the inclusion of the metallocene ferrocen€CEds), molecules in the supercages of NaY
zeolite. To find the exact location of the ferrocene molecules within the supercages we perform
neutron and powder x-ray diffraction on bare NaY zeolite, and on NaY zeolite loaded with one or
two ferrocene molecules per supercage. Using the complementary properties of both techniques we
show that the ferrocene molecules are located just above a line joining two neighboring sodium ions
at the SllI positions in the zeolite supercage. Thel{xings are oriented towards the sodium ions

in an ordered manner. This structure is confirmed by quantum chemistry calculations. The geometry
of the ferrocene molecules barely changes, indicating that the increased reactivity of ferrocene upon
adsorption in a zeolite is thus a result of the position of the molecules. The main interactions
responsible for this position are Coulombic attraction and hydrogen bonding. The inclusion of
ferrocene in a Y-type zeolite provides a homogeneous distribution of iron throughout the zeolite at
well-defined locations. €2002 American Institute of Physic§DOI: 10.1063/1.1479713

I. INTRODUCTION heterogeneous catalysis confinement of organometallics in
the voids of zeolite host frameworks has gained considerable
Zeolites are crystalline aluminosilicates with a three-attention over the last yeats®
dimensional open framework structure of channels and cavi- For a fundamental understanding of these systems
ties of molecular dimensions. Zeolites can thus act as moknowledge of the interaction between the organometallic
lecular sieves, making catalytic centers in the interior of theguest molecules and the zeolite host framework is desired.
zeolite only accessible to molecules of the correct size. AWVe use the relatively simple organometallic ferrocene,
extensively used type of zeolite is the faujasite or Y-typeF&(CsHs)z, adsorbed in the supercages of NaY zeolite,
zeolite, which has especially large cavities, called superNa(AlO2)«(SiOy)192-«, as a model system. Ferrocene con-
cages. These have a diameter of about 12 A and are intepists of an iron atom “sandwiched” by two identical parallel
connected through windows with a diameter of 9 A. TheCyclopentadienyl €Hs rings with a radius of 2.3 A, sepa-
traditional way of introducing catalytic centers in such zeo-'ated by approximately 3.3 A. The supercages of NaY zeolite

lites is ion exchange. The disadvantages of this method ar%ontain four sodium ions on the surface of the framework, on

undesired oxidation states of the ions and their unwanteHje so-c_alltehd Slllgosnflon(s?te F'ﬁ' J‘Jhe 'T‘C'“S't‘?” :)f(;‘eg—f
final locations(i.e., not in the supercagem the zeolite. An rocene in the voids of zeolites has been investigated betore

: ) : . . (see Ref. 4, and references thejei@ne remarkable effect
alternative to ion exchange is vapor phase insertion of vola; : : . .
. . . found is that unlike pure ferrocene in the solid or gas-phase
tile compounds, such as organometallics, that contain th

) o _ State, ferrocene in zeolite Y oxidizes quite easfly.
catalytically active ions. Metal carbonyls are particularly fa- To fully understand the interaction between the ferrocene
vored because they contain metals in a zerovalent OXidaﬁoﬂwolecules and the zeolite framework, knowledge of the lo-
state and the carbonyl ligands can be removed under milfaiion of ferrocene in the zeolite host is required. In the
conditions after insertion of the compound in the Zeo"te-present study we determine the location of ferrocene in NaY
This makes the formation of neutral metal clusters possible;ggjite by means of powder x-ray and neutron diffraction at a
Moreover, the metal will also be deposited in the supercageemperaturel = 10 K and T=1.5 K, respectively, for load-
only, where it is wanted to perform the desired catalytic acings of one and two ferrocene molecules per supercage. Us-
tivity. Because of these future prospects of applications inng the complementary properties of both techniques we
show that the ferrocene molecules are located just above a

3Author to whom correspondence should be addressed. Telephgte:  lIN€ joining two neighboring sodium i_ons at_the SlI positions
152787109; fax-+31 152788303; electronic mail: kemner@iri.tudelft.nl  in the zeolite supercage with theld; rings oriented towards
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room temperature. The wavelength of the neutrons was 2.398
A. Neutron diffraction patterns were collected fof angles
from 0° until 158°.

The data were analyzed by the Rietveld method using
the programwINMPROF.® The unit-cell, zero-point, overall
scale factor, peak-width, asymmetry and background param-
eters were refined simultaneously with the structural and
thermal parameters. Isotropic thermal parameters were used
for all atoms.

lll. STRUCTURE DETERMINATION

The structure of the bare NaY zeolite that we determine
from x-ray and neutron diffraction at room temperature is
FIG. 1. The supercage of NaY zeolite. The framewtdid ling) is formed ~ found to be consistent with that obtained from earlier x-ray
from silicon, aluminum, and oxygen atoms. The cage contains four sodiunynd neutron diffraction studi€sThe spacegroup is Fd3m.
ions (large dot$ at the Sl positions. The dashed line connecting 8 silicon/.l.h b d lculated d diff fil for b
aluminum atomgsmall dot$ gives the plane for which we show a Fourier eo S(—_:‘rve , calcu a_e ’ _an ifierénce proties ior bare
difference map in Fig. 3. The C represents the center of the supercage, t¥aY zeolite are shown in Figs(@ and 2b) for the neutron
cross the position of an iron atom as determined from Fig. 3. and x-ray data, respectively. For clarity we show part of the

diffraction patterns only. The final structural parameters to
R : : . which the refinements converged are shown in Tablas |
the sodium ions in an ordered manner for loadings with one 4 (b) 9 bigs

and two ferrocene molecules per supercage. Ferrocene is . ,
o . We observe no symmetry changes due to the insertion of
thus homogeneously distributed throughout the zeolite . : s .
errocene in the zeolite. An initial refinement on the x-ray

well-defined locations. The geometry of the ferrocene mol- . : .
. diffraction pattern of one ferrocene molecule per zeolite su-

ecules themselves barely changes, indicating that the in ercage using only the atoms of the zeolite framework and

creased reactivity of ferrocene upon adsorption in a zeolite i% . . . . .
o .~ The sodium ions gave an unsatisfactory fit. This means that
thus a result of the position of the molecules. The main in-

. . : o : . the ferrocene molecules contribute significantly to the dif-
teractions responsible for this position and orientation ar : . : .
. . . raction pattern. We calculated Fourier difference maps with
electrostatic attraction and hydrogen bonding.

the progranGFouR (Ref. 8 using the observed intensities of
the peaks for the pattern on zeolite loaded with ferrocene and
those calculated for bare zeolite byNMPROF. These maps
The unit cell composition of the NaY zeolite, when de- then give the missing scattering densigtectron density in
hydrated, is Ng(AlO,)s5(SI0,)137. The zeolite was first de- case of x-ray scatteringn the calculated fit projected on real
hydrated. For the x-ray diffraction experiments the bare zeospace. The Fourier difference map on the plane perpendicular
lite was then loaded with ferrocene (BgHs),, in a way  tothe[0,1,0] axis about the center of the supercage located at
similar as described by Overwes al,> with an amount of  (3/8, 3/8, 3/8 is shown in Fig. 3. This plane and the zeolite
ferrocene corresponding to one and two ferrocene moleculdsamework atoms that lie in it are also indicated in Fig. 1.
per supercage. After loading, the samples were transferrethere are four spots in this map around the center of the
under nitrogen atmosphere in glass capillaries with a diamsupercage with significant missing electron density, which
eter of 1.0 mm, which were then sealed. we contribute to the presence of iron atoms. Note that al-
Because of the high incoherent scattering cross sectiothough only one ferrocene molecule is present in the super-
of hydrogen we used deuterated ferrocene EBEL for the  cage, the Fourier map gives more positions because it gives
neutron diffraction experiments. The zeolite was loaded withall other positions, which are symmetrically the same. After
deuterated ferrocene in the same way as described abovasertion of iron on these positions in the refinement, the
and the samples were transferred under nitrogen atmosphemfinement improved, and the spots disappeared in subse-
into vanadium cylinders with a diameter of 7 mm which quent Fourier difference maps, meaning that the missing
were sealed with indium. electron density indeed corresponded to the presence of iron
Powder x-ray diffraction was performed at the BM16 atoms. One of these iron atoms is depicted with a cross in
diffractometer of the ESRF in Grenoble, France. We meafig. 3, and this location is also given by the cross in Fig. 1.
sured NaY zeolite loaded with one and two ferrocene mol-  Fourier difference maps calculated from a refinement on
ecule per supercage at a temperaflirel0 K. Dehydrated the neutron data on one ferrocene molecule per supercage at
bare NaY zeolite was also measured, at a temperafure 1.5 K using the zeolite framework, the sodium ions and iron
=300 K. The wavelength of the synchrotron radiation wasat the position as found above give the location of the cyclo-
0.803 157 A. The x-ray diffraction patterns were collectedpentadienyl rings. In the final refinement the geometry of the
for 26 angles from 0° until 78°. Powder neutron diffraction ferrocene molecule was constrained according to the known
was performed at the D2b diffractometer of the ILL in geometry of a singléeclipsed ferrocene molecufeand only
Grenoble, France. We measured NaY zeolite loaded with onthe z coordinate is refined. The final results of the refine-
and with two deuterated ferrocene molecules at a temperanents on one ferrocene molecule per supercage are shown in
tureT=1.5 K. Dehydrated bare NaY zeolite was measured aFigs. 4a) and 4b) and Tables Ka) and Il(b) for the neutron

Il. EXPERIMENT
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and x-ray data, respectively. We do not include the hydrogefil (@) and lli(b), and the results of the refinements on the
atoms of the cyclopentadienyl rings in the refinement on theollected patterns are shown in Figgajsand §b). We had to
X-ray pattern due to their very low scattering factor. Againexclude the region up to 20° containing three peaks in the
we show only part of the patterns. refinement on the neutron data due to the presence of diffuse
We observe no change in the positions of the ferrocenscattering. We find that the number of ferrocene molecules as
molecules for the case of two ferrocene molecules per zeolittound from the neutron pattern is less than the number of
supercage. The final structural parameters are given in Tablésrrocene molecules as determined from the preparation.

TABLE |. Final parameters an factors obtained from a Rietveld refinement on neutf@nand x-ray(b)
powder diffraction on bare NaY zeolite.

Atom Position x/a yla Zla B (A% N

(@
Si/Al 192 —0.05472) 0.03483) 0.125@3) 0.718) 192
o(1) 96 h 0 ~0.10612) 0.10612) 1.32) 96
0(2) 96 g —0.00252) —0.00252) 0.14233) 2.02) 96
o) 9 g 0.177(2) 0.177G2) —0.3363) 3.02) 96
0(4) 96 g 0.178(2) 0.178@2) 0.31713) 2.82) 96
Na(1) 32e 0.23264) 0.23254) 0.23254) 2.2(5) 32(1)
Na(2) 32e 0.0568) 0.05638) 0.05638) 2.2(5) 13(1)
Na(3) 16¢c 0 0 0 2.75) 6.4(6)

a=24.8150(2) AR ,=6.33%, Rp=22.21%,Ryp=20.55%, Rgc=19.04%

(b)
Si/Al 192i —0.054 382) 0.035872) 0.124 642) 0.9357) 192
0o(1) 96 h 0 —0.1061@4) 0.106 1@4) 1.61(4) 96
0o(2) 96 g —0.002 2@5) —0.0022@5) 0.141 727) 2.064) 96
0o@3) 9 g 0.176 3(6) 0.1763@5) —0.033727)  2.344) 96
O(4) 96 g 0.178 1%6) 0.178195) 0.317 737) 2.044) 96
Na(l) 32e 0.234 18Y) 0.234134) 0.234134) 2.567) 31.53)
Na(2) 32e 0.054 18) 0.0541%9) 0.054 1%9) 3.12) 15.803)
Na(3) 16c¢c 0 0 0 5.8 7.23)

a=24.8096(0) AR,=4.68%, Rp=9.08%, Ryp=10.23%,Rc=6.24%
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FIG. 3. Fourier difference map on the plane perpendicular tdaHeQ axis FIG. 4. Observed, calculated, and difference profiles for neutron powder
about the center of the supercage locate(B&, 3/8, 3/8 for the observed  diffraction (a) and x-ray powder diffractioifb) on NaY zeolite loaded with
intensities of the peaks for the diffraction pattern on zeolite loaded withone ferrocene molecule per supercage.

ferrocene and those calculated for bare zeolite by Rietveld refinement,

showing four iron atoms. The small dots represent the framework silicon/

aluminum atoms, which lie in this plan@lso indicated in Fig. J1 the C . .
gives the center of the supercage. The cross on one of the iron atoms is al&&dn _See_' fO.r example, thaF the mtensny of the, 8, 3 re'
indicated in Fig. 1, and corresponds to the iron atom in the ferrocene molflection is higher than the intensity of thi@, 9, 3 reflection

ecule in Fig. 8. in case of the bare zeolite but lower in case of the loaded
zeolite. The differences between the neutron and the x-ray

. diffraction patterns on ferrocene in zeolite are more pro-
Also, it has been shown before by means of Seloauer P S = P
. . ounced. For example, thH8, 8, 4 reflection is of low in-
experimentsthat at elevated temperatures a small fraction o L .
) _tensity in case of the neutron pattern, but is much more pro-
the encaged ferrocene molecules diffuses out of the zeolite .
noiunced in the x-ray pattern. The same goes for(1 5,
cages and forms a nonhomogeneous phase on the surface

. . 1?, (10, 10, 0, and(10, 8, 2 reflections. Note that the dis-
the zeolite crystals. This could well have happened to Ou{ances between the various reflections shift a bit between the

sample during storage. Therefore, it is likely that the ob-
. ' . neutron and x-ray patterns because they are plotted as a func-
served diffuse scattering originates from ferrocene molecule,

) flon of 26 instead ofd spacing.
on the outer surface of the zeolite crystals. : . :
The adsorption of ferrocene molecules in NaY zeolite

has only a small effect on the framework structure. One no-
table effect is a change in the lattice paramdtge also
There is a clear difference between the patterns for th&able IV). Figure 7 compares part of the x-ray patterns on
bare NaY zeolite and the zeolite loaded with one or with twopure NaY zeolite and NaY zeolite loaded with one or two
ferrocene molecules per zeolite supercage. Due to the highé&rrocene molecules per supercage. One clearly sees a shift
scattering cross section for the ferrocene molecule as a whola the position of the peaks, corresponding to a change in the
this difference is more pronounced for the neutron diffractionlattice parameter. We find for the bare zeolite a lattice param-
patterns than for the x-ray pattertithe scattering of one etera=24.870 A determined from x-ray diffraction arad
ferrocene molecule per supercage amounts to 32% of the 24.815 A determined from neutron diffraction, which is
total scattering in case of neutron diffraction, and 11% inwithin the range 24.60—25.12 A which is typically found in
case of x-ray diffraction In Fig. 6 we show part of the the literature. After insertion of one ferrocene molecule per
neutron diffraction pattern including the final fit on pure zeo-supercage the cell parameter decreases=t@4.767 A and
lite (top), the corresponding part of the neutron pattern with24.770 A determined from x-ray and neutron diffraction, re-
final fit on one ferrocene molecule per supercagéddle) spectively. Upon insertion of two ferrocene molecules per
and the corresponding part of the x-ray pattern with final fitsupercage the cell parameter further decreases-td4.706
on one ferrocene molecule per supercégettom. We have A anda=24.713 A as found from x-ray and neutron diffrac-
indicated some reflections to illustrate some differences betion. These slight decreases suggest an interaction between
tween the three patterns. First there are differences in théhe adsorbed ferrocene molecules and the zeolite host. This
relative intensities of the peaks between the neutron diffraceffect has also been found for benzene in NaY zeokired
tion patterns on bare zeolite and on ferrocene in zeolite. Onpi-complexes in Y-type zeolite§. They suggest that this

IV. DISCUSSION
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TABLE Il. Final parameters an® factors obtained from a Rietveld refinement on neutf@nand x-ray(b)

J. Chem. Phys., Vol. 116, No. 24, 22 June 2002

powder diffraction on NaY zeolite loaded with one ferrocene molecule per supercage.

Atom Position x/a yla zla B (A? N

@
Si/Al 192 —0.05482) 0.03592) 0.12542) 0.407) 192
o(1) 96 h 0 ~0.10622) 0.10622) 1.11) 96
0(2) 9%6g  —0.00252) ~0.00252) 0.14392) 1.82) 96
0@3) % g 0.17822) 0.17822) ~0.03323) 292 9
0(4) 96 g 0.176(®) 0.176@2) 0.31923) 242 96
Na(1) 32e 0.23564) 0.23554) 0.2355%4) 1.7(5) 30(1)
Na(2) 32e 0.05917) 0.05917) 0.05917) 2(1) 13(1)
Na(3) 16¢c 0 0 0 1) 6.4(6)
Fe 48 f 0.375 0.375 0.270% 1.0(6) 7.544)
C(1) 96 g 0.3276 0.3276 0.323) 3.303) 15.088)
C(2) 1921 0.2943 0.3609 0.2858 3.333) 30.22)
c@3) 192i 0.3070 0.3482 0.2308 333 3022
D(1) 9 g 0.3276 0.3276 0.364B 6.43  15.089)
D(2) 192 0.2642 0.3910 0.29¢9) 6.43 3022
D(3) 192 0.2884 0.3668 0.1942 6.43  30.22)

a=24.7697(2) AR ,=6.70%, Ro=16.81%, Ry p=14.93%,Rc=10.47%

(b)
Si/Al 192 —0.053972) 0.035 872) 0.124 302) 0.6624) 192
0o(1) 96 h 0 —0.106 165) 0.106 1&5) 1.345) 96
0O(2) 96 g —0.002 396) —0.002 396) 0.143 717) 1.544) 96
0o@3) 96 g 0.177 5%) 0.177 576) —0.0327@8) 1.934) 96
0O(4) 96 g 0.176 746) 0.176 746) 0.318 5%99) 1.31(4) 96
Na(l) 32e 0.236 58) 0.236 544) 0.236544) 2657  33.23)
Na(2) 3R2e 0.05601) 0.056G1) 0.0561) 212 1483
Na(3) 16 ¢ 0 0 0 1.62) 7.72)
Fe 48 f 0.375 0.375 0.2718 2.6(2) 7.6(2)
C(1) 96 g 0.3276 0.3276 0.3219 5.6(3) 15.22)
C(2) 192 0.2943 0.3609 0.2870) 5.6(3) 30.44)
C@d 192 0.3070 0.3482 0.2318 5.6(3) 30.44)

a=24.7669(0) AR, =3.69%, Rp=8.25%, Ryp=9.69%), Re = 6.70%

TABLE lIl. Final parameters an® factors obtained from a Rietveld refinement on neut@rand x-ray(b)

powder diffraction on NaY zeolite loaded with two ferrocene molecules per supercage.

Atom Position xla yla Zla B (A? N

@  siAl 192 ~0.05412) 0.0362) 0.12492) 0559 192
0O(1) 96 h 0 —0.10522) 0.10522) 2.212) 96
0(2) 96 ¢g —0.00342) —0.00342) 0.145@2) 1.92) 96
0@3) 96 g 0.178%) 0.17852) —0.03303) 3.42) 96
0(4) 96 g 0.175@) 0.17562) 0.31863) 3.002) 96
Na(l) 32e 0.2397) 0.23974) 0.23974) 4.905) 34(1)
Na(2) 32e 0.0601) 0.0641) 0.0641) 4.905) 15(1)
Na(3) 16¢ 0 0 0 4.95)  10.27)
Fe 48 f 0.375 0.375 0.27® 1.34) 12.22)
C(1) 96 g 0.3276 0.3276 0.321 2.2(2) 24.43)
C(2) 192 0.2943 0.3609 0.286D) 2.2(2) 48.97)
o 6) 192i 0.3070 0.3482 0.2309) 222  48.87)
D(1) 96 g 0.3276 0.3276 0.3660) 4.7(2) 24.43)
D(2) 192 0.2642 0.3910 0.2988 4.7(2) 48.97)
D(@3) 192 0.2884 0.3668 0.1942) 4.72) 48.97)

a=24.7129(2) AR ,=7.51%, Rp=17.64%, Ry p=16.42%, Rec=11.58%

(b)
Si/Al 192 —0.053 783) 0.035 903) 0.124144) 0741 192
o) 96 h 0 —0.106 289) 0.106288)  1.667) 96
0(2) 96 g —0.002 719) —0.002 719) 0.1447%1) 1.377) 96
0(3) 96 g 0.17811) 0.17811) —0.03231) 2.027) 96
O(4) 96 g 0.175 9 0.175 949) 0.31961) 1.387) 96
Na(1) 32e 0.240 0&) 0.240 037) 0.240 037) 2.7(1) 35.1(4)
Na(2) 32e 0.0584) 0.05842) 0.05842) 2.003) 12.44)
Na(3) 16 ¢ 0 0 0 0.43) 7.1(3)
Fe 48 f 0.375 0.375 0.271H 2.2(1) 14.62)
c) 96 g 0.3276 0.3276 0.32(0 3.902) 29.24)
c® 192 0.2943 0.3609 0.2868 3.92) 58.48)
c@®) 192 0.3070 0.3482 0.231H 3.902) 58.48)

a=24.7064(1) AR =4.18%, Rp=13.29%,Ryp=15.16%, R:=9.38%

Kemner et al.
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FIG. 5. Observed, calculated, and difference profiles for neutron powder
diffraction (a) and x-ray powder diffractiortb) on NaY zeolite loaded with
two ferrocene molecules per supercage.

stems from an interaction between the ions in the zeolite anc
the pi-electrons of the adsorbed molecules. Indeed we finc
that for a loading of one ferrocene molecule per supercage
the sodium ions at the Sl sites shift with 0.083 A and 0.11 A
for x-ray and neutrons, respectively, towards the center of the
supercage, suggesting an interaction between these ions at
the cyclopentadienyl rings of the ferrocene molecule. The 2
positions of the sodium ions at the SlI sites for loadings of

two ferrocene molecules per supercage show an increaseqt. 6. Part of the neutron diffraction pattern including the final it on pure
shift towards the center of the zeolite supercage, with 0.2Z%eolite (top), the corresponding part of the neutron pattern with final fit on

and 0.27 A compared with the bare zeolite for X-ray andene ferrocene molecule per supercageddle), and the corresponding part
of the x-ray pattern with final fit on one ferrocene molecule per supercage

neutrons, respectively. Note that now all sodium ions at th?bottom) showing the differences in relative intensity of the reflections.

SlI sites interact with a ferrocene molecule, whereas in the

case of one ferrocene molecule this is on average only half of

the sodium ions at these sites. This migration of the sodium

cations at the Sl sites has also been found for benzene iWwo ferrocene molecules per zeolite supercage the second

NaY zeolite, where it was by 0.09 A for loadings of 2.6 molecule is situated in the same way as the first one, between

benzene molecules per supercage. the two other sodium ions at the SllI positions on the surface
Figure 8 depicts the final result for the position and ori-of the supercage. Note that tizeaxis in the figure corre-

entation of the ferrocene molecules in the zeolite supercagéPponds to the-axis used in the refinement.

Note that the position of the iron atom of the ferrocene mol- ~ There is no indication that the rings take another orien-

ecule corresponds to the cross in Figs. 1 and 3. The iron atofttion than we found, or that they are disordered with respect

is on a 48f site, which is on the crossing of two symmetry

planes, one parallel to the ferrocene rings through the iron

atom, the other perpendiCUIar to the first one, right tr‘"’o"'ghrABLE IV. Lattice parametera, as found from Rietveld refinements on

the rings. The top carbon and hydrogen deuterium atoms  x-ray and neutron diffraction patterns for bare NaY zeolite and NaY zeolite

are on a 96g site, the other ones on a general 192i site. Withaded with one or two ferrocene molecules per supercage. The estimated

this symmetry only three carbon and three hydrogen or deugtandard deviations incorporate the error in incident wavelengths.

24 26
26 (degrees)

terium atoms are needed to fully describe both cyclopentadi- a (nm) x-ray a (nm) neutron
enyl rings of the ferrocene molecule in the zeolite supercage:

The distance between the center of the ring and the sodiuff™® NaY 24.810) 24.81510

. . . +1 ferrocene 24.761) 24.77Q10)
ion is approximately 3.18 A for a ferrocene molecule, 42 ferrocene 24.708) 24.71310)

whereas it is 2.7 A for a benzene molecule. For the case of
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FIG. 9. Model of a ferrocene molecule inside a zeolite supercage used for
DFT calculations.

FIG. 7. Part of the x-ray patterns on pure NaY zealgelid line), and NaY

zeolite loaded with onédashed ling or two (dotted ling ferrocene mol-

ecules per supercage showing the decrease in lattice parameter upon adsdipe geometry optimization. The positions of all the other at-

tion of ferrocene molecules in NaY zeolite. oms are allowed to vary. We use the local density approxi-
mation, Perdew Wang functionals, the DND basis'Setd

to each other. Refining the diffraction patterns of ferrocene it atomic cutoff radius of 5.5 A. .

zeolite with the rings “upside down” gave notably worse After optimization of the geometry we find that the hy-

results. drogen atoms of the ferrocene molecule are tilted with about
We have also refined the neutron diffraction patternst-3° from the Grings towards the Fe atom, a trend which is

with the positions of all carbon atoms and deuterium atomgSO found with measurements on pure ferrodéme with

as free parameters. This improves the agreement between tRE T calculations on a single ferrocene molecti&The fer- _

observed and calculated patterns by about 5%. However, tHcene molecule as a whole virtually stays at the same posi-

shape of the ferrocene molecule is actually indistinguishabl&on, and there are no significant changes in the zeolite frag-

from the starting shape as above because this falls welnent. The structure found from the refinements indeed

within the error bars of the positions of the atoms in theCOresponds to an energy minimum.
ferrocene molecule. The difference in total energy between the bare fragment

To show that the ferrocene molecule is indeed in an en@dded with the total energy of a single ferrocene molecule as
ergy minimum on the position in the zeolite supercage a&alculated beforeand the fragment. with a ferrocene r_nol-
found above we performb initio calculations using density €cule amounts te-130 kJ mol . This compares well with
functional theory using the module Driabf the program  the measured sorption energy of bf?fene molecules in NaY
ceRrIUE.M For this we optimize the geometry and position of Ze0lite, which is around-77 kJ mof =~ _

a ferrocene molecule surrounded by a zeolite supercage frag- 1h€ question arises as to what interactions are respon-
ment. The model we use consists of one ferrocene moleculé&iPle for the found position of the ferrocene molecule. The
two sodium cations and part of the zeolite supercage framekyclopentadienyl rings of the ferrocene molecule are slightly
work as shown in Fig. 9. The positions of the atoms are takefi€datively charged. Since the sodium ions are positively
from the Rietveld refinement on the neutron diffraction datacharged it seems natural that the rings orient towards them
on one ferrocene molecule per supercage. The oxygen atorRY €lectrostatic interactions between thesystems of the
adjacent to the silicon/aluminum atoms are replaced by hyaromatic rings and the ions, as with benzére.solid fer-
drogen atoms to preserve the electroneutrality of the modefocene the rings are rotated by 9° from the eclipsed orienta-

The positions of these terminal hydrogens are fixed duringi©n, Where the rings are just on top of each ot"ﬁeNhen_
adsorbed in a zeolite, the ferrocene rings take the eclipsed

orientation. The C-O distance via the hydrogen atom in the

/ﬁ'Tﬁ/ﬁ\ ferrocene ring amounts to 5.58 A, while the angle is 144.8°
// TN\ (see also Table W These values are typical for CH-O
/ \\o ~ interactions:> Former DFT calculations on a single ferrocene
/X\\ o ./ \ molecule show that the energy difference for rotation of the
A \/\Hﬁ7 \\ /\ rings from 9° to 0° is almost zerband rather weak hydrogen
</ \}4/\/ N \\/\ ) bonds could well explain the eclipsed ring orientation of fer-
\ AL \/ rocene in zeolite Y. The Coulombic interaction between the

\V\\_ / : TABLE V. Closest contacts between C and H atoms of the ferrocene mol-
\\\\\ g ecule and O and Na atoms of the zeolite framework.
Distance(A)
FIG. 8. Location of a ferrocene molecule in the supercage of NaY zeolite.
The large dots show the four sodium ions in the supercage forming a tetra- H-O 2.631)
hedron, and are also shown in Fig. 1. The iron atom of the ferrocene mol- C-Na 3.281)
ecule is indicated by a cross in Figs. 1 and 3. Note the large free volume in Cc-0 3.561)

the supercage above the ferrocene molecule accessible to other molecules
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m-systems of the aromatic rings and the sodium ions wouldion. Besides the ring reorientation, the geometry of fer-
be optimized if the ferrocene molecule would lie on the linerocene in NaY zeolite is barely different from the solid state.
connecting the two sodium ions on the supercage wallThe increased reactivity must thus be an effect of the posi-
Moreover, this would also lead to considerably shorter hytion of ferrocene, which renders it vulnerable to attack.
drogen bonds. Currently we are investigating the question With x-ray scattering heavy atoms such as the iron atom
why the ferrocene molecule lies almids A above the line in ferrocene are easy to locate due to their high scattering.
connecting the sodium ions. Lighter atoms, such as for example carbon and hydrogen in
Apart from the slight reorientation of the rings, the ge-the cyclopentadienyl rings of ferrocene, are much harder to
ometry of the ferrocene molecule barely changes. Howevetpcate. Carbon and deuterium atoms are clearly visible in the
the reactivity is dramatically increased. In general, the reacneutron diffraction patterns, making an accurate determina-
tivity of molecules in zeolites can be increased by the weaktion of the orientation of the cyclopentadienyl rings possible.
ening bonds by host/guest interactions, or by holding reacThe combination of both x-ray and neutron powder diffrac-
tants in close proximity with each other. The barely changedion could also prove very useful for localizing other transi-
ferrocene geometry suggests that the latter is the case. Ition metal complexes in zeolites with potential applications
spection of Figs. 8 and 9 reveals a large “free volume” onin, e.g., catalysis.
the expected side of the ferrocene molecule, which is an
attractive site for any potential reactants.
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