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A. Introduction 
A wide variety of metal clusters, organometallic 

compounds, and coordination compounds have been 
encapsulated in a range of different zeolite hosts. These 
composite materials have found numerous applications, 
including size/shape-selective catalysis, gas separa- 
tion/purification, artificial photosynthesis, and electm 
and photocatalysis. 

In the context of catalysis, i nmad  efforts have been 
set forth in the immobilization of known homogeneous 
catalysts on solid supports such as silica, alumina, and 
polymers.’ Under ideal circumstances, such a hybrid 
catalyst would combine the advantages of homogeneous 
and heterogeneous catalysts while minimizing the dis- 
advantages of both. It is hoped that comparable ac- 
tivity to solution phase would be accompanied by 
equivalent or enhanced selectivity. Also, the ease of 
separation and purification of reactants, products, and 
catalysts on the heterogeneous systems, in principle, 
provides an attractive advantage over homogeneous 
systems. Finally, the ability to work at  elevated tem- 
peratures would tend to overcome any diffusional 
impediments of the incorporated species as well as 
promote reactions with high activation barriers. 

In this regard the intracrystalline cage and channel 
structure of zeolites has long attracted researchers in- 
terested in developing well-characterized heterogeneous 
catalyst systems. The framework structures of some 
commonly studied zeolites are represented in Figure 1. 
These microporous aluminosilicates are composed of 
SiOl and NO, tetrahedra joined through shared oxygen 
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bridges. The large cavity in these zeolites is typically 
referred to as the a-cage while the smaller cavities are 
known as @-cages. The net negative charge on the 
lattice is counterbalanced by exchangeable cations lo- 
cated at  well-defined sites which are labeled in Figure 
1 according to convention. Protons may also act as the 
charge-balancing cation. These acid zeolites may be 
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Figure 1. Framework structure of (a) zeolite A and (b) faujasite 
zeolites X and Y. Every vertex represents an aluminum or silicon 
atom; oxygen bridges are not shown. Extraframework cation 
locations are shown and labeled according to  convention. Re- 
printed from ref 2; copyright 1974 John Wiley & Sons, Inc. 

formed by the gradual dehydration/deammination of 
ammonium cation exchanged zeolites. Materials of this 
type are attractive hosts for catalytic species due to 
their high thermal stability, well-defined structure, large 
internal surface area, and potential to impose size and 
shape selectivity on the product distribution due to the 
molecular sieving effect of zeolites.2 

The unique advantages of zeolites are obvious. Rapid 
and significant developments involving the synthesis, 
characterization, and structure-property relationships 
of intrazeolite organometallics and coordination com- 
pounds have been realized in recent years. Zeolites, like 
any other solid-state material, have their limitations. 
Those specific to zeolites include pore plugging, poi- 
soning, migration, leaching, and structural defects in- 
volving reactants, products, catalytic guest, and zeolite 
host. 

Thus the ideal state of affairs alluded to above is not 
usually experienced in practice as real working systems 
have demonstrated. For example, metal guests can 
migrate to the external surface of the host to produce 
deleterious aggregation or leaching effects. The sepa- 
ration/purification of reactants, products, and catalysts 
can sometimes prove to be problematical. Catalytic 
turnovers may be severely limited by clogging of pores 
by products, therefore necessitating frequent catalyst 
regeneration operations. The latter may require high- 
temperature methods which may create difficulties 
when the immobilized metal guest is intrinsically 
unstable. Although diffusional problems involving 
reactants and products may be overcome by working 
at elevated temperatures, one can introduce diffusional 
difficulties associated with the so-called immobilized 
metal guest. Although many of these problems can be 
solved, one needs to recognize the strengths and 
weaknesses when comtemplating potential technological 
applications of this class of materials. 

A central issue pervading studies of the aforemen- 
tioned systems is the ability to conduct experiments 

TABLE 1. Summary of Synthetic Methods for Preparing 
Intrazeolite Metal Clusters (MJ+Z)’ 

precursor method ref 
Mp+Z thermal reduction with Hz, CO 73 

photochemical reduction, Hz 8 
H atom reduction (microwave) 8 
MVS solution phase 6 
reduction with Na, Cd vapor 
autoreduction, HzO 73 

73 

MX,’+Z autoreduction, X = HzO, NH, 73 
thermal reduction, Hz 13 
electrochemical reduction 72 

ML,Z thermal ligand loss 5, 11 
photochemical ligand loss 73 
microwave discharge 7 
NaBH, reduction, Pt(aca& 13 

Mp+ = extraframework reducible cation; MX,* = extraframe- 
work reducible complex; ML, = encapsulated organometallic mol- 
ecule or fraement: M.q+ = encausulated metal cluster. 

TABLE 2. Summary of Synthetic Methods for Preparing 
Intrazeolite Metal Comdexes (MX.*Z) 

precursor method ref 
MP+ intrazeolite ligation 42-46 

intrazeolite ligand assembly 59,60 
ligand exchange followed by ion exchange 52 

Na+Z ion exchange of MX,* 70,73 

TABLE 3. Summary of Synthetic Methods for Preparing 
Intrazeolite Organometallics (ML,Z) 
precursor method ref 
MP+Z vapor-phase sublimation, ML, 36 

intrazeolite ligation 15 
MVS solution phase 6 

MX,,’+Z intrazeolite ligand exchange, reductive ligation 15 
ML,Z intrazeolite organometallic transformations 62 

solution-phase impregnation, ML, 27 

M,@Z intrazeolite cluster/ligand reactions 73 

that intentionally target the metal guest in the internal 
channels and/or cavities of the zeolite host rather than 
on the external surface of the zeolite crystals. Also, the 
attainment of a homogeneous distribution of the metal 
guest throughout the bulk of the zeolite host crystal, 
instead of being concentrated in the external surface 
regions or inhomogeneously arranged in the zeolite, is 
a desirable goal in the preparation of well-defined ma- 
terials. 

In many of the metal/zeolite systems recently exam- 
ined a central issue is the internal versus external 
confinement and the distribution of the metal guest in 
the zeolite host. Under appropriate conditions the in- 
ternal entrapment of the guest can be achieved and 
ascertained by several physical and chemical methods, 
some of which are listed below and summarized in 
Scheme 1: (i) size exclusion involving both guest and 
host variations; (ii) size/shape-discerning chemical/ 
catalytic reactions; (iii) size-dependent poisoning reac- 
tions; (iv) mid-IR vibrational sy”etry/frequency 
perturbations of the guest molecule; (v) perturbations 
of the far-IR cation translatory modes by the guest; (vi) 
EPR and NMR relaxation effects; (vii) surface- and 
bulk-sensitive spectroscopy, microscopy, and diffraction 
probes (e.g., XPS, TEM, and XRD); (viii) spatially 
resolved intrazeolite redox titrations involving Br~lnsted 
acid sites. 

Examples of these methods in use will be given 
throughout the text. For convenience divisions have 
been made based on the type of intrazeolite guest, 
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SCHEME 1. Internal versus External Probes of Metal 
Guests in Zeolites 
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namely, metal clusters, carbonyl compounds, coordi- 
nation compounds, and organometallics. A brief sum- 
mary of the synthetic methods used to encapsulate 
these compounds is given in Tables 1-3. 

6. Metal Clusters 

Much of the initial work with zeolite catalysts focused 
on the properties of the zeolite itself. In particular, the 
acid-exchanged forms are widely used as cracking cat- 
alysts? A major goal has also been to produce metal 
clusters within the large spatially accessible pores of 
primarily zeolites X and Y." Various methods have 
been used in this field, including the decomposition of 
small carbonyl clusters incorporated into the supercagep 
solution-phase metal atom impregnation: in situ mi- 
crowave decomposition of encapsulated organo- 
metallics,? and reduction of extraframework transi- 
tion-metal cations such as the reduction of Ni2+ in NaX 
by molecular hydrogen or hydrogen atom beams! A 
summary of these methods is given in Table 1. 

Small metal particles can be formed within the a- 
cages of faujasites by the decomposition/reduction of 
encaged carbonyl clusters. Although major difficulties 
exist with this approach, such as metal cluster forma- 
tion, migration to the extemal surface, and subsequent 
agglomeration and accompanying redox processes, 
considerable succees has been achieved in this area. For 
example, adsorption of Rez(CO)lo and RU~(CO),~  into 
H P  followed by decarbonylation leads to the formation 
of highly dispersed metal particles inside the zeolite 
host. 

More recently, the progressive decomposition of 
MO(CO)~ in HY and NaY has been followed by EPR 
and IR measurements.'O In the acid zeolite various 
subcarbonyl species form at  low temperatures. At  
higher activation temperatures Mo+ forms and subse- 
quently three distinct Mo5+ moieties are observed by 
their diagnostic EPR signals. In NaY only one sub- 
carbonyl species is observed during decomposition while 
higher tempeatures lead to metallic molybdenum. 
X-ray diffraction and electron microscopy clearly in- 
dicate that the molybdenum clusters are not on the 
outer surface of the zeolite." In addition, XPS and 

- . . .  - . . . . . -. .. . ._ . 

Figure 2. Transmission electron micrographs of (a) unloaded 
Nay zeolite and (h) MoNaY zeolite with 95 Moper unit cell. Mo 
particles me identified by high-contrast spots along what appear 
to be the remnants of the lattice images. Reprinted from ref 1% 
copyright 1987 American Chemical Society. 

TEM data show that the zerovalent molybdenum 
clusters formed are uniformly dispersed throughout the 
zeolite crystal (Figure 2).12 The 1-1.2-eV high-energy 
shift of the molybdenum 3d core level binding energies, 
relative to bulk metal, in the absence of oxidation is 
attributed to quantum size effects of sub-12-A molyb- 
denum clusters (Figure 3). 

A chemical means of identifying the location of metal 
clusters has recently been demonstrated for platinum 
particles in Y and L ze01ites.l~ The particles were 
formed in three different ways: (i) exchange with 
[Pt(NH3),I2+ followed by reduction with hydrogen, (ii) 
exchange with [Pt(NH,),I2+ followed by reduction with 
NaBH,, and (iii) exchange with Pt(acac)2 followed by 
reduction with NaF3HI. The last method gives very low 
loadings of metal, (1-3) X lo-' mmol/g, while the former 
methods give variable loadings up to 1 X lO-'mmol/g. 
One of the location probe reactions studied was the 
platinum-catalyzed reduction of methylviologen 
(MV2+). Reduction of MV2+ to the cation radical, 
MV+, occurs rapidly at  pH > 7 

MV2+ + Y2H2 - M V +  + H+ 
MV2+ readily exchanges into Y and L zeolites up to a 
maximum loading of 1 molecule per large cage while the 
rest remains in solution. The exchange between zeol- 
ite-bound and solution-phase methylviologen is known 
to be relatively slow. Also, the reduction potential of 
the MV2+/'+ couple is slightly more positive in the 
zeolite than in solution. Therefore, zeolites that are 
platinized only internally do not catalyze the reduction 
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Figure 3. Mo 3d XPS spectra of MoNaY after various treat- 
ments, showing the oxidation states identified by curve fitting 
each spectrum with two doublets: (a) activation in vacuo at  400 
"C; (b) reduced in H2 for 5 min at  400 "C; (c) air-exposed for -24 
h. Reprinted from ref 12b; copyright 1989 American Chemical 
Society. 

of solution-phase MV2+. When the platinum particles 
generated from Pt (a~ac)~/L are equilibrated with MV+ 
followed by the addition of H2, only the zeolite turned 
the characteristic blue of the reduced viologen radicals, 
consistent with only internally localized particles. 
Conversely, all the other platinized zeolites yielded both 
blue solutions and blue zeolites when subjected to the 
same conditions, indicating that platinum particles are 
located both inside and on the external surface of the 
zeolite. To further probe this idea the reaction of these 
systems with [Fe(cN),l3- was also investigated. As 
established by UV-vis spectra, this anionic complex 
cannot enter the anionic frameworks of either the Y or 
L zeolites. In the presence of platinum and hydrogen 
[Fe(CN),I3- is reduced to [Fe(CN>,l4-. In a 1 X low4 M 
solution of [Fe(CN),I3- the platinum clusters from the 
Pt(acac),/)/L system caused no change in the UV-vis 
spectra of the solution after 6 h of purging with hy- 
drogen. When treated in the same way, the zeolites 
platinized both inside and outside resulted in a com- 
plete disappearance of the characteristic maxima at 302 
and 418 nm due to the ferricyanide ion. Clearly, no 
reduction occurs in the first instance, confirming only 
internal platinum particles, while in the latter cases 
externally confined metal particles catalyze the reduc- 
tion of the ferricyanide ion. Sensitivity test on Si02 
suggest that in the L zeolite platinized with Pt(acacI2 
<0.1% of the platinum is on the external surface. The 
reduction of P t ( a ~ a c ) ~  by NaBH4 in zeolite L provides 
a clean and easy way of quantitatively locating small 
platinum particles only within the zeolite voids. This 
also demonstrates an easy means of locating metal 
particles internally or externally provided a fast, easily 
monitorable chemical reaction exists for the metal un- 
der study. 

C. Carbonyl Compounds 

(i) Homoleptic Carbonyl Compounds 

250  220 

The encapsulation of carbonyl and subcarbonyl 
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species is of interest because of the catalytic potential 
of many carbonyl systems. For example, the carbonyl 
species formed from Mo(CO), in M'Y (M = Li, Na, K, 
Cs), discussed above, exhibits high activity and selec- 
tivity in the hydrogenation of 1,3-butadiene to cis-2- 
butene.14 Particularly active is a 45% Li+-exchanged 
NaY zeolite, SiA = 2.78, which is 96% selective for the 
cis isomer at 423 K. Similar selectivity is observed for 
the other alkali-metal Y zeolites; however, the activity 
decreases in the order LiY > NaY >> KY > CsY. HY 
zeolites and nonzeolitic supports showed nonselective 
hydrogenation properties. Clearly, the catalytic efficacy 
of these systems is related to the cation while the se- 
lectivity can be assumed to be a function of the zeolite 
structure. This provides an example of how a catalytic 
reaction can be used to indicate intrazeolitic entrap- 
ment of the reactive species (Scheme I). IR, TPD, and 
13C0 isotope labeling techniques indicate the active 
species is an anchored Mo(CO)~ fragment. IR evidence 
also implicates an M~(CO)~(butadiene) complex as an 
intermediate in the hydrogenation process. Recent 
studies of other intrazeolite carbonyl complexes display 
IR spectra that are diagnostic of a cation-carbonyl in- 
teraction (described later). On the basis of these ob- 
servations, a possible catalytic cycle for the intrazeolite 
hydrogenation of 1,3-butadiene may be proposed 
(Scheme 2). 

In this same vein subcarbonyl moieties of iridium and 
rhodium have been exhaustively studied. Ion exchange 
of these transition-metal cations into X or Y zeolites 
followed by exposure to CO leads to the formation of 
well-characterized monovalent carbonyl species, [M- 
(CO)2]+.15 These zeolite-stabilized intermediates are 
active catalysts in the carbonylation of methanol in the 
presence of methyl i~dide*~J'  and in the water gas shift 
reaction.l8 The internal entrapment of these moieties 
has been probed by their reactions with phosphine~.'~ 
With small phosphines, such as P(CH3)2(C6H5), [Rh- 
(CO),]+ in NaX reacts to form [Rh(CO)(PMe2Ph),]', 
where x = 1, 2, or 3. By contrast, with phosphines too 
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large to penetrate the pore opening of the zeolite, no 
reaction is observed, indicating the reactive dicarbonyl 
is internally confined (Scheme 1). 

The incorporation of carbonyl complexes within the 
large pores of zeolites and their intrazeolite interactions 
have been more fully investigated with Fe(C0)5, Fez- 
(CO),, Fe3(C0)12, CO~(CO)~,  and Ni(C0)4. 

The interaction and intrazeolite chemistry of iron 
carbonyls have received much attention. In dehydrated 
HY, Fe(C0)5, Fe2(C0)9, and Fe3(C0Il2 are adsorbed 
intact with no alteration to the molecular structure.20 
Vacuum treatment of the mono- and bis-iron systems 
leads to the evolution of CO and formation of Fe(C0)4 
bonded to the zeolite while such treatment has no effect 
on the Fe3(C0)12 system. Heating to 250 "C leads to 
complete decarbonylation of all the carbonyl systems 
and oxidation of FeO to Fez+ ions located in the su- 
percage. This is in contrast to a conventionally iron- 
exchanged zeolite where the cations locate in inacces- 
sible sites in the sodalite cages. The Fe3(C0)12/NaY 
system provides an active catalyst for the conversion 
of syngas.21 

Adsorption of Fe(C0)5 into various zeolites shows a 
difference in the degree of interaction: dealuminated 
Y < CsY < HY C NaY as evidenced by the increased 
IR bandwidths in the CO region and the increasing 
intensity of the symmetric Raman-active vibration 
which becomes IR active,22 attributed mainly to the 
electrostatic fields inside the zeolite. Thermal decom- 
position of this compound in various alkali-metal Y 
zeolites leads to iron clusters.23 The effect of the sub- 
strate on the decomposition of Fe(C0)5 has been fol- 
lowed by thermogravimetric measurements, IR spec- 
troscopy, Mossbauer spectroscopy, and EXAFSz4 In 
CsY, the final product is iron oxide while in Nay, 
zerovalent iron particles are formed. 

Dicobalt octacarbonyl can be sublimed directlyz5 or 
adsorbed from pentane solutionz6 into the cr-cages of X 
and Y zeolites. Vapor-phase impregnation into Nay, 
COY, and HY has been followed in the far-IR regionz7 
The vibrational frequencies of the charge-compensating 
cations of the zeolite occur in this region (50-350 cm-') 
and the band positions of the various sites have been 
well established. Adsorption of CO~(CO)~ into NaY and 
COY causes a broadening and a shift to lower frequency 
of the site I1 cation band and a concomitant shift to 
higher energy of the site I11 band (Figure 4). A similar 
effect is seen for pyridine adsorbed into NaY and is 
believed to indicate that the compound is initially ad- 
sorbed into the supercage where it interacts with ac- 
cessible supercage cations (Scheme 1). In HY zeolite 
new bands appear in the far-IR region. One band grows 
in a t  150 cm-' while the other appears beneath the 
residual Na+ site I1 vibration at 185 cm-I (Figure 5 ) .  
The far-IR cation bands generated in this way are of 
the same frequencies as those of site I1 and 111' Co2+ 
in a cobalt ion exchanged zeolite Y. The encapsulated 
C O ~ ( C O ) ~  has been oxidized to Co2+ in supercage sites 
I1 and 111' (Scheme 3). A possible mechanism con- 
sistent with the formation of the cation as well as the 
other carbonyl species identified by mid-IR is as follows: 

Z0-Co2+ + 4CO + 1/H2 + [CO(CO)J + ( C O ~ ( C O ) ~ ~ ]  
Size-exclusion studies have been carried out with 

small-pore NaA zeolite. The 4-A pore opening of this 

C02(C0)8 + ZOH + (ZOCO(CO)~ + HCo(C0)4] -+ 
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Figure 4. In situ FT-far-IR spectra of (a) vacuum thermally 
dehydrated NaMY and (b) NaMY following 15-min exposure to 
C O ~ ( C O ) ~  vapor. Reprinted from ref 27; copyright 1986 American 
Chemical Society. 
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Figure 5. In situ FT-far-IR of (a) vacuum thermally de- 
hydrated/dea"inated H4Na8Y showing residual sodium sites 
and (b, c) the outcome of exposure to C O ~ ( C O ) ~  vapor for 5 and 
15 min, respectively, showing the formation of Co2+ cations in 
accessible a-cage sites I1 and III'. Reprinted from ref 27; copyright 
1986 American Chemical Society. 

zeolite is too small to admit any larger molecules so any 
adsorption will occur only on the outer surface of the 
crystal. Exposure of NaA to C O ~ ( C O ) ~  vapor under the 
same conditions as above shows no perturbation of the 
far-IR Na+ modes. Any externally adsorbed compound 
has no effect on the spectrum. Therefore, it can be 
concluded that the changes observed in the Y zeolites 
are due to internal confinement of the guest molecule 
(Scheme 1). 

Changes in the mid-IR carbonyl region indicate that 
C O ~ ( C O ) ~  reacts intrazeolitically to form the tetramer, 
C O ~ ( C O ) ~ ~ ,  the anion, CO(CO)~-, and various subcarbonyl 
species in NaY as outlined a b o ~ e . ~ ~ ? ~ ~  The location of 
the C O ~ ( C O ) ~ ~  so formed has resulted in some innovative 
probes for the question of internal versus external en- 
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SCHEME 3. Intrazeolite Organometallic Reactions with 
Bronsted Acid Zeolites 

trapment of the species. The carbonyl bands observed 
for the tetramer formed from the C0&0)8/NaY system 
are of ”higher” frequency than in solution. This shift 
has been attributed to an internally confined species 
experiencing the high electrostatic fields that exist in- 
side the a-cage. However, adsorption of C O ~ ( C O ) ~ ~  onto 
NaY leads to CO bands at “similar” frequencies to those 
assigned to the tetramer formed from the C O ~ ( C O ) ~ /  
NaY system.26 The size of the tetramer is such that it 
is not expected to diffuse into the large cages so it can 
only be physisorbed on the zeolite external surface. 
From these data it is believed that the cluster formed 
from C O ~ ( C O ) ~  is therefore located on the outer surface 
of the zeolite. 

As further evidence for these proposals the reactivity 
of the supported carbonyl compounds toward phos- 
phines was investigated. With small phosphines, Le., 
PE5, all the supported carbonyls formed from CO~(CO)~ 
impregnation of NaY react to form the anion, 
[Co(CO),]-, the result of the disproportionation reaction 
involving the counterion, [ C O ( P E ~ , ) ~ ] ~ + . ~ ~  Such re- 
activity is observed for C O ~ ( C O ) ~  in solution. The tet- 
ramer usually yields neutral substituted clusters in so- 
lution; however, it is apparently activated toward dis- 
proportionation on zeolites. Exposure of the same im- 
pregnated zeolite to a phosphine too large to enter the 
supercage, such as PtBu3, leads to the production of only 
[Co(CO),]-. The phosphine has not penetrated the 
pores to react with the internally confined species but 
has reacted with the externally entrained species, 
namely, the tetramer. Therefore, the small frequency 
shifts observed in the Co4(CO)12 carbonyl spectrum are 
probably due to interactions with the zeolite external 
surface and not due to internal electrostatic field effects. 

The chemistry of these supported cobalt carbonyls 
has been investigated with, for example, their reactivity 
toward In both NaY and NaX, conversion of 
C O ~ ( C O ) ~  to Co(CO),NO is observed followed quickly 
by the production of a trinitrosyl of cobalt assigned as 
Co(NO),. Direct addition of CO(CO)~NO to NaX leads 
to the spontaneous formation of the trinitrosyl with a 
concomitant production of some cobalt 

a 

Figure 6. Model of Ni(C0)4 binding to  a Na+ cation in a NaY 
supercage: (a) framework model; (b) model including van der 
Waals radii. Reprinted from ref 31; copyright 1988 American 
Chemical Society. 

Nickel tetracarbonyl has been studied on numerous 
supports in order to probe the surface/support inter- 
actionB and subsequent decomposition pathways.30 An 
interesting aspect of this work has been the recent ob- 
servation of the cation dependence of the carbonyl IR 
spectrum.31 In THF solution, Ni(CO), exhibits only one 
CO band, consistent with its tetrahedral geometry. In 
dealuminated NaY only one band is observed although 
it is broadened due to perturbations of the molecular 
symmetry by the zeolite lattice. In NaY four terminal 
CO bands are observed. The symmetry distortion 
leading to the increased number of bands is thought to 
arise from cation-carbonyl bridges (Figure 6) similar 
to those observed with A13+ cations on alumina32 and 
with alkali-metal cations in solution.33 In LiY, at low 
carbonyl loadings, a similar four-line spectrum is ob- 
served with slight frequency shifts. At high loadings 
only one band appears in LiY, indicative of the un- 
distorted Td symmetry. The increased carbonyl loading 
is accompanied by a decrease in the population of su- 
percage cation sites with the lithium material. Each 
adsorbed molecule can no longer interact with cations 
but rather, most are unperturbed leading to the solu- 
tion-like Td symmetry. The same type of interaction 
may occur in other metal carbonyl systems. Another 
recently reported example concerns the intrazeolite 
reactivity of (COT)Fe(CO), in The IR data of 
the carbonyl bands provide evidence for interactions of 
the type Na+-.0C(C0)2Fe(COT), which resembles 
contact ion-pair interactions of carbonyl complexes with 
alkali-metal cations in solution.33 In the case of intra- 
zeolite dicobalt octacarbonyl the IR stretching fre- 
quency of the bridging carbonyls decreases by about 30 
cm-’ while the terminal bands increase in frequency by 
10-15 cm-l relative to the silica-supported material. 
Preferential cation interaction with bridging carbonyls 
is observed in solution and results in similar frequency 
shifts. Preferred cation interaction with bridging car- 
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Figure 7. Cation effects on site distributions and band fre- 
quencies for (i) C~Ir(c0)~ and (ii) CpRh(CO), in (a) CsY, (b) RbY, 
(c) KY, (d) Nay, (e) LiY, (f) NaX, and (g) NaA.% 

bony1 ligands can be observed intrazeolitically as well. 
The reactivity of the aforementioned encapsulated 

nickel carbonyl compound with phosphines points to 
the possibility of generating and trapping catalytically 
active organometallic species inside the zeolite pores. 
With phosphines small enough to enter the zeolite 
micropores, complexes such as Ni(C0)3PMe3 can be 
formed. Reaction of the encapsulated nickel carbonyl 
with larger phoshines can lead to the production of 
complexes inside the a-cages that are too large to exit 
the pores, for example, Ni(CO),(PPhZCHMe2), the 
"molecular ship in a bottle" analogy (Scheme 1). Pore 
blocking is observed in zeolites with high initial tran- 
sition-metal ion loadings. Reaction of Ni(C0)4/NaY 
with trimethyl phosphite produces internally confined 
mono-, bis-, and tris-substituted complexes but a large 
portion of Ni(C0)4 remains ~ n r e a c t e d . ~ ~  This is at- 
tributed to pore blocking in the higher loaded zeolites. 
At  high nickel loadings, reaction with P(OEt)3 occurs 
on the external surface to yield predominantly Ni- 
(CO),[P(OEt)3],. This effectively blocks the interior 
from the phosphite, thereby leaving unreacted Ni(CO)& 
At low loadings all the tetracarbonyl is consumed. XPS 
data confirm that reaction occurs only at  the surface 
in the higher loaded systems. Formation of the coor- 
dinatively unsaturated Ni(CO)3 intermediate in the 
zeolite and its reactivity clearly indicate the potential 
of these systems for interesting chemistry and catalysis. 

(11) Half-Sandwich Carbonyl Compounds 

Recent work in our laboratory has focused attention 
on intrazeolite half-sandwich carbonyl compounds of 
iridium and rhodium. Incorporation of CpM(CO), into 
NaY yields a four-band mid-IR spectrum in the ter- 
minal carbonyl region (Figure 7).36 Attempts to sub- 
lime the compound into NaA zeolite result in only 
minor uptake of the organometallic as observed by the 
weak carbonyl stretches in the mid-IR. Using K8Na4A 
as the substrate yields even a lower degree of adsorp- 
tion, and the compound is readily removed from the 
zeolite under dynamic vacuum in a matter of minutes. 
In Nay, CpIr(CO)2 appears indefinitely stable and 

1 + co l -  1 + T O  - 

I + co \ I  - 1 + T O  - 

Figure 8. Intrazeolite associative 13C0 exchange mechanism 
proposed for CpM(CO),, M = Rh, Ir.% 

cannot be removed by vacuum treatment. The pore 
opening of NaA is close to the dimensions of the mol- 
ecule and may allow some penetration. However, the 
K8Na4A zeolite has a window opening far smaller than 
the guest molecule so only the externally, physisorbed 
organometallic is observed. The large amount of di- 
carbonyl adsorbed into NaY and its stability clearly 
indicate it is adsorbed into the internal channels of the 
Y zeolite where it is stabilized by interaction with the 
lattice (Scheme 1). 

The carbonyl spectrum is therefore attributed to two 
different types of interactions within the a-cage. A 
cation-carbonyl interaction similar to that observed for 
Ni(C0)4 is assigned to  the strongly red shifted site, 
designated site 2. The roughly 50-cm-' shift from so- 
lution-phase values is consistent with such an interac- 
tion. The second set of CO bands, attributed to a so- 
lution-like species and designated site l, may simply 
represent a nonspecific weakly interacting molecule 
confiied inside an a-cage. Alternatively, it may involve 
a cation-ring interaction as previously observed for 
aromatic hydrocarbons in  zeolite^.^' Similar pertur- 
bations are observed for Cp*M(CO), complexes in the 
Y zeolites. Incidently, reaction of CpIr(CO), with 
H8Na48Y yields the intrazeolite protonated form, 
[CpIr(CO),H]+ (Scheme 3).% The cation dependence 
of the band positions and population distributions for 
both sites also attests to an internally confined com- 
pound interacting with cations (Scheme 1). The ring 
interaction is believed to stabilize the intermediate in 
the observed associative 'VO exchange reaction (Figure 
8). In Nay, 13C0 exchange is instantaneous at room 
temperature while it does not occur in solution in the 
absence of light.% The fastest 13C0 exchange rates are 
observed when both sites are at least partially occupied. 
With CpM(C2H4), as the precursor molecule, enhanced 
CO substitution rates are also observed. While these 
compounds are inert to CO substitution in solution at  
room temperature,@ they undergo rapid exchange in 
Nay. Again stabilization of the intermediate via cat- 
ion-ring interaction may be responsible for this rate 
enhancement. 

Vacuum thermal treatment of these intrazeolite di- 
carbonyls leads to gradual loss of CO. In the case of 
CPI~(CO)~  in NaY there appears to be an initial re- 
distribution from site 2 to site 1 dicarbonyl at low 
temperatures, ca. 150 "C, followed by complete decar- 
bonylation by 300 "C. The rhodium analogue, CpRh- 
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the (bicyclo[5.1.0]octadienyl)iron tricarbonyl cation in 
a clean reaction, which corresponds to the protonation 
of (COT)Fe(CO), with noncoordinating acids like HBF4 
in homogeneous solution. 

Studies of the interaction of metal carbonyls with 
zeolites have progressed rapidly. Although viable as 
precursors for the formation of intrazeolite metal par- 
ticles, they have clearly also demonstrated unique an- 
choring effects and chemistry within the zeolite lattice. 
The increased possibilities this represents leave much 
to be investigated. 

(CO),, shows no initial redistribution but a faster loss 
of site 2 dicarbonyl relative to site 1. Retention of the 
ring C-H modes after complete decarbonylation is in- 
dicative of the formation of the half-sandwich, CpM 
(Figure 9). These half-sandwiches may also be gen- 
erated by thermolysis of the bis(ethy1ene) precursors, 
CpM(C,H,),. Although the intrazeolite iridium half- 
sandwich is fairly inert, intrazeolite CpRh gives about 
a 50% back-reaction to CpRh(CO), upon exposure to 
CO at room temperature in the same site distributions 
initially observed. The catalytic potential of such un- 
saturated intermediates is immediately clear. 

In this context it is worth documenting similar in- 
trazeolite transformations that have been proposed to 
yield half-sandwich organometallic fragments. Bein et 
al. have studied the intrazeolite chemistry of (COT)- 
Fe(C0)t4 and [CpFe(C0)2]21 with acid zeolites and 
found the following reactions: 

(COT)Fe(CO), + HZ - [H(COT)Fe(C0)3]+Z 

[CpFe(CO),], + HZ - [CpFe(CO),],H+Z - 
The cationic complexes are thought to be stabilized by 
electrostatic interaction with the anionic intrazeolite 
oxygen surface. This process has been shown to rep- 
resent the initial step of an "anchoring" sequence which 
is completed on heat treatment by substitution of the 
less stable carbonyls with zeolite oxygen ligands: 

[ H(COT)Fe(CO),]+Z - [ H(COT)Fe] 'Z 

[CpFe(CO),]+Z - [CpFe]+Z 

In this way zeolite-anchored half-sandwich fragments 
remain and represent potential reactive centers in the 
zeolite cage. These studies form a sound basis for the 
development of well-defined hybrid catalysts based on 
zeolite hosts. Incidently, the intrazeolite protonation 
of (COT)Fe(CO), described above is thought to lead to 

[CPF~(CO)~I+Z 

D. Coordination Compounds 

(i) Weak Complexes 

Many coordination complexes can be formed within 
zeolite pores by simple reaction of the exchanged metal 
cations with various organic molecules. Some of these 
so-formed species are not very stable and can be de- 
stroyed by evacuation or gentle heating. Nonetheless 
they do attest to the possibility of forming and char- 
acterizing internally confined coordinately saturated 
and unsaturated coordination complexes. 

Copper-Y zeolite reacts with alkynes, CzH2, C3H4, and 
CzD2 to give a copper ion-alkyne bond resulting mainly 
from x donation from the unsaturated hydrocarbon to 
the metal cation.42 Ethylene is strongly bound to Cu'Y 
and Ag*Y zeolites at room temperature but not to CunY, 
Ca"Y, or ZIII'Y.~~ More recently, ethylene and di- 
hydrogen complexes have been formed in Ni+CaX.44 
Partial exchange of a CaY zeolite with nickel leads to 
Ni2+ in accessible supercage sites. Reduction with di- 
hydrogen leads to two species identified as Ni+(H2) and 
Ni+(H2),, n = 2 or 3, located in the supercage. These 
complexes are eradicated by vacuum treatment, con- 
sistent with weak complex formation. Similarly, weak 
Ni+ complexes of H20, CH30H, and NH, have been 
generated intrazeolitically. The EPR of the methanol 
and water complexes indicates an octahedral geometry 
with lattice oxygen atoms occupying three sites while 
the amine complex is square planar with two lattice 
oxygen coordination sites. For Ni+(C2H4) and Ni+- 
(CH2CHCH3) reversed g values are obtained, most 
likely indicating a compressed tetrahedral or square- 
pyramidal geometry. 

Cobalt and manganese ions in partially exchanged 
zeolites react with cyclopropane to produce a loosely 
bound M-C3Hs moiety.45 Crystal structure analysis 
shows the cations are located on the threefold axis in- 
side the large cavity close to the three trigonally ar- 
ranged framework oxide ions on alternate six-rings 
(Figure 10). No interaction is observed with residual 
sodium cations. 

Among the first characterized coordination com- 
pounds formed intrazeolitically were the penta- and 
hexamethyl isocyanide complexes of cobalt.& Exposure 
of a dehydrated sample of CoCaY to excess CH,NC at 
room temperature gives a product that exhibits a hy- 
perfine octet due to 59C0 (Figure l la) .  The EPR pa- 
rameters are in close agreement with those for hexa- 
coordinate Co(I1) in Da symmetry. Partial desorption 
of CH,NC yields an EPR spectrum indicative of a 
pentacoordinate isocyanide complex with the sixth co- 
ordination site being a zeolite lattice oxygen (Figure 
l lb ) .  
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position of hydrogen peroxide.47 Exposure of an [Ir- 
(NH3)6]3+-exchanged X zeolite to ethylenediammine 
produces [Ir(en)2(NH3)2]3+, which is active in the water 
gas shift reaction.49 Finally, COX and COY form pre- 
dominantly [Co(en),12+ upon exposure to the ligand.s0 
This species readily reacts to bind oxygen to form 
[Co(en),O,]+ as seen by changes in the EPR spectrum. 
Tetrakis(pyridine)copper(II) complexes have been 

formed in both X and Y zeolites by simple adsorption 
of the ligand into the transition-metal-exchanged 
zeolite.51 Reflectance spectra and EPR measurements 
clearly identify the species as [Cu(py),J2+. In this case 
no mono, bis, or tris complexes are formed, in contrast 
to the ethylenediamine case discussed previously. The 
copper(I1) bipyridine complex has also been observed 
in zeolite Y.52 Initial ion exchange with 2,2'-bi- 
pyridinium chloride formed the bipyridinium zeolite, 
which was then exchanged with mCu2+ ions. The EPR 
spectrum shows a five-line superhyperfine splitting 
pattern attributed to two equivalent nitrogen atoms, 
indicating the formation of [ C~(bpy) ]~+ .  By contrast, 
Fe"Y zeolites exposed to 2,2'-bipyridine preferentially 
form the tris(bipyridine)iron(II) complex characterized 
by Mossbauer, EPR, and reflectance  technique^.^^ 
Subsequent exposure of this sample to chlorine gas 
yields the trivalent complex [Fe(bpy)J3+ in 89% yield. 
For the tris(2,2'-bipyridine)cobalt(II) complex in zeolite 
Y an interesting spin equilibrium is observed." At 77 
K an eight-line EPR spectrum was observed with g 
values close to those observed for a frozen DMSO so- 
lution of CoC12 and bipyridine. This is attributed to 
the low-spin complex. As the temperature is increased 
the EPR spectrum of the low-spin complex gradually 
disappears. The high-spin state of the complex becomes 
dominant. A short relaxation time is believed to be 
responsible for the lack of an EPR signal. 

(iii) Oxygen Carriers 

Terpyridine and bipyridine cobalt complexes have 
been studied and yield viable oxygen carriers. Low- and 
high-spin [ C ~ ( t e r p y ) ~ ] ~ +  and five-coordinate [Co- 
(bpy)(terpy)I2+ can be formed in varying concentrations 
in CoNaY zeolite.55 Evidence for the internal entrap- 
ment of the species was obtained by slurrying a zeolite 
containing the mixed complex with a benzene solution 
of DPPH. The DPPH is too large to enter the super- 
cage so it would be expected to remain on the external 
surface of the lattice. If the two compounds interacted 
one would expect to see a spin-exchange effect. Fol- 
lowing the benzene treatment, the EPR remained un- 
changed, indicating the complex was not in close 
proximity to the DPPH; that is, the complex was in- 
ternally confined while the DPPH probe was on the 
outer surface. Exposure to oxygen results in the for- 
mation of the O2 adduct for the mixed complex, [Co- 
(bpy)(terpy)02]+, but not for [C~(terpy)~]~+.  The EPR 
spectrum was consistent with a bent Co-O2 structure 
for the superoxide ion. The formation of the oxygen 
adduct is completely reversible at 298 K while the ad- 
duct itself is thermally stable in oxygen up to 343 K. 
A substantial increase in the initial concentration of the 
mixed complex [Co(bpy)(terpy)I2+, can be obtained in 
partially cobalt-exchanged LiY at  a reaction tempera- 
ture of 703 K for 2 h.% This system is very efficient in 
separating O2 from N2 in dry air. 

Figure 10. Intrazeolite cyclopropane complex of Co(I1) in zeolite 
A. (a) Stereoview of the Co4Na4A.4CSH6 unit cell. (b) Coordi- 
nation environment of the Co(I1) ion. Reprinted from ref 45; 
copyright 1978 American Chemical Society. 

I2 

Figure 11. Intrazeolite cobalt(I1)-methyl isocyanide complexes. 
(a) Experimental (-) and simulated ( . -e)  EPR spectra of [Co- 
(CH3N12C)s]2+. (b) Experimental (-) and simulated (...) EPR 
spectra of [CO(CH~N'~C)~]~+. Reprinted from ref 46; copyright 
1975 Marcel Dekker. 

(ii) Ethylenediamine and Pyridine Complexes 

Ethylenediamine and pyridine complexes can be 
isolated within zeolites by direct exchange of the com- 
plex or formed by exposure of the metal ion exchanged 
zeolite to the ligand either in the vapor or in solution 
phase. The products formed vary with the zeolite, the 
metal center, and the method. Since little of this work 
has focused on the location of the coordination complex, 
only a brief outline will be presented. 

For copper in X and Y zeolites the predominant 
species isolated are [ C ~ ( e n ) ~ ] ~ +  and [ C ~ ( e n ) ] ~ + . ~ ~ y ~  The 
Cu"(en)/Y system is catalytically active in the decom- 
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Figure 12. Pictorial representation of the Co(salen) adduct inside 
the supercage of zeolite Y. Reprinted from ref 57; copyright 1986 
American Chemical Society. 

The formation of these internal dioxygen complexes 
has led to the investigation of more systems for gas 
separation. Such complexes form in solution; however, 
they slowly decompose as the oxygen either attacks the 
ligands or the'complex deactivates intramolecularly. 
The intrazeolite isolation and stabilization of complexes 
with ligands robust enough to withstand oxidation may 
overcome the deactivation problems of solution work. 

One approach is the use of the Schiff base ~ a l e n . ~ ~  
Treatment of cobalt-exchanged Y zeolite with excess 
Schiff base in an inert atmosphere results in the for- 
mation of the Co(salen) complex within the a-cage 
(Figure 12), identified by a reflectance spectrum almost 
identical with that of the complex in solution. Follow- 
ing this treatment the ligand is nonextractable, also 
consistent with complex formation. Size-exclusion 
studies with A zeolites indicate the complex is internally 
confined in the Y zeolites (Scheme 1). In addition, 
ESCA studies show very low concentrations of cobalt 
in the outer 50 A of the crystallites, again in accordance 
with internal loading (Scheme 1). The pyridine adduct 
of this complex shows an affinity for oxygen. The EPR 
spectrum corresponds to the Co(salen)(py)(Oz) complex. 
In solution the peroxo dimer forms, which deactivates 
the catalyst. This is precluded in the zeolite. In ad- 
dition, the intrazeolite complex is resistant to aut- 
oxidation even at elevated temperatures. The oxygen 
adduct can be dissociated simply by evacuation. Cy- 
cling between oxygenated and deoxygenated species 
may continue for many hours. 

Recently, an anionic cobalt cyanide complex has been 
formed in zeolite YM by slurrying a COY zeolite with 
a methanolic sodium cyanide solution. (Note that, in- 
trazeolite anion formation is most unusual. Presumably 
the process occurs via a salt-inclusion reactione2) Ex- 
posure to oxygen results in the formation of a Co-02 
adduct characterized by IR and EPR spectroscopy. The 
EPR spectrum of the deoxygenated sample is signifi- 
cantly different from that of the O2 adduct (Figure 13). 
The g values of the deoxygenated species differ sig- 
nificantly from those of a fivecoordinate Co(II) complex 
but are closer to those of a four-coordinate Co(I1) com- 
plex. The large g tensor anisotropy is consistent with 
a square-planar [CO(CN),]~- complex with an axial 
position occupied by a framework oxygen. This zeolite 

I \I/----- 
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. . . . . . . .  
Figure 13. X-Band EPR spectra of (a) [CO(CN)~(O~)]*Y and 
(b) [Co(CN),]*Y ((1) experimental and (2) simulated]. Reprinted 
from ref 58; copyright 1988 American Chemical Society. 

sample can be alternately oxygenated and partially 
deoxygenated at room temperature through 510 cycles 
over a period of 6 weeks after which the IR and EPR 
spectra show no sign of chemical decomposition. 

(iv) Phthalocyanine Complexes 

A class of very stable and well-characterized intra- 
zeolite organometallics are the phthalocyanine com- 
plexes of transition metals. Reaction of transition metal 
ion exchanged X zeolites with 1,2-dicyanobenzene at 
523 K results in phthalocyanine formation and com- 
plexation for the cobalt, nickel, and copper zeolites.5g 
Scanning electron microscopy indicates that material 
formed on the external surface of the zeolite is easily 
removed by Sohxlet extraction (Scheme 1). Once 
formed, the internally confined species are too large to 
be extracted. The fraction of encaged phthalocyanine 
is determined by photometry of a sulfuric acid solution 
of the reacted zeolites and ranges from 22% for COX 
to 4% for CuX. X-ray diffraction shows the lattice 
structure is largely maintained throughout the chemical 
procedures, and high N2 uptake indicates only minor 
clogging of the internal surface. 

Work by Herron and co-workers using zeolite-en- 
capsulated iron phthalocyanine has focused on the 
catalytic applications of these materials.& Reflectance 
spectra consistent with complex formation, X-ray 
powder diffraction patterns confirming the crystallinity 
of the zeolite, XPS showing no detectable surface iron, 
and the reduced sorption capacity of the zeolite for 
water are all in accordance with the formation of the 
FePc complex inside the supercage of the faujasite 
lattice (Figure 14, Scheme 1). Analytical data are in 



Intrazeollte Complexes Chemical Revbws. 1989, Vd. 89, No. 8 1769 

good agreement with the calculated Fe:CN ratios for 
complete conversion of all iron to FePc. The expected 
shape selectivity is observed in the oxidation of alkanes 
with iodosobenzene in the presence of this catalyst. 
Competitive oxidation between cyclohexane and cy- 
clodecane shows a preference for the smaller alkane. 
Regioselectivity is also seen with increased oxidation 
at the 2-position relative to the 4-position in n - m e .  
Finally, some stereoselectivity is also observed in the 
oxidation of methylcyclohexane where the trans to cis 
ratio is close to 2. The turnover rate for the low-loading 
iron zeolites is greater than for FePc itself due to the 
increased lifetime of the catalyst. The zeolite lattice 
prevents the usual bimolecular self-destruction mech- 
anism. Although the rates are slow, the increased yields 
and selectivities deserve further investigation. 

Coordination complexes can be readily formed or 
exchanged into large-pore zeolites. Some of the work 
presented herein clearly demonstrates quantitative in- 
temal confinement of the guest. The potential of these 
systems for gas separation and catalytic applications 
certainly warrants further study. In a fascinating recent 
article Herronaob contemplates zeolites as enzyme 
mimics and presents a thought-provoking case for Si- 
based life as well as extensions to the Si-based brain. 

E. Organometaillrcs 

The ability to quantitatively locate organometallic 
compounds and fragments within zeolite pores creates 
the posaibity of trapping/encaging potentially reactive 
species within a molecular sieve network. Much re- 
search has recently been produced that focuses on the 
intemal/exted trapping of the organometallic as well 
as its interactions with the lattice, resulting in some 
novel applications of these systems. 

(I) Novel Anchoring Mechanisms 

Reaction of planar bis(dithi0phosphato)nickel com- 
plexes with NaX or noncalcined Na(NH,)Y resulta in 
the irreversible adsorption of the species!' The same 
complexes are not adsorbed into HiSil233 silica gel. 
Internal confinement of the organometallics is con- 
firmed by several observations. Sizeexclusion studies 

. .  

Figure 15. Propased intrazeolite anchoring seheme for bis~dialkyl 
dithiophosphato)nickel(m. Reprinted f" ref 61; mWright 198.3 
American Chemical Society 

with NaA zeolite indicate only trace adsorption of the 
nickel species. This is consistent with the small pore 
diameter of the A zeolite, which prevents entry of the 
large complex. X-ray diffraction indicates an increase 
in the unit cell size and shows large losses of signal 
intensity in reflections that are influenced by intracage 
perturbations. Both observations are consistent with 
an encaged complex interacting with the lattice. Re- 
action of this system with 1 N NaOH at 90 "C strips 
most of the nickel from the zeolite, and the X-ray pa- 
rameters return to their normal values. Finally, an 
upper limit of 1.59% nickel is adsorbed by NaX when 
the Nkzeolite ratio is varied, corresponding to 0.5 nickel 
atom per supercage. Only enough complex is adsorbed 
to fill the zeolite pores. If the complex were externally 
held, continuous adsorption would be expected to some 
large upper limit. 

Interaction of the complex with zeolite Bronsted acid 
sites is discounted since little alcohol production from 
the anchoring reaction is observed by gas chromatog- 
raphy: 
ZOH + [(R0)2PS2]zNi - 

ZOP(OR)S,N~[(RO)ZPS,] + ROH 

A more likely interaction is thought to occur with basic 
A10, sites through a phosphonium-like intermediate 
(Figure 15). FTIR diffuse reflectance ratio spectra 
show differences in the regions assignable to P-S and 
P-0 stretching modes. A band at  886 cm-' can be 
reasonably assigned to a P-0-T (T = Si or AI) 
stretching vibration, which is consistent with the pro- 
posed anchoring linkage. Although the intrazeolite 
complex exhibits increased thermal stability, it is 
deactivated toward adduct formation with, for example, 
primary amines. Nonetheless this demonstrates a novel 
internal anchoring mechanism and shows several 
methods for locating the organometallic compound. 

The anchoring and catalytic potential of intrazeolite 
organometallics is demonstrated by Schwartz's tris(r- 
allyl)rhodium.6z Reaction of this complex with a par- 
tially proton-exchanged NaX zeolite leads to the loss 
of one propylene group, determined by GC/MS, leaving 
the bis(r-ally1)rhodium fragment bonded to a lattice 
oxygen through the metal center (Figure 16a, Scheme 
3). Hydrogen treatment results in the formation of the 
allyl hydride, which shows high catalytic activity for 
olefin hydrogenation. Unlike the silica-supported 
analogue, the zeolite system shows size/shape selectivity 
for the substrate. This is attributed to the molecular 
discriminating nature of the zeolite lattice (Figure 16b) 
and indicates the catalytic species is intemally confiied 
(Scheme 1). Although a linear uptake of Hz was ob- 



1760 Chemical Reviews, 1989, Vol. 89, No. 8 

a) 

Ozin and Gil 

2 5 

HCI C3Hi 

/ H  /cI H2 -HCl 
;Z-X:-ORh - [Z-X;-ORh 

I ‘H \H 
3 4 

4 ,  L2-X; =zeolite; [z-X;-OH = hydroxyl group inslde the 
supercage 

b) 

0 2 4 6 8 
Time ( m i n . )  

c) I 1 

Time (min . )  

Figure 16. Intrazeolite Rh(allyl)3: (a) Anchoring mechanism and 
chemical reactivity; (b) rate of hydrogenation of olefiis catalyzed 
by (Z-X)-ORh(ally1)H; (c) hydrogenation of l-butene by (Z- 
X)-ORh(ally1)H followed by sequential additions of PBu3 and 
PMeV Reprinted from ref 62; copyright 1982 American Chemical 
Society. 

served for all olefins studied, the rates of hydrogenation 
of substrates lkrger than cyclohexene were negligible. 
These larger molecules are unable to pass through the 
zeolite channels to the catalytically reactive center. 
Shape selectivity is observed in the rapid hydrogenation 
of benzene compared to the slow reaction of toluene 
under identical conditions. To further prove the con- 
tention of an internal complex, selective poisoning ex- 
periments with phosphines of varying sizes were carried 
out (Figure 16c, Scheme 1). Addition of PBu, to the 
reaction mixture does not significantly alter the rate of 
hydrogenation of l-butene. However, addition of the 
much smaller PMe, causes the rate to drop almost im- 
mediately to zero. This phosphine is able to penetrate 
the zeolite pores and coordinate with the complex, 
thereby poisoning it to further catalysis. The larger 

Figure 17. Intrazeolite trapping schemes envisaged for Cp,Cr. 
Reprinted from ref 64, copyright 1989 American Chemical Society. 

PBu, is unable to enter the pores and so has no effect 
on the hydrogenation rate. In a following study using 
competitive hydrogenation of cyclopentene and 3- or 
4-methylcyclohexene, a greater selectivity in the hy- 
drogenation of olefins is observed for zeolites that are 
ion exchanged with rhodium cations than for the 
Schwartz system.63 Selectivity requires poisoning of 
external metal sites with bulky phosphines and varies 
with the zeolite used as well as its water content. 
Nonetheless, Schwartz’s approach may provide a gen- 
eral method for incorporating organometallic complexes 
into the supercages of X and Y zeolites. In addition, 
mild activation procedures minimize degradation of the 
catalytic species and avoid the metal clustering/sin- 
tering problems encountered in previous work. 

(11) Metallocenes 

Metallocenes are easily exchanged into zeolites and 
conveniently studied by a variety of spectroscopic 
techniques. Unique interactions with the zeolite lattice 
have been observed. Godber and Ozin have used these 
sandwich compounds and their derivatives to investi- 
gate internal versus external confinement of the guest 
molecule and the homogeneity of i m p r e g n a t i ~ n . ~ ~ ? ~ ~  
Using optical reflectance, vibrational and paramagnetic 
resonance spectroscopies, Godber and Ozin have ob- 
served both ferrocene and chromocene to readily diffuse 
into large-pore zeolites. 

With Cp2Cr as an EPR spin probe the external/in- 
ternal confinement of the guest can be investigated with 
a size-exclusion experiment. The dimensions of this 
molecule are such that it can enter the pores of X and 
Y zeolites but is precluded from entering the A zeolites. 
Following solution-phase impregnation of Cp2Cr into 
several zeolites, EPR spectra show distinct differences. 
In 2-methyltetrahydrofurar1, at 100-120 K, chromocene 
exhibits an EPR spectrum indicative of a distorted 
molecule with a triplet ground state: g, = 2.012; gll = 
1.988. On NaA only very weak EPR resonances are 
observed which are attributed to residual externally 
confined Cp2Cr. In Na,Y, Cp2Cr displays a tempera- 
ture-dependent EPR spectrum. At room temperature 
a spectrum characteristic of a rhombic distortion from 
pseudoaxial symmetry is obtained (gL = 2.160; g,, = 
2.058) which is associated with the triplet ground state. 
A t  123 K a parallel-like feature with gll = 4.001-4.026 
appears concomitant with a shift of the high-field res- 
onances to g ,  = 2.252 and gll = 2.063. The new signal 
is associated with the doublet ground state of Cp,Cr 
made available by the increased distortion imposed by 
the zeolite lattice. This indicates that the complex is 
immobilized in the supercage of NaY in a distorted 



Intrazeoliie Complexes Chemical Reviews, 1989, Vol. 89, No. 8 1761 

too 

- 
h 60 
P 0 - 
\ - -40 
h 
" 
Y 

20 

T I M E  l i e c i  
ob ' IbO ' 210 ' $0 ' do " 

T I M E  l r e c )  

Figure 18. (I) Normalized absorbance plots of the impregnation 
rates of (A) Cp*zFe/NaseY(D), (B) CpzFe/NassY, (C) CP&?/HMY, 
(D) Cp&/ [HPMe3leY, (E) Cp,Fe/NaY(D), (F) Cp,Fe/HBY, (GI 
Cpb,Fe/HBY, (H) Cp2Fe/SiO2-500, and (I) Cp,Fe/Ca%Y (where 
NamY(D) refers to a defect removed sodium Y zeolite that  has 
been rigorously dehydrated/calcined and CH3Li treated). (11) 
Normalized absorbance plots of the impregnation rate of an 
equimolar mixture of Cp*,Fe/CpZFe/Hl6Y. Reprinted from ref 
64; copyright 1989 American Chemical Society. 

configuration induced by either cation or framework 
oxygen atoms (Figure 17, Scheme 1). In H48Na8Y 
chromocene is oxidized and anchored as Cp2Cr+ as seen 
by diagnostic changes in the EPR spectra. Clearly, the 
metallocene is unhindered from entering zeolites with 
window dimensions large enough to admit it (Schemes 
1 and 3).27964 

The diffusion of ferrocene from pentane solution into 
several dehydrated zeolites was followed by quantitative 
UV-vis spectroscopy.27@ The change in concentration 
of the organometallic in solution as a function of time 
indicates that within 3 min >90% of the compound is 
adsorbed into the zeolite (Figure 18). This is consistent 
with its unconstrained diffusion into the zeolite pores. 
I t  should be noted that Cp2Fe is excluded from non- 
dehydrated or partially dehydrated NaY due to pore 
blocking by water molecules. Conversely, the larger 
Cp*,Fe is size excluded from entering the faujasite 
lattice. The small uptake of Cp*ge corresponds to that 
restricted to the outer surface of the zeolite. This is 
consistent with the amount of Cp2Fe adsorbed from 
solution onto Si02 dehydrated at 500 OC. In addition, 
competitive diffusion between an equimolar mixture of 
Cp2Fe and Cp*,Fe into NaY suggests that Cp2Fe readily 
diffuses into the zeolite while the bulkier compound 
remains largely in solution. 

Ferrocene uptake by acid zeolites provides a means 
of probing the homogeneity of the organometallic dis- 
tribution within the zeolite  crystal^.^ In NaY ferrocene 
exhibits a low symmetry distortion, similar to chro- 
mocene, as indicated by the appearance of Raman-ac- 
tive modes in the mid-IR. In acid zeolites oxidation 
occurs to Cp2Fe+, also similar to the chromocene system 
(Scheme 3). This is readily observed in the optical 
reflectance and EPR spectra of ferrocene. After im- 
pregnation into H48Na8Y only bands attributable to 
ferricinium are observed, with a complete absence of 
ferrocene absorptions. Oxidation of Cp2Fe to Cp2Fe+ 
in HY occurs concurrently with a loss of a-cage hy- 
droxyl groups. These protons are homogeneously dis- 
tributed throughout the zeolite lattice. The complete 
uptake of known amounts of these protons upon ex- 
posure to stoichiometric quantities of the organo- 
metallic is indicative of an even distribution of the 
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Figure 19. (a) In situ mid-IR spectra of (A) vacuum thermally 
dehydrated zeolite Y and (B) the outcome of impregnation by 
gaseous Cp2Fe. (b) In situ mid-IR spectra of (A) vacuum thermally 
dehydrated HzeD28Y and (B) the outcome of impregnation by 
gaseous Cp,Fe. (c) In situ mid-IR spectra of (A) vacuum thermally 
dehydrated C S ~ ~ H ~ Y  and (B) the outcome of impregnation by 
gaseous Cp,Fe. (d) In situ mid-IR spectra of (A) thermally de- 
hydrated HEY and (B) the outcome of impregnation by gaseous 
Cp,Fe. The asterisk denotes a small concentration of OH groups 
on the external surface of the zeolite crystals. Reprinted from 
ref 64; copyright 1989 American Chemical Society. 

complex throughout the zeolite crystals (Figure 19). 
The mechanism of this process has been extensively 
studied by using isotopically H/D-labeled zeolites. The 
results indicate a-cage Brransted acid site-specific 
electron transfer, redox-induced H atom/lattice OH 
radical production of H20, and concurrent production 
of Cp2M+ with three-coordinate A1 and Si framework 
radical centers.64 

Thermal treatment of [Cp,Fe]+ZY has recently been 
demonstrated to lead to the zeolite-anchored half- 
sandwich complex [CpFe]+Z-Y ,41 comparable to the 
reaction that anchors a [CpFe]+ fragment into zeolite 
cages upon thermal decomposition of [CpFe(CO)2]2 in 
acid zeolite Y.41 These studies illustrate that organo- 
metallic iron compounds are well suited for anchoring 
organoiron fragments to specific binding sites in mo- 
lecular sieve supports by establishing a stable bond to 
the ring-shaped oxygen coordination sites in the cage 
system. 

The cationic sandwich complexes can be formed 
within the zeolite pores or simply exchanged for 
charge-balancing cations. Controlled O2 oxidation of 
intrazeolite Cp2Cr leads to spatially and charge-sepa- 
rated cation/anion pairs, Cp2Cr+/02- (Figure 20).64 
Aqueous ion exchange of Cp2Co+ into KY, Cay, and 
LaY shows a high level of exchange, 1 Cp2Co+/unit cell 
in KY and up to 4/unit cell in CaY and The 
resonance Raman spectra of the intrazeolite metallocene 
are of better quality than those in solution. In the 
mid-IR the C-H stretching mode of the Cp ring shifts 
to lower frequency. The metal-ring stretch and ring 
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Figure 20. Intrazeolite oxidation of Cp&r resulting in spatially 
and charge-separated cation/anion pairs, Cp,Cr+/O,. Reprinted 
from ref 64; copyright 1989 American Chemical Society. 

l3c - CPMAS Nhm 

kj i + Gd3' (inside) 

+Cr(acac), (outside) 1 

I , I , I .  

m 100 0 
PPM 

Figure 21. '% CPMAS NMR of linked [R~(bpy),]~+-viologen~+ 
(a) in zeolite L (b) + Gd9+ (inside) (c) + Cr(acac), (outside).gs 

breathing modes also become weaker down the series 
KY > CaY > Lay. Increased polarization within the 
zeolite makes the intrazeolite water molecules better 
H-bond acceptors from the Cp ring. This leads to a 
higher positive charge on the metal and excess negative 
charge on the ring. Upon dehydration the ring 
breathing mode red shifts, approaching 983 cm-', the 
value for the free cyclopentadienyl anion. 

(Il l)  Molecular Microstructures 

Recently, zeolites have been used to create supra- 
molecular organized assemblies of redox-active guests. 
Redox-active species can be preferentially located both 
internally and externally by using large-pore zeolites. 
Although physically separated, the molecules are still 
in close enough proximity to, for example, act as elec- 
tron relays. 

The ability to preferentially locate some molecules 
intrazeolitically while anchoring others on the external 
surface is demonstrated by using a linked [Ru- 
(bpy)3]2+-viologen2+ complex with 13C labels a t  either 
end and 13C CPMAS NMR as a diagnostic probe66 
(Scheme 1). This complex was exchanged into a par- 
tially dehydrated zeolite L to a concentration of 1 X lo+ 
mol/g. Peaks were observed at +10 and +50 ppm due 
to the labeled methyl groups on the 2,2'-bipyridine 
group and on the quaternary nitrogen atom of the 
viologen group respectively (Figure 21). Following this 
impregnation excess Cr(acac)3 was adsorbed onto the 
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Figure 22. (a) Perspective view of (a) zeolite L showing the 
one-dimensional channel circumscribed by 12-membered rin s 
and (b) the zeolite L main channel and ZnTMPyP'+ and M& 
ions. (b) Scheme outlining the photochemical production of 
hydrogen from water. Reprinted from ref 69; copyright 1987 
American Chemical Society. 

zeolite. This paramagnetic complex is substitution inert 
and too large to enter the pores of the zeolite and so can 
be expected to reside only on the outer surface. In 
Figure 21b it can be seen that a rapid relaxation of the 
upfield spins occurs while the downfield carbons are 
occluded by the zeolite and are not affected. Finally, 
the complex was exchanged into a zeolite already pre- 
viously exchanged with Gd3+ which localizes on the 
inner surface. Attenuation of the peak due to the 
viologen group occws while the other peak is unaffected 
(Figure 21c). The cation is only able to interact with 
this part of the complex. It can be concluded that half 
the molecule, the viologen end, resides in the zeolite 
while the larger [Ru(bpy)J2+ resides outside the zeolite 
(Scheme 1). 

Exchange of the cobalt and iron metallocene cations, 
M(CPR)~+ or M(Cp)(CpR)+, into NaY zeolites yields 
concentrations of (1-2) X mol/g of zeolite as de- 
termined by differences in the UV-vis spectra of the 
solutions before and after the exchange rea~tion.~' 
Larger, substitution inert, [ R u ( b p ~ ) ~ J ~ +  or [0s(bpy),l2+ 
can be similarly adsorbed onto the outer surfaces of 
these same zeolites. Concentrations of about (2-3) X 
lo4 mol/g of zeolite are consistent with only surface 
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adsorption. Zeolites treated in this manner have been 
attached to Sn02 electrodes using polystyrene films. 
Energy-dispersive X-ray emission spectra clearly show 
the presence of a cobalt metallocene species in the 
zeolite part of the film near the Sn02 surface but not 
in the polystyrene overlayer. The rate of charge transfer 
between the entrapped metallocene and the electrode 
was found to increase by adsorbing the [ M ( b ~ y ) ~ ] ~ +  
cations onto the outer surface of the zeolite. Oxidation 
and reduction of the metallocene are easy if the po- 
tentials of the surface and trapped species are similar. 
The mechanism likely involves rapid electron transfer 
between the surface-confined coordination complexes 
and the intrazeolite metallocenes; for example, the 
cathodic process can be represented as 

[ R U ( I ~ Y ) ~ ~ ( S U ~ ~ )  + e-(electrode) ---c [~~(bp~)d+(surt)  

t + 
IRu(bp~)3f+(surl) + ICo(CpCH3)d(bulk) + [Co(CpCH3)d'(bW 

Methylviologen cations can be exchanged into the 
bulk of zeolite Y while metalloporphyrin cations are 
exchanged onto the outer surface.68 X-ray photoelec- 
tron and Auger electron spectroscopies were used to 
determine the location of the cations. Zeolite powders 
were exchanged with (1) 5 X lo4 mol of cobalt tetra- 
kis(N-methyl-4-pyridy1)porphyrin chloride (CoTMP- 
yP4+) and 1.9 X 10"' mol of N-methyl-"-propane- 
sulfonato-4,4'-bipyridinium iodide (MPVS+)/g of zeolite 
and (2) just 1.9 X lo4 mol of MPVS+/g of zeolite. For 
both samples a peak for sulfur was detected by XPS 
but not by AES. The difference may arise because the 
photoelectron escape depth is greater in the XPS ex- 
periment than in the AES experiment. These results 
indicate that with or without adsorbed metallo- 
porphyrin cations the viologen cations lie near but not 
on the outer surface of the zeolite particles. The 13C 
NMR spectrum of a D20 suspension of a zeolite ex- 
changed with methylviologen (A"?-+) and ZnTMPyP4+ 
yields four resonances that can be assigned to bound 
MV+. The 500-H~ line width of these bands indicates 
that the A"?-+ cations are not in solution but are inside 
the zeolite where they undergo hindered rotation. The 
concentration of surface-bound ZnTMPyP4+ was below 
the detection limit of the NMR experiment. Electrodes 
coated with zeolites exchanged in this manner exhibit 
current rectification and charge-trapping reactions. 

A similar array of molecules in and on zeolite L leads 
to an electron relay system capable of photochemically 
generating hydrogen from water.69 The Na+ cations 
within the one-dimensional channel of this zeolite are 
initially exchanged with Pt(acac)P, which is reduced to 
platinum particles on the internal surface of the zeolite, 
as discussed earlier. Methylviologen (MV2+) is then 
incorporated into the channels by ion exchange. Zinc 
tetrakis(N-methyl-4-pyridy1)porphyrin ( [ ZnTMPyPI4+) 
is too large to enter the zeolite channels but it is 
strongly adsorbed on the outer surface.e8 Desorption 
of the porphyrin cations requires repeated back-ex- 
change with saturated KCl or NaCl solutions. Loadings 
are consistent with 2-3 monolayer coverage of the 
zeolite surface. When this assembly is equilibrated with 
a 2.0 X M EDTA solution at pH 4.0 and washed 
repeatedly, 2.5 X lo4 mol of EDTA is adsorbed per 
gram of zeolite. The trimolecular system generated at 
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the solution/zeolite interface under these conditions, 
EDTA-porphyrin-MV2+, is an effective electron- 
transport chain that photochemically evolves hydrogen 
from water. The fluorescence decays are consistent with 
singlet-state electron-transfer quenching of 
[ZnTMPyPI4+ by methylviologen. 

F. Summary 

Organometallic compounds and coordination com- 
plexes can be quantitatively located within the a-cages 
or channels of large-pore zeolites by either direct means 
or intrazeolite synthesis. Internal entrapment of the 
species is confirmed by using several methods: EPR 
changes induced by intrazeolite perturbations (Cp2Cr), 
shifts of far-IR zeolite cation modes (Co2(C0),), cat- 
ion-induced mid-IR shifts of ligand modes ( c ~ I r ( C 0 ) ~  
and Ni(C0)4), EPR spin-exchange relaxation effects by 
slurrying with a DPPH spin probe (paramagnetic bi- 
pyridine complexes), STEM, XPS surface-sensitive 
probes (phthalocyanines), size-dependent chemical re- 
action (phosphines with C O ~ ( C O ) ~ ~ ) ,  intrazeolite cata- 
lytic poisoning reactions (phosphine effect on olefin 
hydrogenation by ZORh(allyl)a, selective intrazeolite 
catalytic reactions (butadiene hydrogenation by 
ZOMO(CO)~), and 13C CPMAS NMR relaxation probes 
(linked [R~(bpy)~]~+-viologen~', external Cr(acad3 and 
internal Gd3+). 

By judicious selection of the size, shape, and charge 
of organometallics and coordination complexes, these 
reagents can also be targeted to, and anchored on, the 
external regions of the zeolite (supramolecular organized 
assemblies of redox-active guests). 

The homogeneity of a zeolite impregnation reaction 
is a question not as fully explored. The fast and ho- 
mogeneous uptake of Br~nsted acid functionalities by 
ferrocene in acid zeolites demonstrates this process. It 
can be assumed that similar types of molecules will also 
diffuse and locate uniformly. An even distribution of 
cationic guests can be assumed based on the require- 
ment of charge balancing by the zeolite lattice. How- 
ever, the distribution of sterically demanding guests still 
requires some scrutiny. 

The field of intrazeolite organometallics is rapidly 
expanding. The applications of these systems have 
been only slightly touced upon in this article, namely, 
gas separation, electron-transport relays, and shape- 
selective catalysis. The ability to locate these com- 
pounds either inside or outside the zeolite lattice has 
been an important consideration in the intentional 
design and construction of these systems. The potential 
that many of these systems display in a wide range of 
applications clearly provides considerable incentive for 
further work.60b-74 
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