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I. INTRODUCTION

Being inspired by and having realized the complexity of natural systems, chemists have
utilized a number of organized/confined media to study the photochemical and photo-
physical behavior of guest molecules (1–3). Examples of organized media in which the
guest molecules behavior has been investigated include molecular crystals, inclusion
complexes (both in the solid and solution states), liquid crystals, micelles and related
assemblies, monolayers, Langmuir-Blodgett films and surfaces, and natural systems such
as DNA. In this chapter an overview of the activities in our laboratory, utilizing zeolite
as a medium for photochemical and photophysical studies, is presented. No attempt is
made to provide a comprehensive review of activities in this area.

II. STRUCTURE AND PROPERTIES OF THE MEDIUM: ZEOLITES

A. Structure

Most of our studies have utilized faujasites and pentasils as the media. Therefore, we focus
our discussion only to those zeolites. Zeolites in general may be regarded as open structures
of silica in which aluminum has been substituted in a well-defined fraction of the
tetrahedral sites (4–8). The frameworks thus obtained contain pores, channels, and cages
of different dimensions and shapes. The substitution of trivalent aluminum ions for a
fraction of the tetravalent silicon ions at lattice positions results in a network that bears a
net negative charge that is compensated by positively charged counterions. The topological
structure of X- and Y-type zeolites (faujasites) consists of an interconnected three-dimen-
sional network of relatively large spherical cavities, termed supercages (diameter of about
13.4 Å; Fig. 1). Each supercage is connected tetrahedrally to four other supercages through
7.6-Å windows or pores. Charge-compensating cations present in the internal structure of
X and Y zeolites are known to occupy three different positions; the first type (site I), with
16 cations per unit cell (both X and Y), is located on the hexagonal prism faces between the
sodalite units. The second type (site II), with 32 per unit cell (both X and Y), is located in
the open hexagonal faces. The third type (site III), with 38 per unit cell in the case of X type
and only 8 per unit cell in the case of Y type, is located on the walls of the larger cavity.
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Only cations at sites II and III are expected to be readily accessible to the organic molecule
adsorbed within a supercage. Charge-compensating cations are exchangeable, and such an
exchange brings along with it a variation in a number of physical characteristics such as
electrostatic potential and electric field within the cage, the spin-orbit coupling parameter,
and the vacant space available for the guest within the supercage.

Pentasil zeolites (ZSM-5 and ZSM-11) also have three-dimensional pore structures
(Fig. 1); a major difference between the pentasil pore structures and the faujasites
described above is the fact that the pentasil pores do not link cage structures as such.
Instead, the pentasils are composed of two intersecting channel systems. For ZSM-5, one
system consists of straight channels with a free diameter of about 5.4 � 5.6 Å and the other
consists of sinusoidal channels with a free diameter of about 5.1 � 5.5 Å. For ZSM-11,
both are straight channels with dimensions of about 5.3 � 5.4 Å. The volume at the
intersections of these channels is estimated to be 370 Å3 for a free diameter of about 8.9 Å.

B. Zeolite as a Reaction Cavity: Characteristics

One is accustomed to carrying out reactions in large reaction vessels that are dispropor-
tionately larger than the size of a molecule. However, when the size of the reaction vessel is
nearly the same as that of the reactant molecule, one will have to consider factors that
might normally be ignored. While a photochemical macromolecular reactor, such as a
quartz cuvette, should play no role on the photochemical events occurring on the substrate
of interest, a molecular-size enclosure would be capable of influencing the reactivity of the
substrate. Zeolites similar to glasses and quartz vessels are made up of silica and alumina;
therefore, generally one should be able to excite an organic molecule without perturbing
the electronic structure of the zeolite.

Reactions taking place within a zeolite can be envisioned to occur within an enclosed
space called a ‘reaction cavity’ (9,10). The term ‘‘reaction cavity’’ was originally used by
Cohen to describe reactions in crystals (11). He identified the reaction cavity as the space
occupied by the reacting partners in crystals and used this model to provide a deeper
understanding of the topochemical control of their reactions. According to this model,
selectivity seen for reactions in crystals arises due to lattice restraints on the motions of the

Fig. 1 Structures of zeolites: ZSM-5 and faujasites (X and Y). Position of cations in X and Y
zeolites shown as type I, II, and III.
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atoms in reactant molecules in the reaction cavity. In other words, severe distortion of the
reaction cavity will not be tolerated, and only reactions that proceed without much
distortion of the cavity are allowed in a crystal (Fig. 2). Crystals possess time-independent
structures; the atoms that form the walls of the reaction cavity are fairly rigid and exhibit
only limited motions (e.g., lattice vibrational modes) during the time periods necessary to
convert excited state molecules to their photoproducts. Therefore, in the Cohen model, the
space required to accommodate the displacement of reactant atoms from their original
positions during a chemical reaction must be built largely into the reaction cavity. Packing
of polyatomic molecules in crystals leaves some distances between neighboring nonbonded
atoms greater than the sum of their van der Waals radii. This creates a certain amount of
free volume, which may be so disposed as to allow the atomic motions required to effect a
reaction. In the usual case, a reaction product will also place some stress on the host
crystal as is evidenced by the fact that crystals such as those studied by Schmidt and Cohen
are usually reduced to powders as the reaction progresses.

Can we extend the above reaction cavity concept, which emphasizes the shape
changes that occur as the reactant guest transforms itself to the product, to understand
and predict the photobehavior of guest molecules included in a zeolite? We believe that
such an extension should be possible with some limitations. The concept of reaction cavity
will serve well as a vehicle for discussion of results obtained in media in which organized
structures of hosts have significant effects on the photochemical response to excitation of
guests. A reaction cavity is defined in terms of the factors such as ‘‘hard’’ and ‘‘soft’’ and
‘‘active’’ and ‘‘passive’’ and ‘‘free volume.’’ The concept of free volume is introduced into
the reaction cavity model to accommodate the shape changes that occur as the reactants
transform themselves to products. For example, the shape and the free volume of the
supercage within X and Y zeolites will decide to some extent the nature of the product that

Fig. 2 The reaction cavity of a favorable (I) and unfavorable reaction (II) in an organized medium.
Large shape change in II is resisted by the medium.
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is obtained from a guest molecule. The volume available for an organic molecule in a
supercage depends on the number and nature of the cation. As the calculated supercage
volumes given in Table 1 show, the available volume for a guest decreases as the cation size
increases from Li+ to Cs+ (12). Since surfaces of zeolites possess time-independent
structures like crystalline materials, the free volume needed to accommodate shape
changes that occur during the course of a reaction must be present intrinsically within
the fixed structure. Reaction cavities of such media possess ‘‘hard’’ walls. Therefore, it
becomes very important to choose a proper zeolite (with adequate free volume) to steer a
reaction toward a particular product.

The above model leads one to conclude that ‘‘guests in hosts’’ are similar to balls in
boxes. But this analogy is very deficient. In addition to being hard or soft, cavity walls
must be characterized as active or passive. A zeolite reaction cavity has been characterized
as active. When the interaction between a guest molecule and the cavity is attractive or
repulsive, the cavity is termed active and when there is no significant interaction it is
considered passive. Interactions may vary from weak van der Waal’s forces, to hydrogen
bonds, to strong electrostatic forces between charged centers. Zeolite surfaces possess
acidic silanol groups that may chemically interact with an adsorbed molecule. Further-
more, zeolite surfaces contain a large number of cations that can interact electrostatically
with guests. Thus, the cation–guest interactions are expected to play a very significant role
in controlling the fate of an excited molecule. Factors that determine the photochemical
processes of a guest in a confined space include structural aspects of both the guest and
the host zeolite and the nature of chemical and physical interactions between the two.

III. INTERNAL PROPERTIES OF ZEOLITES THAT ARE RELEVANT
TO PHOTOCHEMISTS

A. Micropolarity and Electric Field

In dehydrated X and Y zeolites many, if not all, cations are located near the inner surface
of supercages. As mentioned in an earlier section, both sites II and III cations are present
in supercages and are shielded only on one side, with the side exposed to the center of the
supercage being unshielded. Consequently, these partially unshielded cations create a very

Table 1 Cation Dependence of Supercage Free Volume in MY
Zeolites

Cation Ionic radius of
Vacant spaceb in the supercage (Å3)

(M+) the cation (Å)a Y zeolite X zeolite

Li 0.6 834 873
Na 0.95 827 852
K 1.33 807 800

Rb 1.48 796 770
Cs 1.69 781 732

a RJ Ward. J Catal, 10:34, 1968.
b Calculations of polyhedral volumes were performed using a modification

of the POLYVOL Program [D Swanson, R C Peterson. The Canadian

Mineralogist, 1980, 18(2), 153; D K Swanson, R C Peterson. POLYVOL

Program Documentation, Virginia Polytechnic Institute, Blacksburg,

VA] assuming the radius of the TO2 unit to be 2.08 Å (equivalent to

that of quartz).
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large electric fields extending into the supercage. The fields generated by these cations have
been theoretically estimated for a number of alkali and alkali earth cations and are
summarized in Table 2. General conclusions from these studies are as follows: (a) The
electric field of a cation at site III is several times stronger than that of the same cation at
site II. (b) Within the same row, divalent cations exhibit higher field than monovalent
cations. (c) For a fixed distance from a given cation, the average field increases with the
silicon/aluminum ratio. For example, cations in zeolite Y show higher field than in zeolite
X. The above qualitative arguments lead one to following conclusions: (a) zeolite super-
cage can polarize the included guest molecule and thus distort the electron density of a
guest molecule; (b) heterolytic bond cleavage leading to formation of ions and electron
transfer leading to ions will easily occur within a zeolite; (c) divalent cations generate
higher field than monovalent cations; (d) smaller cations with lower atomic number
(within the same group) generate higher field. Thus, one would expect organic molecules
to be polarized more readily in NaY than in CsY, and more easily in CaY than in NaY.

Generally, organic chemists are not used to describing a medium in terms of its field.
A term that is close to field is polarity, although they may not be synonymous. In a
qualitative sense the changes caused by the local fields described above are similar to those
observed when the molecule is dissolved in a polar solvent. But there is a difference. In
solvents the dipole and quadrapole generated by solvent molecules fluctuate whereas in a
zeolite these are stationary. A number of organic probes have been used to measure the
micropolarity of a supercage.

During the last decade several attempts have been made to estimate the micro-
polarity of a zeolite interior. The earliest such study due to Baretz and Turro utilized
pyrene aldehyde as the probe (13). Although this investigation was complicated by excimer
formation due to high loading levels, supercages were inferred to be polar. Yoon and
Kochi, based on the estimated reduction potential of dioxygen in a zeolite supercage and
on the charge transfer absorbance of MV2+ (I�) complex within a supercage, concluded
that the polarity in supercages of methylviologen (MV2+)-exchanged NaY zeolite is
comparable to that of 50% aqueous acetonitrile (14). Dutta and Turbeville have suggested
on the basis of the absorption behavior of salicylidenes, probes sensitive to hydrogen
bonding media, that supercages of NaX and NaY zeolites exhibit polarity similar to that
of polar hydroxylic solvents (15). Iu and Thomas using pyrene as the probe have reported
that the supercages of X and Y zeolites are polar (16). Our group, in addition to
confirming the above observations, provided information on the micropolarity of the
supercage of a number of alkali cation exchanged X and Y zeolites (17). Our studies
indicated that the supercages of Li+, Na+, and K+ X and Y zeolites have polarities

Table 2 Field Variation as a Function of Cation and Si/Al Ratioa

Field at indicated distance from Field at indicated distance

Cation;
site II cation (V/Å) from site III cation

Si/Al 1 Å 1.75 Å 2.5 Å 1 Å 1.75 Å 2.5 Å

Na, 1.0 1.8 0.43 0.096 3.07 1.11 0.43

Na, 1.4 2.3 0.98 0.6 3.45 1.61 0.88
Ca, 1.0 6.09 2.68 1.34
Ca, 1.4 6.41 3.04 1.63

a Adapted from E Dempsey. Molecular Sieves. Society of Chemical Industry, London, 1968,

p 293.
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somewhere between that of water and methanol and that of Rb+ and Cs+ X and Y are
less polar. A report coming from the group of Bhattachrayya concluded that Na+ X
zeolites are more polar than Na+ Y zeolites and the polarity of these two zeolites are
similar to that of aqueous methanol mixture (18). Although all the above studies generally
agree on the polar nature of zeolite, interior variations in zeolite preparation in these
studies are reflected in the measured polarity. It has been reported that at atmospheric
pressure water adsorbed within LiY, NaY, KY, RbY, and CsY can be completely
removed only at 550jC, 370jC, 360jC, 220jC, and 210jC, respectively. In our experience
water can be removed by either activating the zeolite at 500jC at atmospheric pressure or
heating at f120jC in conjunction with evacuation at lower pressure (10�4 torr). Many of
the reported polarities are for zeolites containing different amounts of water. In addition,
the conclusion that X zeolites are more polar than Y zeolites is not consistent with the
general belief that the X zeolites possess less electric field than Y zeolites. If, in fact, electric
field and micropolarity are manifestations of the presence of cations within a zeolite, one
would expect Y zeolite to be more polar than X zeolite.

Recently, we have employed Nile red (Scheme 1) as a polarity probe for zeolite
interior (20). This dye has been well established to be a good polarity probe and
correlations between the polarity parameter such as E(T)30 and the absorption maxima
have been published. The absorption and emission maxima and excited singlet lifetime
of Nile red depend on the polarity. As shown in Table 3, the emission maxima in zeolites
are independent of the cation, suggesting that polarity of the zeolite interior is in a range
in which the emission maximum of Nile red is not sensitive to polarity. On the other hand,
the absorption maximum of Nile red shows a dependence on the cation and water content.
A comparison of the absorption maxima observed in zeolite with those in various solvents
clearly shows that with Nile red as a probe all monovalent cation–exchanged dry Y
zeolites investigated in this study are more polar than water (ET(30) water = 63.1). For
example, the reported absorption maximum in aqueous solution (593 nm) is at a shorter
wavelength than the ones observed in M+ Y zeolites (602–623 nm). Based on the
established relationship between ET(30) and absorption maxima of Nile red in various
solvents, we can narrow the polarity values (ET(30)) for the cation-exchanged zeolites to be
between 68 (Cs+) and 78 (Li+). Clearly the alkali cation-exchanged Y zeolites are more
polar than water and the polarity depends on the cation (unlike in the case of wet zeolites).

As per Nile red the polarity of X zeolites is slightly lower than Y zeolites. This
becomes apparent when the absorption maxima are compared for the same cation-
exchanged X and Y zeolites. The spread in the absorption values in X zeolites (606–
619 nm) is smaller than in Y zeolites (602–623 nm). The conclusion that Y zeolites are
more polar than the corresponding X zeolites is consistent with theoretical calculations
which suggest that the electric field in a Y zeolite is larger than in a X zeolite.

Scheme 1
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The contribution of the cation to the polarity is much higher in the absence than in
the presence of water. The absorption maxima (596–600 nm in Y zeolites and 585–600 nm
in X zeolites) in wet zeolites are very similar to that in water (593 nm). This suggests that
the polarity of a wet zeolite is essentially that of water (or salt solution). Under wet
conditions the contribution of a cation toward micropolarity is much less than in a dry
zeolite. The water molecules by coordinating to cations effectively shield the probe from
the electrostatic field effects due to the cation.

The changes observed with coadsorbed solvents can also be understood on the basis
of interaction between the cation and the solvent molecules. In the presence of polar
solvents such as methanol, tetrahydrofuran, and acetonitrile, the probes sense a lesser
polarity. Although this is somewhat puzzling, it can be rationalized on the basis that the
solvent molecules such as methanol, tetrahydrofuran, and acetonitrile coordinate to the
charge-balancing cations (Na+). Such a complexation shields the probe molecule from
interacting with the cations. We believe that if the solvent molecule can provide a better
coordination with the cations than that of the probe molecule the latter will be pushed
away from the cations. On the other hand, in the presence of nonpolar solvents the probe
molecules move closer to the cations and thus sense higher polarity.

Micropolarity reported by organic probes is only an average number and may not be
an accurate representation of the polarity of the supercage. Due to nonuniform distribu-
tion of probe molecules within zeolites (see below) a distribution in micropolarity would
be expected. Micropolarity of the environment monitored by the probe is expected to be
dependent on the distance between the cations and the probe as the electric field generated
by cation, which is the major cause of the micropolarity, is expected to vary with distance
(from cations) within zeolites. Therefore, one should view the knowledge gained through
organic probes only as an approximate measure.

B. Brønsted and Lewis Acidity and Basicity

The molecular formula as written for X and Y zeolites, Mx(AlO2)x(SiO2)y, does not give
any indication that they may possess reactive acid sites. However, it is well known that
activated M2+X and M2+Y zeolites contain Brønsted acid sites (21–29). Also, it has been
noted recently that Brønsted acidity of commonly used monovalent cation–exchanged

Table 3 Absorption and Fluorescence Properties of Nile Red in
Zeolites

Dry Wet

Zeolite Abs. max Em. max Abs. max. Em. max.

LiY 623 664 608 667
NaY 615 666 600 667
KY 611 666 593 666

RbY 607 670 595 667
CsY 602 667 595 667

LiX 619 662 610 666
NaX 606 669 597 670

KX 594 665 590 672
RbX 589 668 569 659
CsX 606 674 585 670
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zeolites can vary significantly from source to source. Even the presence of very small
numbers of acidic sites may act in a catalytic manner and complicate the desired chemistry.
For example, we have found this to be the case in a number of oxidation reactions of
olefins within zeolites, where a small number of acid sites can alter the chemistry
significantly and result in a variety of unexpected products (resulting from the protonation
of the olefin) (30). Therefore, we believe that it is important to be aware of the acidic
properties of zeolites. Below we provide a very brief introduction to the acidity of zeolites;
for additional details, readers should consult the original literature.

While discussing the acidity of zeolites one will have to consider the following: (a) the
nature i.e., Brønsted or Lewis, (b) the location, (c) the number, and (d) the strength.
Zeolites contain aluminol (Al–OH) and silanol groups (Si–OH) that could potentially
show Brønsted acidity. The former is not acidic enough to be of any consequence. But the
latter, when adjacent to a tricoordinated Al (Lewis acidic site), is established to be acidic.
When not adjacent to a tricoordinated Al site, these are not acidic enough to be significant.
Therefore, in zeolites when one refers to Brønsted acidic sites, it is generally the bridging
Si–O(H)---Al group.

Brønsted acid sites, in alkali and alkaline earth cation–exchanged X and Y zeolites,
are generated during the activation process. The role of the cation in this process has been
established. According to one model, the electrostatic field associated with the charge–
balancing cation polarizes the adsorbed water molecule, resulting in the formation of
acidic hydroxyl groups. This is represented in Scheme 2. A linear relationship between the
number of acidic sites and the polarizing power of the cation has been established. As one
would predict, a larger number of acidic sites are generated within alkaline earth cation–
exchanged zeolites than in alkali cation–exchanged zeolites. Even within the alkaline earth
cation–exchanged Y zeolites the number varies in the order expected: Mg2+>Ca2+> Sr2+

>>Ba2+. Although alkali-exchanged (Li+, Na+, K+, Rb+, and Cs+) X and Y zeolites are
thought to be nonacidic, we have found them to contain an extremely small number of
Brønsted acidic sites, which could harm the expected chemistry by acting in a catalytic
manner (30).

Brønsted acidity (both number and strength) in X and Y zeolites have been probed
by a number of techniques: UV-vis using various color indicators; infrared (IR) and
Raman with probes such as pyridine, ammonia, and carbon monooxide; adsorption, and
temperature-programmed desorption of probe molecules such as ammonia; MAS NMR
and TRAPDOR NMR with alkylamines and trialkylphosphines as probes; photoelectron
spectroscopy; and microcalorimetry (31–41). Readers should consult the literature for
advantages and disadvantages as well as limitations of each technique. It is generally
agreed that the acidic strength of a zeolite depends on a number of factors, chief among
them being the Si/Al ratio of the zeolite framework, Si–O(H)–Al bond angle, and the
cation. In effect, all of the variables that will alter the electron density of oxygen and the
polarizability OH bond in Si–O(H)–Al will influence the acidic strength. Since in a zeolite

Scheme 2
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not all Si–O(H)–Al bonds are expected to be under identical environments, a distribution
of acidic strength has been noted.

We have recently utilized MAS NMR and color indicator techniques to quantify the
number of Brønsted acidic sites in M2+ and M+ X and Y zeolites (42,43). In the case of
CaY, a concentration of approximately 16 Brønsted acid sites per unit cell (i.e., 2 per
supercage) was determined by adsorbing trimethylphosphine molecules on the sample
activated at 500jC. Only a small number (one per unit cell) of Brønsted acid sites were
detected, when samples were carefully calcined in a vacuum at 400jC. No Lewis acidity
was observed. These results establish that the number of Brønsted acidic sites present in
CaY is dependent on the activation conditions and that M2+Y zeolites must be viewed
with caution when used as media for photoreactions. Prompted by the success with CaY
zeolites, we proceeded to investigate NaY zeolites with solid-state NMR. The basic probe
molecules trimethylphosphine (TMP), dimethylamine, and methylamine were used to test
both Brønsted and Lewis acidity in these materials. We could only infer from these studies
that there must be less than one Brønsted acidic site per two unit cells. Although this
technique failed to ascertain the presence of acid sites in M+ X and Y zeolites, the clas-
sical color indicator method (Scheme 3) showed that Y zeolites contain one acidic site
per two unit cells (i.e., 1 per 16 supercages). The results clearly highlight the need to char-
acterize a zeolite prior to use. Although extremely low levels of Brønsted acidity were
detected, these levels are sufficient to alter the reaction pathways for a number of olefinic
systems.

Zeolites also contain Lewis acid sites, the site that can accept or interact with a pair
of electrons (44–49). These are the tricoordinated Al sites on the framework, the extra
lattice (nonframework) Al sites, and the charge-compensating cations. The former two
sites are generated when a zeolite is activated at higher temperatures (>650jC). As

Scheme 3
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compared to the Brønsted acid sites, the nature, number, and strength of Lewis acid sites
are less well characterized.

All of the framework oxygens in a zeolite are potential Lewis basic sites (50–53). Only
the oxygens that acquire the highest negative charge have a true basic character. There are
two types of oxygens: O3Si–O–SiO3 and O3Si–O–AlO3. Of these, the latter is most negative
and therefore most basic. The oxygen acquires more negative charge in the latter because the
Al to which it is bonded is negatively charged. Since the negatively charged frameworkAlO4

-

interacts with a cation, the basicity of the oxygen would indirectly be influenced by the
cation. The Lewis basic sites (oxygen lone pair) are indirectly associated with Lewis acid sites
(cations), forming acid–base pairs. Thus stronger the acid (the cation), the weaker the
conjugate base (oxygen). For a given Al content, whether the zeolite is going to behave as a
Lewis acid or as a base will be controlled by the cation. Strongly acidic cation such as Li and
Na will make the zeolite behave as an acid. Under such conditions, the charge on the Si–O–
Al oxygen is low. The zeolite shows basic properties when the cation is less acidic (or has low
electronegativity, e.g., Rb+, Cs+).

From the above presentation it should be clear that zeolite cavities are not inert and
one must be careful in analyzing photochemical results taking into consideration potential
complications that might arise from acidic and basic sites. In addition to these sites,
hydrogen bonding with framework oxygen and silanol groups and interaction with cations
should also be considered.

IV. LOCATION OF GUESTS IN ZEOLITES

A. Site of Location Is Controlled by Cation–Organic Interaction

There are several aspects to guest location within a zeolite. First, one should know its
location before excitation; second, during its stay on an excited surface. Information
concerning the latter can only be obtained through photophysical probes. Since all guest
molecules exert some motion within the channels/cages/cavities of zeolites, and since single
crystals of zeolites are rare, routine X-ray structural characterization of a guest–zeolite
complex is not common. However, based on other techniques, considerable literature
exists on the characterization of the location of guest molecules within zeolites. Most of
these studies are concerned with small molecules such as benzene, substituted benzene, and
pyridine. A brief summary of conclusions reached so far with these molecules is helpful to
predict the possible location of a guest molecule.

The location of benzene on X- and Y-type zeolites alone has been probed by several
techniques: IR spectroscopy, Raman spectroscopy, UV diffuse reflectance spectroscopy,
NMR spectroscopy, neutron diffraction, small-angle neutron scattering, adsorption
techniques, and quantum chemical calculations (54–103). These studies have shown that
at high loadings there are three distinct types of benzene molecules, located in the
supercages—one at the cation site (site II or III), one at the 12-ring window site, and
the other corresponding to benzene clusters in the cage. At low loading levels the clustering
can be avoided and the distribution between the window and the cation sites can also be
controlled by the loading level and by the nature of the cation.

Direct evidence for the location of benzene, xylenes, mesitylene, meta-dinitroben-
zene, and pyridine within NaY comes from either powder neutron diffraction studies
carried out at low temperatures<10j K or X-ray powder study (meta-dinitrobenzene) at
room temperature (82–87). At low loading level, benzene, xylenes, and mesitylene prefer a
cationic site. Aromatic molecules stabilize themselves by interacting with the Na+ ions
(Fig. 3). Location of meta-dinitrobenzene within NaY is slightly different. Interactions
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with Na+ ions are still dominant but they occur, expectedly, with the nitro groups, the
polar negative ends of the aromatic ring. The structure of pyridine in NaY is unique. In
this case at low coverages preferential adsorption occurs at the window site. It is not
obvious why a noncationic site is preferred in the case of pyridine.

The stability of the cationic site is believed to be due to cation k–type electrostatic
interaction. This is suggested to be augmented by dispersion interactions between the guest
and framework. At the 12-ring window site, the interaction occurs through van der Waals
forces and through acid–base interactions between the C–H bonds of benzene and the
oxygens of the 12-ring window. The nature of interaction is believed to be C–H---O
hydrogen bonding between aromatic hydrogen and oxygen ions of the window.

Whereas at<10 K the sites referred to above may be preferred, at room temperature
molecules have been established to be mobile. For example, NMR studies conducted
above 77 K have revealed that benzene molecules are not stationary at the cation site.
They undergo rotational motions at the site and also jump from one site to another. 2H
NMR lineshape analyses indicate that the mobility of benzene adsorbed on NaX and NaY
is temperature dependent. While at 77 K only rapid rotation about the sixfold axis is
occurring, at room temperature the molecule begins to jump between sites, resulting in
nearly isotropic averaging of the electric field gradient.

In our laboratory, 2H NMR studies on larger aromatic molecules (naphthalene and
phenanthrene) in MX and MY zeolites have been carried out (104). The deuterium NMR
spectra of phenanthrene-d10 consist of two components, narrow and static, relative
amounts of the two varying with temperature. On the assumption that the static

Fig. 3 Benzene locates itself at two sites within NaY zeolites cation site (low loading) and window

site (high loading).
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component is due to ion–phenanthrene bound state and the narrow component to a free
state (unbound to ions), the heat of dissociation of the ion–phenanthrene complex has
been calculated. A linear relationship between the heat of dissociation and the ionic radius
of the cation has been observed. This is consistent with the general understanding that
aromatic molecules interact with the cation present in a supercage. At room temperature
they establish an equilibrium between bound and unbound states, and the extent of
binding is dependent on the field strength generated by the cation.

B. Inhomogeneous Distribution of Guests within Zeolites

From the discussion above, it is clear that there is more than one site at which the guest
molecule may be present in a zeolite. In homogeneous solution, one rarely discusses the
possibility of more than one site for the reacting solute. Fluid solutions allow the reacting
molecules to experience an average microenvironment by virtue of fast relaxation time of
the solvent and/or high mobility of reactant molecules. Important relaxation modes of
low-viscosity, nonpolar solvents occur at rates near or greater than 1012 s�1 at room
temperature, i.e., faster than the rates normally encountered for deactivation of S1 and T1

excited states. Under such conditions, temporal fluctuations in microscopic solvent
structure may permit all molecules in the solution to be exposed to very similar environ-
ments during their excited state lifetimes. In essence, all reactant molecules experience a
single effective environment.

Unlike isotropic liquid, the zeolite structure is time independent. Guest molecules
may experience identical environments within zeolites only if they can establish an
equilibrium, before they decay from the excited state, between various sites through fast
migration. However, in zeolite media rates of guest diffusion are generally slower than the
time period of a photoreaction (105). These characteristics might lead to guest molecules
residing at a number of different environments undergoing photochemical and photo-
physical changes. Three parameters are generally utilized to describe a molecule within a
zeolite. These three terms (occupancy, families of sites, and distribution of sites within a
family) are defined below. The term ‘‘occupancy’’ is used to indicate the aggregation status
(monomer, dimer, microcrystals, etc.) of guests within zeolites. Even at low loading levels
the supercages of X and Y zeolites may not be uniformly occupied; some may be singly
occupied, some doubly occupied, and some not occupied at all. The term ‘‘average
occupancy,’’ represented by<S>, defined as the number of guest molecules over the
number of available supercages, is used in the literature to indicate the loading levels in X
and Y zeolites. The parameter<S> is only an average number and may not accurately
represent the heterogeneity of guest distribution within zeolites. The term ‘‘families of
sites’’ indicates a group of sites which can be represented by a single primary
characteristic. Instead of calling simply as sites, the descriptor ‘‘family’’ is used to
indicate that not all molecules within a family need be identical. This feature is described
by the term ‘‘distribution of sites within a family.’’ Thus, while the principal characteristics
of these closely related sites may be defined by the primary site, the individual sites
belonging to the same family might show properties that are slightly different from each
other. For example, a guest molecule within a zeolite X could be present within a
supercage or at the window. These two sites are denoted as two families of sites. Within the
supercage or at the window, not all molecules will be adsorbed at identical environments.
Minor differences between molecules at these two sites may exist, and this is represented by
the term ‘‘distribution of sites.’’
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Fig. 4 Fluorescence emission spectra of pyrene included in NaY. Dry sample shows both monomer

and excimer emissions and the wet sample shows only monomer emission.
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Excitation of pyrene included within anhydrous NaY results in two emissions as
shown in Fig. 4, one from monomer and the other from excimer (106,107). The so-called
excimer emission is definitely not an emission from typical dynamic excimer since the
excitation spectra for the monomer and the excimer emissions are different (Fig. 5).
Preaggregated dimers (static excimers) being responsible for the excimer emission is
supported by the following observations: (a) No growing-in of the excimer in the
nanosecond time scale was noticed when monomer and excimer decays were monitored
by time-resolved single-photon counter. (b) No negative preexponential term for excimer
decay was obtained. (c) The ratio of the intensities of excimer to monomer emission
increased slightly upon lowering the temperature. (d) Variation of loading level between
0.002 and 0.2 (average number of molecules per supercage) did not alter pyrene monomer
lifetime significantly. This example illustrates that the distribution of guest occupancy
within zeolites may not be homogeneous.

Unlike in homogeneous solution media, fluorescence decay of pyrene monomer
adsorbed onto NaY does not follow single exponential decay. More than 95% of the
fluorescence decay can be analyzed satisfactorily on the basis of two-exponential decay,
indicating that primarily there are two families of sites in which these aromatic molecules
are located. Support for the independent nature of the two sites comes from three different
observations: (a) With increasing pressure of xenon and oxygen, fluorescence from pyrene
is quenched; while xenon quenching of the excited singlet occurs through external heavy-
atom effect, oxygen quenches these states via an electronic energy transfer process.

Fig. 5 Emission (a) and excitation and diffuse reflectance (b) spectra of pyrene within RbY zeolite.
Note the following: excitation spectra of the monomer and excimer differ; correspondence between

the excitation spectra of the monomer and diffuse reflectance spectrum is excellent and the monomer
to excimer emission ratio vary with the wavelength of excitation.
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Surprisingly, only one of the two lifetimes depended on the pressure of xenon and oxygen.
This suggests that among the two sites in which the aromatic probe molecules are present
only one is accessible to xenon and oxygen. At this stage no knowledge of the nature of the
two sites is available. (b) It has been established that the singlet lifetime of pyrene is related
to the polarity of the medium; lifetime is fairly long in a nonpolar medium (e.g.,
cyclohexane: 430 ns) and is relatively short in a polar medium (e.g., dimethylformamide:
280 ns). When pyrene is included within NaY two lifetimes, one short and one long, is
measured. On the basis of the relationship between lifetime and polarity of the medium, it
is likely that the one with shorter lifetime corresponds to pyrene closer to the cation
(higher electric field/micropolarity; see next section) and the one with longer lifetime refers
to the pyrene adsorbed onto the walls (lower electric field/micropolarity). (c) Spectral
features in the emission spectra of pyrene are found to be time dependent in the time range
1–900 ns. The intensity of the first band at 373 nm is fairly strong at early times and weak
at later times. In homogeneous solution, it has been established that the intensity of this
band is dependent on the polarity of the medium. The intensity variation observed within
NaY is consistent with the proposal that pyrene molecules are present under two different
microenvironments, one highly polar (the cation site) and the other moderately polar (the
wall site).

Analysis of fluorescence decay from pyrene by a distribution analysis program
provides an insight into the problem of distribution of sites within zeolites. Pyrene
provides an ideal example wherein ‘‘distribution of sites’’ exists. Distribution of lifetime
obtained in the case of pyrene within anhydrous NaY is presented in Fig. 6. The
distribution is affected by coadsorbents present in NaY along with the guest molecule.
This is illustrated by the results obtained in the case of pyrene with water and other
solvents as coadsorbents. The lifetime distribution for pyrene within NaY coincluded with
water is fairly narrow when compared to that in anhydrous NaY. Similar decrease in
distribution is obtained when organic solvents such as hexane, pentane, cyclohexane,
acetonitrile, diethylether, and methanol were used as coadsorbents.

C. Role of Water Within a Zeolite

Zeolites, in general, are highly hygroscopic. Because of this dependence on the con-
ditions of the laboratory different amounts of water may be present within a zeolite.
This could give rise to differences in results between laboratories. Performing experi-
ments under ‘‘dry box’’ conditions while a solution is unlikely to become popular among
photochemists whose laboratories are not generally equipped with a dry box. We show
below how the presence of water could influence the photobehavior of adsorbed organic
molecules (107–111).

Excitation of pyrene included within anhydrous NaY results in two emissions as
shown in Fig. 4, one from monomer and the other from excimer. Coadsorption of water
has a striking influence on the nature of aggregation of pyrene within zeolites. In fact,
there is a correlation between the ratio of intensities of monomer to excimer emissions and
the water content (Fig. 7). Decrease in excimer emission with the increase in water content
indicates that preaggregation is not favored in ‘‘wet’’ zeolites. Such may be the result of
reduction in polarizing power of the cation; preaggregation is proposed to be a result of
polarization of pyrene molecules by the cation (Scheme 4).

Emission spectra of phenanthrene included within anhydrous zeolite is nonunique
(<S> varied between 0.002 and 0.1); fluorescence from the monomer is detected and
no excimer emission is seen. However, when the zeolite containing higher loadings
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of phenanthrene (<S> > 0.1) adsorbs water, in addition to the monomer emission,
fluorescence from microcrystals is detected (Fig. 8). The association of phenanthrene to
form microcrystals at higher loadings is believed to be prompted by displacement of
phenanthrene, by water, from the internal to external surface. At low loading levels of
phenanthrene apparently both water and phenanthrene are able to coexist in the
internal surfaces of NaY. When the wet zeolite containing phenanthrene was washed
with excess hexane, the hexane wash contained significant amounts of phenanthrene.
However, similar wash of anhydrous zeolite containing phenanthrene did not result in
phenanthrene loss into the hexane layer. This suggested that the locations of
phenanthrene under the two conditions (wet and dry) are different. Under anhydrous
conditions phenanthrene is adsorbed onto the internal surfaces of zeolite (which are
nonwashable with hexane) whereas when the zeolite is hydrated, at least part of
phenanthrene is adsorbed onto the outer surface (which is washable with hexane), i.e.,
microcrystals are located on the external surfaces of NaY. When the above hexane-
washed wet phenanthrene–NaY complex was subjected to a dehydration–hydration cycle,

Fig. 6 Distribution of excited singlet state lifetime of pyrene monomer included within NaY.

Distribution is dependent on the water content.
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Scheme 4

Fig. 7 Emission spectra (excitation E: 340 nm) of pyrene within NaY at various loading levels of

coadsorbed water. (i) – � – �� –, ‘‘dry,’’ no water; (ii) � � � � � �,<S>: 2; (iii) – – – –, <S>: 6; (iv) ——,
<S>: 12.
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no emission due to microcrystals was detected indicating that excess phenanthrene that
could not be accommodated (at high loadings) in presence of coadsorbed water has been
removed by initial hexane wash. What is most unique is that when the unwashed hydrated
sample was dehydrated, emission due to microcrystals completely disappeared and only
monomer emission was detected. Thus, dehydration–hydration cycles promote monomer–
microcrystal cycles.

Aggregation of dyes such as methylene blue, oxazinel 70, Nile blue A, acridine
orange, and cresyl violet is also controlled by water present in a zeolite (112). With
thionine as an example, it was shown that complexation can be achieved from aqueous
solutions by cation exchange. Thionin possesses a delocalized positive charge and is
capable of partially displacing (f5%) Na+ and K+ from Y and L–type zeolites. The
dye-exchanged Y and L zeolites were shown to have different spectroscopic properties
assigned to the state of aggregation of the dye (Fig. 9). While monomeric thionin
displays a strong absorption maximum at about 610 nm, dimeric thionin, also referred
to as H dimer, absorbs at about 540 nm. On visual inspection, thionin-exchanged KL
zeolites appear blue while thionin-exchanged NaY zeolites appear pink. These results
suggest that the formation of thionin aggregation is not possible within the straight
channel structure of L zeolites. While the 7.6-Å diameter of L-zeolite channels may
accommodate thionin molecules along their long axis, they seem unable to accom-
modate the face-to-face H-aggregated dimers. Complexation of thionine in the larger
supercages of the NaY zeolites, on the other hand, results in the formation of hydrated
H-dimer-complexed zeolites. It was also found that dehydration of the zeolite complex

Fig. 8 Emission spectra of phenanthrene,<S>: 0.4, included within ‘‘dry’’ and ‘‘wet’’ NaY.

(a) – – – –, ‘‘dry’’ NaY, ex E: 293 nm; (b) ——, ‘‘wet’’ NaY, ex E: 320 nm.
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Fig. 9 (A) Diffuse reflectance spectra of thionin included within NaY: effect of included water.
(B) Diffuse reflectance spectra of thionin included within dry KL and NaY.
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under high vacuum at moderate temperatures resulted in no change in the L zeolite but
displaced the equilibrium toward the monomeric state of the dye in the Y zeolites
(Scheme 5 and Fig. 9). It was shown that aggregation in Y zeolites depends on the
concentration of the dye and on the nature of the exchangeable cation. No aggregate
formation was observed when the number of thionine molecules per supercage was
lower than 0.0005 or with CsY zeolites, which are known to possess a very small free
volume in the supercages. One should note that when acidic zeolite (HY) is used in
addition to the dimer, protonated monomer absorbing at longer wavelength is also
formed (Scheme 5).

Scheme 5
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V. ZEOLITE AS A SPECTROSCOPIC MATRIX

Photochemistry of triplets of organic molecules is a well-developed field (113). Despite its
maturity, encountering systems whose photophysical behavior is not as expected is not
uncommon. For example, one might face a frustrating situation of being unable to observe
phosphorescence from molecules of interest. Photochemists are also interested in charac-
terizing the reactive intermediates that might arise in a photochemical reaction. True to
their name, these intermediates have a fleeting existence. There are two approaches to get a
snapshot of these intermediates: (a) ‘‘run with them and watch quickly,’’ i.e., employ
sophisticated time-resolved laser spectroscopy, or (b) ‘‘tame the beast,’’ i.e., make them
lose their agility and prolong their lifetime. Our approach has been the latter. In recent
years zeolites have been shown to be very useful matrices for generating, stabilizing, and
observing reactive species such as triplets, radical cations, radicals, and carbocations.
Results from our laboratory are highlighted below to impress on the readers the potential
of zeolite as a matrix to observe species of interest to photochemists.

A. Triplets

Phosphorescence emission from organic molecules has been known since the last century
(114). Although very early reports of phosphorescence from dye molecules used a solid gel
as the matrix, low-temperature organic solvent glasses have been the primary choice for
observation of phosphorescence from organic molecules (115). While organic glasses are
well-accepted media, they pose limitations such as requiring the experiments be carried out
at liquid nitrogen temperature and incorporation of only small amounts of heavy-atom
solvents before an organic glass becomes opaque. In the last two decades alternate matrices
(silica gel, alumina, sucrose, chalk, paper, polymers, micelles, and cyclodextrins) have been
explored to record phosphorescence (116,117). In a number of these media phospho-
rescence even at room temperature has been observed. Occasionally heavy-cation salts (e.g.,
thallium, silver, and lead salts) are incorporated to enhance the emission process. However,
studies have been mostly restricted to aromatic compounds. We have established that
zeolite is a powerful matrix to observe phosphorescence from organic molecules, even from
those that do not phosphoresce under normal conditions (118–122). The potential of this
technique is illustrated with three examples: aromatics, polyenes, and azo compounds. Of
the three sets of molecules, olefins and azo compounds rarely phosphoresce.

As shown in Fig. 10, the emission spectrum of naphthalene is profoundly affected
by inclusion in cation exchanged zeolite X. For low-mass cations such as Li+ and Na+,
the emission spectra show the typical naphthalene fluorescence. However, with increasing
mass of the cation (e.g., Rb+ and Cs+) there is a dramatic decrease in fluorescence
intensity and a simultaneous appearance of a new vibronically structured low-energy
emission that is readily identified as the phosphorescence of naphthalene. This effect is
found to be general. Intense phosphorescence is observed for a wide range of different
organic guests such as anthracene, acenaphthene, phenanthrene, chrysene, fluoranthene,
pyrene, and 1,2,3,6,7,8-hexahydropyrene when included in Tl+-exchanged faujasites.
Fused aromatics, with too large a diameter to fit through the 7.6-Å windows of the X-
and Y-type zeolites (e.g., coronene and triphenylene), do not show any phosphorescence
when included in a zeolite.

The unique feature of this method is that one is able to observe phosphorescence
from systems, which commonly fail to show this emission in organic glassy matrices even
when they are subjected to heavy-atom effect. Olefinic systems that under normal
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conditions do not show phosphorescence emit from their triplet states when included in
Tl+-exchanged zeolites. Excitation of trans-stilbene included in TlX and in TlZSM-5
emits phosphorescence and fluorescence both at room temperature and at 77 K (Fig. 11).
The ability to record phosphorescence from stilbenes even at 298 K is significant as only
very weak phosphorescence from trans-stilbene and several substituted trans-stilbenes
have been recorded at 77 K in organic glass containing ethyl iodide as the heavy-atom
perturber. Even the singlet-to-triplet transition is easily seen in the excitation spectrum.

Fig. 11 Emission spectrum of trans-stilbene included within Tl+ZSM-5 at 77 K. The excitation
spectrum consists of the S0 to T1 transition.

Fig. 10 Emission spectra of naphthalene included within cation-exchanged X zeolite at 77 K. Note
that relative intensities of fluorescence and phosphorescence vary with the cation.
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All trans a,N-diphenylpolyenes exhibit very low intersystem crossing efficiencies and
efficient fluorescence. We have succeeded in recording phosphorescence of these a,N-
diphenylpolyenes by including them in Tl+-exchanged zeolites. Figure 12 shows the
observed phosphorescence of the a,N-diphenylpolyenes included in TlX. The singlet–
triplet energy gaps (DT1!S0) obtained from the observed zero–zero lines are in excellent
agreement with literature predictions.

The remarkable ability of zeolites to turn on phosphorescence is related to the
spin orbit coupling parameter of the cations Cs+, Tl+, and Pb+. It should be noted
that just grinding the cation salt with organic molecules does not result in phosphor-
escence. Zeolite structure favors intimate interaction between cations and the included
organic molecules. One could view the zeolite structure as an expanded crystal lattice
of a cation salt. While in a powdered cation salt only the cations at the surface interact
with an organic molecule, within a zeolite almost every cation is able to interact with the
organic molecule.

The above observations demonstrate the ‘‘power’’ of a zeolite as a new and versatile
medium for ‘‘turning on’’ the external heavy-atom perturbation of organic molecules in
which intersystem crossing (ISC) occurs between kk* states. The rules for ISC proposed
by El Sayed suggest that heavy-atom effect should be observable even in systems in which
ISC occurs between the singlet and triplet of nk* character (Fig. 13) (123). Preliminary
studies suggest that this is possible. The two systems we have examined in this context are
alkanones and azo compounds both of which have been established to undergo ISC from
nk* singlet to pure nk* triplet states (no other states lie between them).

Alkanones show both fluorescence and phosphorescence. In spite of the nk*
character of both S1 and T1, the small energy gap is believed to favor ISC between these
states. Examination of the emission characteristics of a few alkanones at 77 K showed that

Fig. 12 Phosphorescence spectra of all-trans diphenylpolyenes included in T1+ZSM-5 at 77 K.
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the ratio of phosphorescence to fluorescence is higher in TlY than in NaY (Fig. 14). This
observation indicated that a zeolite could influence the ISC between an nk* singlet and an
nk* triplet. Results obtained with the azo compounds support the above conclusion.
Numerous studies on azo compounds have established that they possess very poor ISC and
do not show phosphorescence at 77 K even in the presence of a heavy-atom perturber. The
lack of ISC has been attributed to the presence of a large energy gap (>15 kcal/mol) and to

Fig. 14 Phosphorescence spectra of 5-dodecanone included in NaY, CsY, and TlY. Emission
recorded at 77 K. Note the enhancement in phosphorescence intensity with the heavier cation.

Fig. 13 Possible scenarios for intersystem crossing between S1 to T1.
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the nk* character of the excited states involved in ISC. Surprisingly, a number of azo
compounds that are reported to show no phosphorescence in organic glass showed phos-
phorescence at 77 K within a TlY zeolite (124). One such example is provided in Fig. 15.

B. Radical Cations

Radical cations play an important role in photoinduced electron transfer chemistry.
Although spectral characterization of radical ions by time-resolved laser spectroscopy is
possible, characterization by electron spin resonance (ESR) requires sufficiently long-
lived radical ions. This is generally achieved by generating the radical ions within a
solvent matrix (inert freon matrix) at low temperatures. Even in this matrix they have a
relatively short lifetime (seconds). Silica gel, silica-alumina, and Vycor glass have been
explored as possible media to stabilize radical cations. During the last decade zeolites
have emerged as a possible alternative to freon matrix to stabilize radical cations (125).
In this matrix radical cations have extended lifetimes (hours to months). We serendip-
itously came across a phenomenon in which the radical ions generated spontaneously
within a ZSM zeolite have lifetimes of the order of months (126–129).

When activated Na-ZSM-5 (Si/Al=22) was stirred with a,N-diphenylpolyenes
(trans-stilbene, diphenylbutadiene, diphenylhexatriene, diphenyloctatetraene, diphenylde-
capentene, and diphenyldodecahexaene) in 2,2,4-trimethylpentane, the initially white
zeolite and colorless to pale yellow olefins were transformed into highly colored solid

Fig. 15 Emission and excitation spectra of diazo-(2,3)-bicycloheptane included in TlY, recorded at

77 K. Insert shows the diffuse reflectance absorption spectrum. The emission on the right is assigned
to be phosphorescence. The longest wavelength band in the excitation spectrum is believed to be S0
to T1 transition.
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complexes within a few minutes. All of the samples exhibited intense ESR signals with g
values of 2.0028. Diffuse reflectance spectra of these powders (Fig. 16) are identical to the
spectra of the radical cations of a,N-diphenylpolyenes reported in the literature. Diffuse
reflectance and ESR results favor the conclusion that the colored species formed upon
inclusion of a,N-diphenylpolyenes in Na-ZSM-5 are radical cations. The colored a,N-
diphenylpolyene radical cations generated in the channels of Na-ZSM-5 were found to be
unusually stable; even after several weeks of storage at ambient temperature in air, the
colors persisted and the peak positions of the diffuse reflectance spectra remained
unchanged. This is to be contrasted with their short lifetimes in solution (microseconds)
and in solid matrices (seconds). The remarkable stability of these radical cations in Na-
ZSM-5 derives from the tight fit of the rod-shaped molecules in the narrow zeolite
channels; the k orbitals are protected from external reagents by the phenyl rings which fit
tightly in the channels at both ends of the radical.

We have been able to generate radical cations of thiophenes as well. When activated
Na-ZSM-5 (Si/Al=22) was loaded with terthiophene a deep red–purple complex was
obtained. Comparison of the diffuse reflectance spectrum of the above deep red-purple
complex with flash photolysis results where the terthiophene cation radical is generated as
a transient in solution shows excellent agreement. As expected for a simple cation radical,
an electron paramagnetic resonance (EPR) spectrum for the above complex was observed
although no hyperfine structure was resolved. The results obtained for terthiophene
included in Na-ZSM-5 are not unique. The same type of one-electron oxidation
reaction for bithiophene and quarterthiophene included in ZSM-5 was observed

Fig. 16 Diffuse reflectance spectra of diphenylpolyenes included in Na-ZSM-5. All spectra seen

here correspond to the radical cations of the olefins.
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(Fig. 17). The stability of the cation radicals, which exist only as reactive intermedi-
ates in solution, is much higher in the zeolite channels; we have stored samples of the
terthiophene cation radicals for months without any significant degradation even in
the presence of air and water. Generation of radical cations of thiaanthrene, biphenyl,
para-propylanisole, dithianes, and disulfides has been reported in the literature.

The ability to generate and stabilize radical cations of polyenes has helped us to
handle them as routine chemicals rather than as intermediates. For example, we have
recorded the emission spectra of radical cations of a,N-diphenylpolyenes as one would
record that of parent a,N-diphenylpolyenes (Fig. 18).

C. Carbocations

One can generate and stabilize select carbocations within a zeolite (130–137). Although this
method is less general than the ones described above for triplets and radical cations, it can
be useful in certain cases. A few examples are highlighted below. The best choice of zeolite
for generation of carbocations is CaY. When activated CaY was added to a solution of
4-vinylanisole in hexane, the zeolite developed a vibrant red–violet color. The diffuse
reflectance spectrum of the solid zeolite sample presented in Fig. 19 consists of two broad
absorptions centered at 340 and 580 nm. We attribute the absorption at f340 nm to the
carbocation 4-methoxyphenylethyl cation (see insert in Fig. 19). The absorption spectrum
for 4-methoxyphenylethyl cation has been reported in solution and coincides remarkably
well with the absorption maximum observed in zeolite. While 4-methoxyphenylethyl cation
in solution lasts for only a few microseconds, in a zeolite it is stable for a few days.

Fig. 17 Radical cation formation of thiophene oligomers upon inclusion in Na-ZSM-5. Diffuse
reflectance spectra of radical cations recorded at room temperature.
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Fig. 19 The diffuse reflectance spectra of the monomer and dimer cations of vinyl anisole included
in CaY. The structures of the cations are shown. The monomer cation can be selectively washed

away leaving the dimer cation in the zeolite.

Fig. 18 The emission spectra of the radical cations 1,6-diphenylhexatriene and 1,8-diphenyloctate-
traene included in Na-ZSM-5.
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Fig. 20 The diffuse reflectance spectra of the monomer and dimer cations of 1,1-diphenylethylene
included in Ca2+Y. The structures of the cations are shown. The monomer cation can be selectively

washed away leaving the dimer cation in the zeolite. The exact structure of the dimer cations
remains unresolved.

Fig. 21 Fluorescence emission spectra of monomer and dimer carbocations of 1,1-dianisylethylene
included in Ca2+Y recorded at room temperature. The structures of carbocations are shown. The

exact structure of the dimer cations remains unresolved.
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The behavior of diphenylethylene is similar to that of vinyl anisole. When activated
CaY was added to a hexane solution of 1,1-diphenylethylene, the zeolite-hexane slurry
turned yellow and then green and remained green for several days. The diffuse reflectance
spectra displayed in Fig. 20 for 1,1-diphenylethylene-Ca Y consist of two distinct maxima
(one below 500 nm and the other above 600 nm). The absorption at 428 nm is attributed
to diphenylmethyl cation (see insert in Fig. 20). This is consistent with the literature
assignment for such a species. Once again the cation has a few microseconds lifetime in
solution whereas in a zeolite it is stable for days. The cation generation is spontaneous.
Simple stirring in hexane or grinding of zeolite with the olefin results in stable carbocation
which require no special precaution for stabilization.

The monomer cations of vinyl anisole and diphenylethylene were found to slowly
dimerize to a small amount of dimeric cations which lasts for months. The structures of
the dimeric cations are shown in Figs. 19 and 20. The structure of the dimer cation from
1,1-diphenylethylene has not been conclusively established. What is important to note is
that one can generate long-lived carbocations within a zeolite. The unusual ability to
stabilize certain carbocations within zeolites has allowed us to handle them as ‘‘normal’’
laboratory chemicals. For example, we have been able to record emission from several of
these cations. One such example is provided in Fig. 21.

VI. ZEOLITE AS A REACTION MEDIUM: IMPORTANCE OF SHAPE AND
SIZE OF REACTION CAVITY AND ROLE OF FREE VOLUME

The degree of tolerance of the ‘‘reaction cavity’’ to the distortions that accompany a
reaction is expected to play an important role in the extent of selectivity obtained. Organic
solvents have served as a medium for reactions for over a century. Very little selectivity is
obtained in this medium as it totally responds to the shape changes that occur in a reaction
cavity as the reaction proceeds. On the other hand, organic crystals that do not tolerate
any shape changes do not serve as a medium for a large number of reactions although
selectivity in a few cases where it serves as a medium is impressively high. In order to
generalize the use of organized structures as a medium for photoreactions, one has to
establish the connection between the selectivity and the features (size and texture) of the
reaction cavity (Fig. 2). In this section we explore the relationship between the selectivity
in a photoreaction and the free volume present within a reaction cavity.

The Norrish type II reaction of ketones has been extensively investigated and
the mechanistic details are fairly well understood (138). The triplet 1,4-biradical, the
primary product of g-hydrogen abstraction, is generated in the skew form and transforms
to the transoid and cisoid conformers via a rotation of the central j bond (Scheme 6). As
illustrated in Scheme 6, these cisoid and transoid conformers undergo further reaction to
yield cyclobutanol, olefin, and enol as final products. While the cisoid conformer reacts via
both elimination and cyclization processes, the transoid conformer undergoes only
elimination. The skew diradical can also directly give rise to products via elimination
and cyclization processes. This is determined by how easily the required orbital overlap
can be attained and by how readily the accompanying atomic motions can be tolerated by
the medium and by the molecular architecture. The stereochemistry of the cyclobutanols
(cis and trans) is determined by the population and decay of the two cisoid biradicals
depicted in Scheme 6. One can understand the influence of the ‘‘microenvironment’’ on the
type II cyclization and elimination ratio (C/E) and on the trans/cis cyclobutanol ratio on
the basis of the medium effect on the equilibrium distribution and decay of the cisoid and
transoid 1,4-biradical conformers.
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Photolysis of aryl akyl ketones such as valerophenone, octanophenone, and other
higher analogs included in pentasil zeolites (ZSM-5 andZSM-11) give via theNorrish type II
process only elimination products, although both cyclization and elimination products are
obtained in faujasites and in isotropic solution media (Table 4) (140,141). The fact that the
type II reaction is observed in ZSM-5 indicates that the smaller reaction cavity (f5.5 Å
diam.) hinders but does not completely prevent the attainment of the required geometry for
hydrogen abstraction by the triplet ketone. The preference for elimination process in
pentasils can be understood on the basis that the relatively large motions required for the
conversion of the skew biradical to cyclobutanols either directly or via the cisoid biradicals
are not tolerated by the narrow channels of pentasils (Scheme 7). Such a model would

Scheme 6

Table 4 Elimination (Olefin and Alkanone of Shorter Chain Length) to Cyclization (cis- and trans-
Cyclobutanols) Product Ratio upon Photolysis of Aryl Alkyl Ketones and Alkanones in Zeolites

S. no. Alkanones Hexane NaX NaY ZSM-5 ZSM-11

1 Valerophenone 2.8 1.2 1.1 Only E Only E
2 Octanophenone 1.8 0.9 0.6 Only E Only E
3 Dodecanophenone 1.8 0.6 0.5 Only E Only E

4 Tetradecanophenone 3.5 0.5 0.2 Only E Only E
5 2-Tridecanone 2.8 1.0 0.9 4.3 4.5
6 4-Tridecanone 1.9 0.3 0.5 4.0 4.1
7 6-Tridecanone 1.6 0.7 0.8 2.7 3.2

8 4-Tetradecanone 1.9 0.4 0.7 3.3 4.1
9 5-Decanone 1.3 1.0 0.8 3.0 3.5
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predict that the size of the channel relative to the reactant will play a crucial role in product
selectivity. Results on alkanones validate the above prediction. A number of alkanones
where the bulky phenyl group in aryl alkyl ketone is replaced by a long alkyl chain were
irradiated in hexane, as included in faujasites (NaX and NaY) and in pentasils (ZSM-5 and
ZSM-11). In all cases both fragmentation (olefin and alkanone of shorter chain length) and
cyclization products (cis- and trans-cyclobutanols) from the initial 1,4-biradical are
obtained. The results presented for alkanones in Table 4 contrast sharply with those of
aryl alkyl ketones. The formation of cyclobutanols from alkanones clearly is a reflection of
the relative cavity size with respect to the reactant. In the narrow channels of pentasils, aryl
alkyl ketones (df5.5 Å) are expected to be held tightly with little space around the
reaction centers. On the other hand, alkanones (df4 Å) when placed in the channels of
pentasils will leave some space around them. This vacant space would be sufficient to
permit the motions required for the formation of the cisoid biradical (and cyclobutanol)
from the primary skew 1,4-biradical (Scheme 6).

Most interesting results come from the selectivity seen between the cis- and the trans-
cyclobutanols in the channels of pentasils (Table 5) (142). Both trans- and cis-cyclobutanols
are obtained from all 14 alkanones when they are irradiated in hexane, NaX, and NaY,
with the ratio differing slightly among the three media. However, in pentasils the ratio of
trans- to cis-cyclobutanols, depending on the alkanone, differed dramatically from those
in the above three media. trans-Cyclobutanol was preferentially obtained in the case of 4-

Scheme 7
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alkanones (Table 5, S. nos. 1–5). The ratio of trans to cis over 50 corresponds to less than
2% of the cis isomer. Such a preference for the trans-cyclobutanol in the channels of
ZSM-5 and ZSM-11 is believed to result from the differences in size and shape of the two
isomers and their biradical precursors. Between the trans- and the cis-cyclobutanol and
their precursor biradicals, the cis isomer and its precursor 1,4-biradical possess shape and
size that are relatively large to fit into the channels. Consequently, the trans-cyclobutanol
is favored. On the basis of the above argument, one would expect the alkanones, in which
the trans- and the cis-cyclobutanols have closely similar shape and size, to yield cis-
cyclobutanol along with the trans isomer. This is certainly the case. Alkanones such as
hexanone, heptanones, and octanones (Table 5, S. nos. 9–14) give both trans- and cis-
cyclobutanols. It is of interest to note that there is a correlation between the size or length
of the alkyl chain and the selectivity: octanone > heptanone > hexanone. Such a trend is
also seen with 2-, 3-, and 4-substituted decanones (Table 5, S. nos. 6–8). When the
carbonyl substitution is moved along the chain (2-, 3- and 4-positions) one generates a cis-
cyclobutanol of increasing bulkiness. The fact that the selectivity for the trans isomer
increases with the bulkiness of the cis-cyclobutanol (from 2- to 3- to 4-decanones) further
confirms our model that relative size of the reactant to the reaction cavity is an important
parameter to be considered.

The importance of free volume and the size of the reaction cavity on photoreactions is
further probed by examining the geometrical isomerization of olefins, a volume demanding
photoreaction, in the cages/channels of zeolites (143). While both cis- and trans-stilbene can
be included in faujasites, only the latter was accommodated by pentasils. A similar
difference in inclusion was noted between trans,trans- and trans,cis-1,4-diphenylbutadienes.
This is not surprising considering the channel size of pentasils and the molecular size and
shape of the cis isomers. Selectivity in inclusion is also reflected in the photobehavior of the
included polyenes (Schemes 8 and 9). Direct excitation of the trans-stilbene and all-trans
diphenylbutadiene incorporated in pentasils resulted in no change, suggesting that their
inclusion in pentasils fully arrested the rotation of ‘‘k’’ bonds (Scheme 10). However, both
the trans and the cis isomers underwent geometrical isomerization inside the supercages of
faujasites (Schemes 8 and 9).

Table 5 Trans to cis-Cyclobutanol Ratio upon Irradiation of Alkanones in Zeolites

S. no. Alkanones Hexane NaX NaY ZSM-5 ZSM-11

1 4-Nonanone 1.8 0.6 1.3 60 60
2 4-Undecanone 1.8 0.4 0.7 60 60

3 4-Dodecanone 1.7 0.7 0.9 65 70
4 4-Tridecanone 1.7 0.7 1.1 70 68
5 4-Tetradecanone 1.7 0.8 1.1 72 66
6 4-Decanone 1.8 0.4 0.7 60 60

7 3-Decanone 1.8 0.4 0.9 16 14
8 2-Decanone 1.5 0.6 1.0 6.0 6.5
9 3-Octanone 1.8 0.7 0.8 20 18

10 4-Octanone 1.8 0.7 1.3 15 18
11 2-Octanone 1.4 0.8 1.2 8.0 7.1
12 2-Heptanone 1.7 0.8 0.9 3.8 4.1

13 3-Heptanone 1.5 0.6 0.9 2.8 2.6
14 2-Hexanone 1.5 0.8 1.3 2.4 2.7
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Scheme 9

Scheme 8
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Turro and coworkers have provided several examples related to dibenzylketones
wherein the cations have significant influence on the reaction (144). In all of these cases
the variation is attributed solely to variation in the free volume of the supercage with
respect to the cation. Three examples provided from our own studies illustrate the im-
portance of the size of the cation (present within a cage along with the organic guest
molecule) on the product distribution. Product distribution obtained upon photolysis
of benzoin alkyl ethers, a-alkyldeoxybenzoins, and a-alkyldibenzylketones is dependent
on the cation as summarized in Tables 6 and 7 with one example from each class
(Schemes 11 and 12) (145,146).

In solution the termination process of the benzyl radicals derived from a-alkyldi-
benzylketones consists only of the coupling between the two benzylic radicals and results
in diphenylalkanes AA, AB, and BB in a statistical ratio of 1:2:1. Structure of products
and a mechanism for the formation of these products are shown in Scheme 12. Within
supercages, on the other hand, termination proceeds by both coupling and disproportio-
nation (Table 7). A schematic diagram for the termination processes between the benzylic
radicals is shown in Scheme 13. The preference for disproportionation in the supercage
has been interpreted as follows: The association between benzylic radicals, which would
favor coupling, would be prohibited inside the cavity, especially in the presence of large
cations, because of the reduction in free volume. Furthermore, more drastic overall
motion would be required to bring benzylic radicals together for head-to-head coupling
than to move an alkyl group so that one of its methylene hydrogens would be in a position
for abstraction by the benzylic carbon radical. It is logical to expect the radical pair to
prefer the pathway of ‘‘least volume and motion’’ when the free space around it is small.
Thus, as smaller cations are replaced with larger ones and as shorter alkyl chains are

Scheme 10
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replaced with longer ones, one would indeed expect enhanced yields of olefins as observed
in the reported study.

The above conclusion is also supported by the pathways undertaken by the primary
triplet radical pair (Schemes 11 and 12) generated by the a cleavage of the a-alkyldiben-
zylketones and a-alkylbenzoin ethers and deoxybenzoins. Perusal of Tables 6 and 7 reveals
that while the rearrangement takes place in all cation-exchanged X and Y zeolites, the
yield of the rearrangement product varies depending on the cation. The yield decreases as
the cation present in the supercage is changed from Li+ to Cs+. Such a trend is attributed
to the decrease in the free space within the supercage. As the available free space inside the
supercage is decreased by the increase in the size of the cation, the translational and
rotational motions required for the rearrangement process become increasingly hindered
(Scheme 14). Under these conditions, competing paths, such as coupling to yield the
starting ketone and decarbonylation, both of which require less motion, dominate.

Table 7 Product Distribution upon Photolysis of a-Hexyl
Dibenzyl Ketone Within Zeolitesa

Medium Olefin (AB) Rearrangement product

LiX 39 17 37

NaX 19 18 57
KX 23 29 36
RbX 38 23 29
CsX 60 15 22

a See Scheme 12 for structures.

Table 6 Product Distribution upon Photolysis of Benzoin Methyl Ether and a-Propyldeoxy-
benzoin Within Zeolitesa

Type I products Type II products

Medium Benzil/Pinacol ether Rearrangement product Deoxybenzoin Cyclobutanol

Benzoin methyl ether

Benzene 26:/67 1.0 1 7
LiX 3 77 13 8
NaX 4 72 10 14

KX 7 48 14 18
RbX 5 46 18 22
CsX 8 34 17 31

a-Propyldeoxybenzoin
Benzene 5:/24 — 54 17
LiX — 95 4 1

NaX — 88 5 7
KX — 48 31 21
RbX — 32 22 45

CsX — 21 27 42

a See Scheme 11 for structure of products.
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Examination of Table 6 reveals that in the case of a-methylbenzoin ether as well as in
a-propyldeoxybenzoin the C/E ratio, i.e., the ratio of the yield of cyclobutanol, the
cyclization (C) product, to that of deoxybenzoin, the elimination product (E) resulting
from the 1,4-biradical derived via the Norrish type II g-hydrogen abstraction process,
depends on the cation present in the supercage. Also, the C/E ratio increases as smaller
cations are replaced with the larger ones; i.e., C/E increases from Li+ to Cs+. The above
dependence of the product distribution on the cation can be understood on the basis of the
well-understood mechanism of the type II reaction. The enhancement of cyclization within
the supercages of X and Y zeolites in the presence of larger cations is believed to reflect the
rotational restriction brought on the skewed-transoid-cisoid 1,4-biradical interconversion.
As the cation size increases, the 1,4 biradical is forced to adopt a compact geometry due to
reduction in the available supercage free volume. Thus, the skewed 1,4 diradical first

Scheme 12

Scheme 11
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Scheme 14

Scheme 13 Role of cation size on photofragmentation: radical coupling vs. disproportionation.
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formed would be encouraged to relax to the cisoid rather than to the transoid conformer.
Severe constraints would be imposed by the supercage on the cisoid-transoid inter-
conversion and the barrier for the cisoid-to-transoid conversion would be accentuated.
These factors are expected to enhance the yield of cyclobutanol.

VII. ZEOLITE AS A REACTION MEDIUM: ROLE OF CATIONS

In this section we discuss how a ‘‘small’’ (light) cation influences the photoprocesses of an
organic guest molecule included within a zeolite. Small cations generate high electric field,
polarize the electron distribution of a molecule by electrostatically interacting with the
nonbonding and/or k electrons of guest molecules, and provide a high micropolarity.

A. State Switching in Carbonyl Compounds: Role of Cation–Carbonyl
Interaction

Cation- and zeolite-dependent excited state chemistry of several carbonyl compounds we
believe has its origin on the field within a zeolite (147–150). For example, photolysis of
several alkylphenyl ketones in benzene (Scheme 15) and as complexes of zeolite MX and
MY (M = Li, Na, K, Rb, and Cs) gave products resulting from both Norrish type I and
type II processes (Scheme 16). The yield of benzaldehyde, a product of the Norrish type I
process, is enhanced significantly within zeolites with respect to benzene. Cycloalkanones
which normally do not undergo type I reaction in solution, upon irradiation in MY
zeolites, yield products resulting from type I process as major products (Scheme 17). The

Scheme 15 Effect of zeolite on conformational mobility and its consequence on Type I and Type
II reactivity arylalkyl ketones with Turro and Saton. Type I products obtained in higher yield

within zeolites.
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Scheme 16 A competition between Type I and Type II reactions of ketones. Type II slowed due to
adsorption on the surface of zeolite and in reaction with the cation.

Scheme 17 A strategy to enhance Type I activity at the expense of Type II.
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relative yield of type I to type II products depends on the cation; smaller cations such as
Li+ and Na+ have larger influence. The above alteration in the chemistry can be
understood on the basis that the cation interacts with the lone-pair electrons of the
carbonyl chromophore and thus influences the energetics of the nk* and kk* excited
states. Greater contribution of kk* character to the reactive excited state will reduce the
hydrogen abstraction rate. Under such conditions, normally less dominant a-cleavage
reaction can compete and give products from this process.

We have noticed that one can control the reactivity of steroidal enones within
zeolites (151–153). We believe that the observed effects could be the result of the field
generated by cations present in zeolites. Results on one steroid are presented below. In
isotropic solution, androstenedione has been established to react mainly from the cyclo-
pentanone D ring. As illustrated in Scheme 18, epimerization to yield 13a-androstenedione
is the major reaction in most solvents; only in 2-propanol reduction of the cyclohexenone
A ring is able to compete with the epimerization process. Irradiation of androstenedione
included in NaY gave only reduction product (Scheme 18); careful analysis at the initial
stages of irradiation did not show the presence of the epimer. While this molecule reacts
only from the cyclopentanone D ring in hexane, no products due to reactions from the D
ring are seen when it is included in NaY. This, we believe, is a reflection of the lowering of
the energetics of the enone chromophore well below that of the cyclopentanone D ring. We
suggest that lowering of the kk* excited state of the A ring is responsible for the changes in
reactivity of androstenedione included in NaY. Observed b selectivity during the reduction
of the enone C==C bond can also be rationalized on the basis of changes in the character-
istics of lowest excited state. Chan and Schuster have established in the case of 4a-methyl-

Scheme 18
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4,4a,9,10-terahydro-2(3H)phenanthrone a molecule closely analogous to the systems
investigated here such that reduction occurs stereospecifically from kk* excited triplet to
yield a cis-fused bicyclic ketone. This would correspond to b addition in our examples.
Based on this analogy, one would suggest that changes in the characteristics of the lowest
excited triplet state of the enone chromophore discussed above are responsible for the
observed selectivity.

Triplet sensitization of 3-methyl-3-(1-cyclopentenyl)butan-2-one, 3, yields the 1,3-
acyl migration product 4 from the nk* triplet (and nk* singlet) and the oxa-di-k-methane
product 5 from the kk* triplet (Scheme 19). Triplet sensitization of 3 by 4V-methoxy-
acetophenone in hexane gave exclusively the product from the nk* triplet, 4. However, in
polar solvents, such as methanol and acetonitrile, a mixture of 4 and 5 was obtained
(Scheme 19). The oxa-di-k-methane product 3 was obtained in higher yield within zeolite
than in nonpolar hexane or in other polar solvents used in this investigation. The
selectivity in favor of the kk* triplet product observed in zeolites is unmatched in any
organic solvent, attesting to the uniqueness of zeolites.

The above strategy of controlling product distributions by inclusion in a zeolite also
worked with 4-methyl-4-phenyl-2-cyclohexenone 6. As shown in Scheme 20, of the several
products (7–11) that this molecule gives upon excitation, 7 and 8 have been established to
arise from the nk* triplet and products 9–11 from the kk* triplet. The ratio of the two sets
of products [(9+10+11)/(7+8)] has been reported to depend on solvent polarity (Scheme
20). Similar to enone 3, in nonpolar hydrocarbon solvent, products from the nk* triplet
alone were obtained suggesting that the lowest triplet is of nk* in character and the second
kk* triplet is not close enough to establish an equilibrium and react. With increasing
polarity, the two states apparently are brought closer in energy such that products from
both states are formed (Scheme 20). Consistent with the behavior of enone 3, direct
irradiation of 6 included within MY and MX zeolites gave higher yields of products 9–11
derived from the kk* triplet (Scheme 20) than in nonpolar benzene (0%) or moderately
polar acetonitrile (42%). In LiY the combined yield of [(9+10+11)] was >85%, even
higher than in 30% water–methanol mixture (75%). The results obtained in Y-Sil and
MCM–41 (25% of [(9+10+11)]), zeolites with no cations, reveal the key role of cations in
enhancing the yield of kk* triplet products.

Scheme 19
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We believe that the cations present in zeolites play a direct role in the above state
switching. This conclusion is supported by computational studies carried out with enones.
The binding energies for Li+ to formaldehyde and acetone have been experimentally
measured to be f36 and 45 kcal mol�1, respectively. Although the corresponding data for
enones are not available, the values are likely to be in the same range. At the MP2/6-31G*
level, we computed the binding energies of Li+ to cyclopentenone and cyclohexenone to be
54 and 54.5 kcal mol�1, respectively (for reference, the corresponding value for acetone is
computed to be 48 kcal mol�1). Although the strength of interaction is likely to be reduced
due to the presence of oxyanionic counterions, enones adsorbed within a zeolite are
expected to be bound to M+ ions. We therefore probed the effect of metal complexation
on the orbital and excitation energies of the model systems, cyclopentenone and cyclo-
hexenone, along with acetone for comparison.

As in earlier studies on simple carbonyl compounds, the Li+ ion is computed to be
aligned nearly collinear with the C==O bond, suggesting a primarily ion–dipolar electro-
static interaction between the metal ion and the enone (Fig. 22). While the nature and
relative coefficients of the MOs are not altered in any significant manner, all of the MOs
are shifted to lower energies through coordination. The key MOs of importance in the
present context are the p-type n orbital on the carbonyl oxygen, the filled k (higher lying k2

for the enones), and the vacant k* orbitals (shown in Fig. 22 for cyclopentenone). The n
orbital is stabilized by Li+ complexation to a greater extent than the k MO in the model
enones (Table 8), suggesting that the nk* triplet will be relatively shifted to higher energy
due to cation binding. The CIS(D)/6-31+G* calculations confirm that the nk* triplet is
the lowest energy triplet in the three model systems (Table 8). While this is expected for
acetone on the basis of orbital energies, the trend prevails in the enones in spite of the fact
that the n orbital is below the k2 HOMO. More significant in the present context is the
effect of Li+ coordination on the energies of the triplet states. While the nk* triplet is
clearly shifted to higher energy, the kk* triplet is marginally stabilized in the enones. The
lower energy triplet is now calculated to be the kk* state. The switch in the ordering of the
triplet states and their relative energies are both qualitatively consistent with the observed
product selectivities in photoreactions of enones in zeolites.

Scheme 20
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Consistent with the above speculations the emission spectra of acetophenones within
NaY correspond to that of a kk* triplet state (154). Acetophenone in both the singlet and
triplet manifolds possesses close-lying nk* and kk* excited states. Both in polar and
nonpolar solvents nk* triplet is the lowest excited state (Fig. 23). We illustrate here that the
influence of cations on the ordering of excited state can be easily inferred from the
emission spectrum of the adsorbed ketone. Acetophenone, para-fluoroacetophenone, and

Table 8 Ground State Orbital Energies (HF/6-31G*) and Energies of Triplet States Relative to

the Ground State (CIS(D)/6-31+G*) for Carbonyl Compounds and Their Li+ Complexes

Orbital energy (eV) Triplet energy (eV)a

Molecule/ion k n k* n-k* k-k*

Acetone �13.03 �11.19 4.28 4.04 (4.41) 6.28 (5.19)
Acetone + Li+ �18.45 �16.67 �2.08 4.51 (5.16) 6.63 (6.38)

Cyclopentenone �10.21 �10.86 2.93 3.69 (4.33) 4.23 (3.36)
Cyclopentenone + Li+ �14.31 �15.99 �1.99 4.35 (5.29) 4.10 (3.43)
Cyclohexenone �10.08 �10.90 2.80 3.50 (4.13) 4.05 (3.17)
Cyclohexenone + Li+ �14.03 �15.74 �2.02 4.15 (5.11) 3.84 (3.19)

a Results obtained at CIS/6-31+G* level (without doubles corrections) are given in parentheses.

Fig. 22 Schematic representations of (from right to left) n, k2 and k* orbitals of cyclopentenone
(top) and cyclopentenone–Li+ complex.
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Fig. 23 The emission spectra of acetophenone: (top) in methylcyclohexane (MCH) and methanol-
ethanol mixture (MEET) at 77K; (bottom) in NaY and CsY.
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para-methoxyacetophenone are chosen as examples. Based on the knowledge that a highly
polar medium would be expected to increase the energy of the nk* state and lower the
energy of the kk* state, one would predict that the lowest excited state of acetophenone
and para-fluoroacetophenone could be altered within a zeolite whereas that of para-
methoxyacetophenone will remain to be kk* state in all solvents and in zeolites. Indeed,
the phosphorescence emission of para-methoxyacetophenone in NaY and CsY was
structureless, characteristic of the kk* state (Fig. 24). On the other hand, the structural
resolution of the phosphorescence emission from acetophenone was dependent on the
cation. In NaY the emission was structureless, typical of kk* emission, and in CsY it was
structured similarly to that in methanol–ethanol mixture (Fig. 23). Observations made
with para-fluoroacetophenone were similar. Based on the appearance of the phosphor-
escence spectra we believe that both acetophenone and para-fluoroacetophenone possess
kk* excited states within NaY and nk* state within CsY. Considering that these two
ketones have nk* state as their lowest excited triplet in the most polar solvent mixture,
methanol–ethanol, the ability to switch the states within a zeolite using cations is novel
and important.

B. Selectivity During Singlet Oxygen–Mediated Oxidation of Olefins:
Role of Cation–Olefin p Interaction

Singlet oxygen is known to react with electron-rich olefins via a 2+2 addition (155). When
the olefin contains allylic hydrogen atoms, however, the ‘‘ene reaction’’ is the dominant
pathway. Olefins with more than one distinct allylic hydrogen yield several hydroperoxides
(Scheme 21) (156). With a zeolite medium high selectivity during the singlet oxygen ene
reaction has been achieved.

Monomeric thionin is a useful sensitizer for the generation of singlet oxygen. Singlet
oxygen, generated using thionin included in a zeolite, is capable of undergoing an ene
reaction with typical olefins such as 2,3-dimethyl-2-butene and 2-methyl-4,4-dimethyl-2-
pentene. The product distribution observed with 1,2-dimethylcyclohexene suggests that the
hydroperoxides so obtained are not the result of reaction with ground-state triplet oxygen
(Scheme 22) (157). These observations confirm that one can generate a reactive singlet
oxygen within the confines of a zeolite (158–160). A number of olefins of structure similar to
1-methyl-2-pentene were examined. These olefins contain two distinct allylic hydrogen
atoms and, in an isotropic solution, yield two hydroperoxides with no appreciable selectivity
(Scheme 23). Within NaY, a single hydroperoxide is preferentially obtained. Similar
selectivity was also observed with related olefins such as the 1-methyl-4-aryl-2-butenes,
and even more impressive results were obtained with 1-methylcycloalkenes (Scheme 24).
These alkenes yield three hydroperoxides in solution with the hydroperoxide resulting from
abstraction of the methyl hydrogens formed in the lowest yield. Surprisingly, the minor
isomer in solution was obtained in larger amounts within the zeolite. Thus, the selectivity is a
characteristic of hydroperoxidation of olefins within zeolites. Product hydroperoxides were
isolated in about 75% yield.

The above selectivity is attributed to the polarization of the olefin by the interacting
cation. As shown in Fig. 25, when the olefin is asymmetrical, the interacting cation will be
able to polarize the olefin in such a way that the carbon with greater numbers of alkyl
substituent will bear a partial positive charge (y+). Singlet oxygen being electrophilic is
expected to attack the electron-rich carbon (y�), the one with fewer substituents, and lead
to an ene reaction in which the hydrogen abstraction will occur selectively from the alkyl
group connected to the carbon bearing y+. Polarization within a zeolite of molecules such
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Fig. 24 The emission spectra of para-methoxyacetophenone: (top) in methylcyclohexane (MCH)

and methanol-ethanol mixture (MEET) at 77 K; (bottom) in NaY and CsY.
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as pyrene, NO, and olefin-oxygen have been previously reported. In our system, the extent
of polarizability will depend on the charge density of the cation. Smaller cations such as
Li+ would be expected to polarize the olefin more than larger cation such as Cs+. As per
this model, selectivity is expected to decrease from Li+ to Cs+. Consistent with both the
above two models, observed selectivity decreases with the size of the cation (Scheme 25;
Li+>Na+>K+>Rb+>Cs+).

The above models assume that there is an interaction between the cation and the
olefin and that the interaction energy decreases with the size of the cation. Abinitio
quantum mechanical calculations performed with several olefins clearly show a decreasing
trend in the binding energy between the cation and the olefin, with the smaller cations

Scheme 21

Scheme 22
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Fig. 25 The kHOMO of 2-methyl-2-butene (left) and its Li+ complex (right) calculated at the HF/

6-31G** level.

Scheme 23

Scheme 24
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binding more strongly. Although at present we have no direct evidence for interaction
between cations and olefins, such interactions in the case of aromatics via absorption,
emission, and solid-state NMR studies have been established.

C. Cation Interactions Restrict the Mobility of Reactants
and Intermediates: Cation–Aromatic p Interaction

Photo-Fries rearrangement of phenylacetate and photo-Claisen rearrangement of allyl-
phenyl ether yield ortho-hydroxy and para-hydroxy isomers as products (Schemes 26 and
27) (161). In solution, independent of the polarity of the medium, one obtains a mixture.
On the other hand, zeolite once again comes in handy to control the product distribution
(162–167). The best visual example of the influence of zeolite on product distribution
during a photo-Fries reaction can be found in Fig. 26 where the GC traces of the product
distributions upon photolysis of 1-naphthyl-2-methyl-2-phenylpropanoate in hexane
solution and within NaY zeolite are provided. Remarkably, while in solution eight
products are formed, within NaY zeolite a single product dominates the product mixture
(Scheme 28).

Scheme 26

Scheme 25
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Both photo-Fries and photo-Claisen rearrangements proceed via a similar mecha-
nism (Scheme 29). Promotion to the excited singlet state results in fragmentation of the
ester and the ether. Cage escape, recombination, and hydrogen migration result in both
the ortho and the para isomers. However, the factors that control the outcome of the
products vary with the nature of the medium. In solution, it is the electron densities at
various aromatic carbons in the phenoxy radical that control the regioselectivity.
Selectivity within zeolites results from the restriction imposed on the mobility of the
phenoxy and the acyl fragments by the supercage and the cations. Based on a comparison
of the results observed in the case of phenylacetate and allylphenyl ether we believe that an
interaction between the cation and the two reactive fragments is contributing to the
observed selectivity. While the size and shape of the acyl and allyl radicals are expected to
be similar, the strength of the interaction between the cations and these fragments will be
different. The weaker binding of the allyl radical is translated to an increased yield of the
para isomer in the case of allylphenyl ether (Schemes 26 and 27).

Recognition of the following features of the zeolite interior has helped us control site
selectivity during various photorearrangements: The cavity walls of zeolites, unlike those

Fig. 26 GC traces of the products upon photolysis of napthyl ester in hexane solution and in NaY
zeolite. The identity of the peak is marked with compound numbers in Scheme 28.

Scheme 27
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of many other organized media, are not ‘‘passive.’’ Cations present in zeolites help anchor
the reactants, intermediates, and products to the surfaces of a reaction cavity. In addition,
the walls are very ‘‘hard’’ so that the shapes and volumes of the cavities do not change
during the time period of reactions.

The feature that distinguishes zeolite surfaces from silica and alumina surfaces is the
presence of cations. Although cations are embedded on the surface of a zeolite through
interaction with surface oxygens, one face of these cations is free to interact with the guest
molecules. We have exploited this feature to control the stereoisomers formed in a
reaction. Diphenylcyclopropane upon triplet transfer sensitization yields a photosta-
tionary mixture consisting of nearly equal amounts of cis and trans isomers (Scheme 30

Scheme 29

Scheme 28
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and Fig. 27) (168). On the other hand, similar sensitizations (para-methoxyacetophenone)
within a zeolite selectively yield the cis isomer. This remarkable one-way isomerization
cannot be achieved in solution even in the presence of cations (acetonitrile-lithium
perchlorate solution). Selective formation of the cis isomer depends on the nature of the
cation (best results are achieved with lithium and sodium ions). Consideration of the
structures of the cis and trans isomers provides a clue to the factor that might be involved
in the formation of cis isomer within a zeolite. The cation is likely to complex more easily
with the bowl-shaped cis isomer than with the linear trans isomer (Scheme 30). This
selective binding, we believe, is responsible for enrichment of the cis isomer at the
photostationary state. This conclusion is consistent with the lower ratio of the cis isomer
within wet NaY zeolite.

Scheme 30

Fig. 27 H1 NMR and GC traces of the photostationary state composition of the isomers of
diphenyl cyclopropane in solution and in NaY zeolite.
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D. Stabilization of Hydrocarbon–Oxygen Contact Charge Transfer
Complexes: Role of Polarizing Power (Superpolar Character)
of the Zeolite Interior

Evans reported in 1953 that oxygen dissolved in aromatic solvents gives rise to a new
absorption longer than for the pure aromatic compound (169). A few years later, Munck
and Scott reported that even saturated hydrocarbons, alcohols, and ethers, in the
presence of oxygen, show a long wavelength absorption (169). Evans attributed the
long wavelength absorption band to S0 to T1 transition enhanced by dissolved oxygen.
Mulliken and Tsubomura attribute the band to a contact charge-transfer complex
between hydrocarbon and oxygen (171). Over a period of time, due to efforts by a
number of groups it has become clear that the two bands S0 to T1 transition and a
transition from ground state solvent–oxygen contact charge-transfer complex to a
solvent–oxygen charge-transfer state are often in the same spectral region (172,173).
Ogilby et al. have established that the solvent–oxygen complex is weakly bound (174–
177). They have estimated the DG for benzene–oxygen complex to be -0.9 kcal/mol.
Thus, it has been established that a number of organic molecules form a weak contact
charge-transfer complex with oxygen.

Frei is the first person to recognize the utility of a zeolite in the context of
stabilization of hydrocarbon–oxygen complex (178–184). He reasoned that the high
electric field present within a zeolite should stabilize the hydrocarbon–oxygen complex
and should shift the absorption to longer wavelength. Indeed, Frei and his coworkers
have demonstrated in a number of cases that the absorption shifts to longer wavelengths
and the CT band can be reached with visible light. It is important to note that NaY and

Scheme 31
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BaY are preferable in this context. The choice is dictated by the field and acidity.
Although Ca2+, Mg2+, and Sr2+ zeolites possess higher electric field, they are highly
acidic. Among the monovalent cation zeolites only LiY and NaY generate significant
electric field. Thus, the choice is limited to Li+-, Na+-, and Ba2+-exchanged zeolites.
Once the CT spectrum is shifted to visible region, Frei and coworkers utilized the band
to carry out oxidation with visible light. Systems, conditions, and products of oxidation
are provided in Schemes 31 and 32. Frei and coworkers have established the generality
of this approach with several alkenes, alkanes, and aromatics as examples. Oxidation is
conducted in zeolite solid matrix and products are monitored in situ by IR. The general
pattern of the mechanism is the same in all cases (Scheme 33). The first step is an

Scheme 33

Scheme 32
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electron transfer from the organic molecule to oxygen; the second step is a proton
transfer from organic radical cation to superoxide anion; and the last step is the
coupling of the radicals.

In our laboratory we have encountered a similar phenomenon with styrenes inside
NaY zeolites (185). The products of direct excitation of a hexane slurry of di(4-
methoxyphenyl)ethylene included within NaY zeolite are shown in Scheme 34. Inter-
estingly, no products are formed in the absence of oxygen and the nature of the
products depends on the excitation wavelength (Scheme 34). The key intermediate in
both the reduction and the oxidation processes is believed to be the radical cation of

Scheme 34

Fig. 28 Diffuse reflectance spectra of 1,1-bis-(4-methoxyphenyl)ethylene included within dry NaY

under 805 torr of oxygen pressure.
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di(4-methoxyphenyl)ethylene. The absorbing species during short- and long-wavelength
excitations are believed to be different: At long wavelength it is the olefin–oxygen
complex and at short wavelength the uncomplexed olefin. The diffuse reflectance
spectra shown in Fig. 28 indicate that di(4-methoxyphenyl)ethylene forms an oxygen
complex when present within NaY. A proposed mechanism for the formation of
products upon short- and long-wavelength excitations is shown in Scheme 35. Under
both conditions an electron transfer is thought to be the primary step. During short-
wavelength excitation the primary electron acceptor is presumed to be the zeolite and
during the long-wavelength excitation the oxygen complexed to the olefin is likely the
electron acceptor.

VIII. ZEOLITE AS A REACTION MEDIUM: CATION–ORGANIC
INTERACTION ENHANCES TRIPLET PRODUCTION—HEAVY
CATION–ORGANIC INTERACTION

Heavy cation effect has also been utilized to control product distribution in photo-
chemical reactions (186–188). This approach has been successful for both unimolecular
and bimolecular reactions. The photobehavior of acenaphthylene is unique in that it
has been extensively studied in various constrained media and has been subjected to
one of the largest heavy-atom effects on its dimerization. The irradiation of acenaph-
thylene in solution yields the cis and the trans dimers; the singlet gives predominantly

Scheme 35
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cis dimer, whereas the triplet gives both cis and trans dimers in comparable amounts
(Scheme 36). Photolyses of dry solid inclusion complexes of acenaphthylene in various
cation (Li+, Na+, K+, Rb+)–exchanged Y zeolites gave the cis and trans dimers. The
cis to trans dimer ratio, relative efficiency of dimerization, relative triplet yields, and
triplet lifetimes of acenaphthylene are dependent on the cation as summarized in
Table 9. The absence of triplet formation in LiY and NaY is consistent with the solution
behavior in which the intersystem crossing yield from S1 to T1 is reported to be near zero.
This as well as the exclusive formation of cis dimer support the conclusion that the
dimerization in the supercages of LiY and NaY is from the excited singlet state. The high
triplet yield in KY and RbY is thought to be a consequence of the heavy-atom effect
caused by the cations in the supercage. The trends observed in the variation of the
triplet yield and the triplet lifetime with the increasing mass of the cation is consistent
with the expected spin-orbit coupling–induced triplet formation. Formation of the
trans dimer (the triplet-derived product) in the cages of KY and RbY is in agreement
with triplet generation.

Another set of example relates to unimolecular rearrangement of dibenzobarre-
lene and benzobarrelene. Both dibenzobarrelene and benzobarrelene react differently
from their triplet and excited singlet states (Scheme 37). Therefore, these are ideal
examples to test the cation effect on chemical reactions. As illustrated in Table 10, the
heavy-atom response of dibenzobarrelene and benzobarrelene is strong. Essentially
100% triplet state behavior is observed with T1+ as the heavy atom. There is a clear
trend in the triplet product contribution with the spin-orbit coupling parameter of the
cation (T1+>Cs+>Rb+>K+).

Table 9 Cation-Dependent Photodimerization of Acenaphthylene Included
in M+Y Zeolites (<S> = 0.5)

Zeolite
Cis/trans
dimer

Relative efficiency
of dimerization

Relative triplet
yield

Triplet lifetime
(As)

LiY 25 0.2 — —

NaY 25 0.2 — —
KY 2.3 0.4 0.2 9.6
RbY 1.5 1.0 0.5 5.7

CsY 4.2 0.8 0.7 2.1

Scheme 36
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Table 10 Photoproduct Distribution from Irradiation of Compounds Dibenzobarrelene and

Benzobarrelene in M+X and M+Y Zeolites as a Hexane Slurry (Scheme 37)a,b

Medium Compound % Conversion % COT % SBV

CH3CN Dibenzobarrelene 77 23
Acetone ‘‘ 0 100
LiX ‘‘ 4 (23)c 33 [80]d 67 [20]

NaX ‘‘ 6 (20) 38 [72] 62 [28]
KX ‘‘ 17 (30) 53 [57] 47 [43]
RbX ‘‘ 16 (26) 25 [31] 75 [69]

CsX ‘‘ 24 (41) 13 [17] 87 [83]
TlX ‘‘ 98 (88) <1 [<1] >99 [>99]
Hexane Benzobarrelene 96 4

Sense ‘‘ 0 100
NaX ‘‘ 77 95 5
KX ‘‘ 59 92 8
RbX ‘‘ 63 86 14

CsX ‘‘ 84 88 12
TlX ‘‘ 90 8 92

a The product ratios were independent of % conversion within the estimated error limits of F 2% and represent

an average of at least five independent runs.
b Slurry irradiations were conducted in hexane for 2 h. Solid-state irradiations were carried out for 20 h.

Conversions are comparable, since all irradiations were conducted under identical conditions.
c Numbers in parentheses are for solid-state irradiations.
dNumbers in brackets are for zeolites saturated with water.
e Acetophenone sensitization in hexane solution.

COT, cyclooctatetraene (singlet product); SBV, semibulvalene (triplet product).

Scheme 37
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IX. CONVENTIONAL ENERGY AND ELECTRON TRANSFER CHEMISTRY
WITHIN ZEOLITES

To expand the range of photochemical processes carried out in zeolite media, several
investigators have explored energy transfer between molecules (189–193). Most of these
are directed to placing molecules in their excited triplet surface. A general strategy has
been to place a well-known triplet sensitizer within a zeolite and demonstrate the energy
transfer by observing triplet products in a chosen reaction or follow the photophysical
properties of the acceptor molecule. In our laboratory, energy transfer studies have
utilized nonacidic zeolites (194,195). To investigate the triplet-triplet energy transfer in
zeolitic environment, we chose known triplet energy donors (acetophenone, p-
methoxyacetophenone, and a-aminoacetophenone) and several acceptors that give
different products from excited singlet and triplet states (Scheme 37). Results from one
acceptor, dibenzobarrelene, are provided in Table 11. These results show that T-T energy
transfer does indeed occur in zeolite interior and p-methoxyacetophenone is the sensitizer
of choice. Loading levels were varied and the extent of T-T energy transfer was shown to
increase as the number of molecules per supercage increased. Zeolite KY exchanged with
a-aminoacetophenone hydrochloride was reusable. Since the sensitizer is anchored to the
surface of the zeolite, higher loading levels of the sensitizer (one in 25 cages) were required
to achieve efficient sensitization. Sensitizer p-methoxyacetophenone had a different
advantage. Its long triplet lifetime allowed efficient sensitization even at low loading
levels (1 in 85 cages). This corresponds to a separation of four cages between the donor
and the acceptor.

Table 11 Photoproduct Distribution from Irradiation of Dibenzobarrelene [A] and Benzobarre-
lene [B] in K+Y Zeolite Containing Various Triplet Energy Sensitizersa

Slurryc Solidc

Sensitizer Compound Loading levelb % COT % SBV % COT % SBV

4-Methoxyacetophenone A 25 <1 >99 <1 >99
A 40 4 96 <1 >99
A 85 13 87 <1 >99

a-Aminoacetophenone HCl A 25 8 92 5 95

A 40 16 84 10 90
4-Methoxyacetophenone B 13 10 90 1 99

B 25 34 66 2 98

B 40 51 49 20 80
a-Aminoacetophenone HCld B 13 39 61 18 82

B 25 54 46 63 37

a The product ratios were independent of % conversion within the estimated error limits of F 2% and represent

an average of at least five independent runs.
b Loading level refers to the average number of supercages per guest molecule. For example, a value of 25

indicates one probe molecule and one sensitizer molecule per 25 supercages.
c Slurry irradiations were conducted in hexane for 2 h. Solid-state irradiations were carried out for 20 h.

Conversions are comparable, since all irradiations were conducted under identical conditions.
d In this case, the sensitizer is anchored to the zeolite via an ionic bond, which allows the photoproducts to be

removed selectively and the complex reused. No decrease in zeolite efficiency was seen after as many as six runs.

COT, cyclooctatetraene (singlet product); SBV, semibulvalene (triplet product).
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We have used the dimerization of arylalkene reaction to demonstrate the viability of
carrying out photoinduced electron transfer reactions for independently loaded sensitizers
and olefin donors and to examine the effect of the zeolite environment on the product
selectivity (196). The results obtained for trans-anethole using 2,3-dicyanoanthracene and
9-cyanoanthracene as sensitizers are typical. For example, a combination of steady-state
and time-resolved fluorescence measurements indicates that the singlet excited state of the
sensitizer is quenched by the alkene, predominantly via a static mechanism. Diffuse
reflectance flash photolysis experiments were carried out using 355 nm excitation, which
excites the sensitizer only. The results demonstrated that the efficient singlet quenching of
the sensitizer is accompanied by formation of the trans-anethole radical cation. The latter
has a spectrum similar to that obtained by direct excitation of trans-anethole at 266 nm.
The transient spectra also provided evidence that the cyanoaromatic sensitizers undergo
some photoionization in competition with electron transfer quenching in the zeolite
environment. Efficient electron transfer was also observed for 9-cyanoanthracene and 1-
cyanonaphthalene sensitizers with trans-anethole and 4-vinylanisole, demonstrating the
generality of these results. In each case the radical cation was relatively long lived,

Scheme 38
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illustrating the potential of the zeolite environment for overcoming the limitation of back
electron transfer.

The products of the radical cation–initiated dimerization of a series of arylalkenes
with cyanoaromatic and quinolinium and acridinium sensitizers were examined. Results
indicate that the radical cations add to the precursor alkenes to give dimeric products
(Scheme 38), as has been observed in solution. In some cases oxidation of the alkenes
accompanied dimer formation. A number of control experiments were carried out to ensure
that the observed products resulted from sensitization rather than direct photolysis of the
olefins and to ensure that the product ratios did not reflect further reactions of the initial
dimers. The product studies demonstrate that radical cation–mediated dimerization occurs
readily in the zeolite environment and suggest that the radical cations observed in the
transient experiments are reactive. The dimer ratios also illustrate some important differ-
ences between the solution and zeolite chemistry. For example, although both cis/syn and
trans/anti dimers are formed, the zeolite favors the cis/syn product, which has a more
spherical shape that is similar to the geometry of the supercage. We believe that this reflects
the fact that the more linear trans/anti isomers are best accommodated in two supercages,
whereas the cis/syn dimer can be formed within a single cage and therefore its formation is
the more favorable process. It also appears that the zeolite environment is more important
in determining the geometry of the dimeric products than the method (direct or sensitized
photocycloaddition vs. radical ion initiation) used for their generation.

X. ENANTIOSELECTIVE PHOTOREACTIONS WITHIN ZEOLITES:
DEVELOPMENT AND ESTABLISHMENT OF THE CONCEPT
AND GENERALIZATIONS

An ideal approach to achieving chiral induction in a constrained medium such as zeolite
would be to make use of a chiral medium. To our knowledge no zeolite that can
accommodate organic molecules currently exists in a stable chiral form (197–202).
Though zeolite beta and titanosilicate ETS-10 have unstable chiral polymorphs, no
pure enantiomorphous forms have been isolated. Although many other zeolites can
theoretically exist in chiral forms (e.g., ZSM-5 and ZSM-11), none has been isolated in
such a state. In the absence of readily available chiral zeolites, we are left with the choice
of creating an asymmetrical environment within zeolites by the adsorption of chiral
organic molecules.

In order to provide the asymmetrical environment lacking in zeolites during the
reaction a chiral source had to be employed. For this purpose, in the approach we refer to
as the chiral inductor method (CIM), where optically pure chiral inductors such as
ephedrine were used, the nonchiral surface of the zeolite becomes ‘‘locally chiral’’ in the
presence of a chiral inductor. This simple method affords easy isolation of the product as
the chiral inductor and the reactant are not connected through either a covalent or an
ionic bond. In all our studies alkali ion–exchanged zeolites X and Y were used as reaction
media (203–218).

The chiral inductor that is used to modify the zeolite interior will determine the
magnitude of the enantioselectivity of the photoproduct. The suitability of a chiral
inductor for a particular study depends on its inertness under the given photochemical
condition, its shape, size (in relation to that of the reactant molecule and the free volume
of the zeolite cavity), and the nature of the interaction(s) that will develop between the
chiral agent and the reactant molecule/transition state/reactive intermediate. One should
recognize that no single chiral agent might be ideal for two different reactions or at times
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structurally differing substrates undergoing the same reaction. These are inherent prob-
lems of chiral chemistry.

To examine the viability of CIM we have explored a number of photoreactions
[electrocyclic reactions, Zimmerman (di-k) reaction, oxa-di-k-methane rearrangement,
Yang cyclization, geometrical isomerization of 1,2-diphenylcyclopropane derivatives,
and Schenk-ene reaction], which yield racemic products even in presence of chiral
inductors in solution (Scheme 39). We have obtained highly encouraging enantiomeric
excesses (ee) on two photoreactions within NaY: photocyclization of tropolone ethyl-
phenyl ether [Eq. (1), Scheme 39]. and Yang cyclization of phenylbenzonorbornyl
ketone [Eq. (3), Scheme 39]. The ability of zeolites to drive a photoreaction that gives
racemic products in solution to ee >60% provides hope of identifying conditions
necessary to achieve high ee for a number of photoreactions with zeolite as a reaction
medium. The following generalizations have resulted from the above studies: (a)

Scheme 39

Copyright © 2003 Marcel Dekker, Inc.



Moderate but encouraging ee (15–70%) can be obtained in zeolites for systems that
only result in racemic products in solution. (b) Not all chiral inductors work well
within a zeolite. Best results are obtained with ephedrine, norephedrine, and pseudoe-
phedrine. (c) The extent of ee obtained is inversely related to the water content of the
zeolite. (d) The ee depends on the nature of the alkali cation present in a zeolite. For
example, the ee values on photocyclization of tropolone ethylphenyl ether within (+)-
ephedrine-adsorbed, various cation–exchanged zeolites are as follows: LiY, 22%; NaY,
68%; KY, 11%; and RbY, 2%.

The strategy of employing chirally modified zeolites as a reaction medium
requiring the inclusion of two different molecules—a chiral inductor (CI) and a
reactant (R)—within the interior space of an achiral zeolite by its very nature does
not allow quantitative asymmetrical induction. The expected six possible statistical
distribution of the two different molecules CI and R when included within zeolites X
and Y shown in Scheme 40-I are: cages containing two R molecules (type A), one R
and one CI (type B), single R (type C), two CI (type D), a single CI (type E), and no
CI and R molecules (type F). The products obtained from the photoreaction of R
represent the sum of reactions that occur in cages of types A, B, and C, of which B
alone leads to asymmetrical induction.

Obtaining high asymmetrical induction therefore requires the placement of every
reactant molecule next to a chiral inductor molecule (type B situation), i.e., enhancement
of the ratio of type B cages to the sum of types A and C. This led us to explore the chiral
auxiliary method (CAM) in which the chiral perturber is connected to the reactant via a
covalent bond. In this approach, most cages are expected to contain both the reactant as
well as the chiral inductor components within the same cage. We have tested the CAM
with several reactions (electrocyclic reactions, oxa-di-k-methane rearrangement, Yang
cyclization, and geometrical isomerization of 1,2-diphenylcyclopropanes; for selected
examples, see Schemes 41 and 42) and have found that the diastereomeric excesses (de)
obtained within zeolites are far superior to that in solution; de >75% have been obtained

Scheme 40
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Scheme 42

Scheme 41
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within MY zeolites for several systems that yield photoproducts in 1:1 diastereomeric ratio
in solution. The observed generality suggests the phenomenon responsible for the
enhanced asymmetrical induction within zeolites to be independent of the reaction. The
GC traces of the photoproducts from tropolone 2-methylbutyl ether (TMBE) and amide
derived from L-valine methyl ester and 2b,3b-diphenylcyclopropane-1a-carboxylic acid in
various cation-exchanged Y zeolites shown in Figures 29 and 30 illustrate that the cations
present in a zeolite play a critical role in the asymmetrical induction process and is further

Fig. 29 GC traces of the photoproducts from tropolone 2-methyl butyl ether. ‘‘A’’ refers to the
first of the two peaks corresponding to product diastereomers.

Fig. 30 GC traces of the trans diastereomers of the amide derived from L-valine methyl
ester and 2b,3b-diphenylcyclopropane-1a-carboxylic acid. Note the difference in the peaks

being enhanced within LiY and KY.
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proved by the direct correlation of de on the water content of the zeolite. For example,
in the case of 1-phenylethylamide of 2b,3b-diphenylcyclopropane-1a-carboxylic acid
[Scheme 41, (Eq.) 4] saturating the LiY with water dramatically reduced the de from
80% (dry) to 8% (wet). We believe that coordination of water to the cation reduces the
influence of the cation on the reaction.

It is possible that the reactant and covalently linked chiral inductor still remain
in different cages (type B in Scheme 40-II) by adopting an extended conformation that
could result in<100% de. We have attempted to provide an asymmetrical environment
for such molecules by using a chirally modified Y zeolite as the reaction medium
(Scheme 2-III; CIAM). Within (�)-ephedrine-modified NaY the de with TMBE
increased from 53% to 90% (Fig. 1), whereas it decreased from 59% to 3% in the
case of 1-phenylethylamide of 2,6,6-trimethylcyclohexa-2,4-diene-1-one-4-carboxylic
acid [Eq. (1), Scheme 41]. Thus, the combination of the chiral inductor and the chiral
auxiliary has led to limited success. However, the 90% de obtained with TMBE within
(�)-ephedrine-modified NaY is the highest reported for any photochemical reaction in
a noncrystalline medium. As shown in Fig. 29, the 20% decrease in the maximal de
obtained with (+)-ephedrine from that to its antipode (90% in (�)-ephedrine and
70% in (+)-ephedrine) suggests that the reactions to occur in two types of cages: one
that contains TMBE alone and the second that contains TMBE and a chiral inductor
(type A and type B, respectively, in Scheme 40-III).

One of the drawbacks of the use of zeolite as a reaction medium is the difficulty
in controlling the distribution of reactants and chiral inductors as illustrated in Scheme
40-I. This problem could be overcome by localizing the photoreaction to those cages
in which the reactant is next to a chiral inductor (type B in Scheme 40-I). We have
explored this concept with the photoreduction of ketones by amines as a probe
reaction. The ketone we have examined is phenyl cyclohexyl ketone Fig. 31. This
ketone upon excitation in solution gives an intramolecular g-hydrogen abstraction
Norrish type II product. However, when included in a chirally (ephedrine, pseudo-
ephedrine, or norephedrine) modified zeolite, it gave the intermolecular reduction
product, a-cyclohexyl benzyl alcohol. The ratio of the intermolecular reduction to

Fig. 31 GC traces of hte enantiometric a-cyclohexyl benzyl alcohol. (+) and (�). Norephedrine
enhances, as expected, opposite optical isomers.
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Norrish type II product was dependent on the nature (primary, secondary, or tertiary)
and amount of the chiral amine. These observations are indicative of the reduction
occurring only in cages that contain a chiral inductor. Using norephedrine as the
chiral inductor the ee obtained on the reduction product is 68% (Fig. 31). As
expected, the enhanced isomer is reversed with the antipode of the chiral inductor.
It is important to note that under similar conditions in solution no ee was obtained in
the reduction product. We have established the strategy presented above with phenyl
cyclohexyl ketone to be general by investigating a number of aryl alkyl and diaryl
ketones (Scheme 43). Despite the high ee obtained by this approach where entire
reaction occurs within chirally modified cages, the % ee is not quantitative.

XI. SUMMARY

During the past three decades a number of organized assemblies (micelles, vesicles, mono-
and bilayers, liquid crystals, cyclodextrins, silica, clay and zeolite surfaces, etc.) have been

Scheme 43
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examined as media to control the excited state behavior of organic molecules. Each of them
is unique in their ability to modify photoreactions. Zeolites are far more versatile in their
ability to control reactions of a large variety of molecules. Zeolites are porous, highly
interactive matrices. Zeolites serve as powerful matrices to monitor phosphorescence from
molecules that do not phosphoresce under conventional conditions. Proton transfer and
electron transfer are the two fundamental reactions that take place within a zeolite, andmost
often zeolite matrices themselves participate in these reactions. Radical cations and
carbocations generated via electron and proton transfer processes have long lifetimes within
a zeolite and thus lend themselves to be handled as ‘‘regular’’ chemicals.

Cations being Lewis acids interact with k electrons of included organic molecules
and thus influence their location, adsorption mode, and conformation. Such controls can
be translated into product selectivity. ‘‘Naked’’ cations within a zeolite provide an
unprecedented opportunity to explore reactions catalyzed by cations. These cations are
capable of polarizing k electrons and thus may bring about reactions that are normally
considered less likely in solution.

Ability to include two molecules within a supercage provides an opportunity to
establish a communication between two molecules in an excited state. Such interactions
have resulted in energy transfer, electron transfer, and chiral induction. Of these chiral
induction within zeolites is unique and capable of achieving high chiral induction in
systems that yield racemic products in solution.

This chapter has focused mostly on the activities in our laboratory. Work from other
laboratories have been included although not in detail and depth. Contributions to
photochemistry and photophysics of organic and inorganic molecules within zeolites have
been made by several groups. Leading references provided should help the readers to
appreciate the major contributions of Turro (219), Scaiano and Garcia (220), Frei (221),
Clennan (222), Thomas (223), Hashimoto (224), Yoon and Kochi (225), Tung (226), Dutta
(227), Kincaid (228), Mallouk (229), and Calzaferri (230) to the area of photochemistry
and photophysics in zeolites.
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