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Abstract

Considerable current research is directed towards understanding host-guest
interactions and chemical transformations within zeolites. Despite this effort, and the
ubiquity of zeolitic materials in research and industry, much remains to be discovered
about the specific mechanisms of intrazeolite reactions. This thesis describes
investigations aimed at probing the internal environments within non-acidic zeolites, and
evaluating the roles zeolites play in reaction dynamics of encapsulated guest molecules.
Two fundamental reaction types provide the specific focus: (i) reactions mediated by
carbocation intermediates; and (ii) reactions proceeding via charge migration.
Nanosecond time-resolved diffusion reflectance spectroscopy is used to directly observe
reactive intermediates and to establish mechanistic descriptions of intrazeolite reactions.

Alkali metal cation zeolites are employed in order to elucidate the role of zeolitic
parameters other than acidity on the generation, absolute and bimolecular reactivity of
carbocations. Two photochemical methods are used to create reactive carbocations in
non-acidic zeolites: (i) rapid fragmentation of photogenerated bicumene radical cations;
and (i7) photoheterolysis of 9-fluorenols. Studies of cumyl and 9-fluorenyl cations in dry
zeolites (MY, M= Li", Na*, K", Rb" and Cs*, NaX, NaMor and Naf) indicate that the
absolute reactivity of carbocations is strongly dependent on the alkali cation, the Si/Al
ratio and the framework morphology. Investigations of the 4-methoxycumyl cation,
including kinetic isotope effects and product studies, suggest that the mechanism for
intrazeolite decay involves direct attack of the zeolite lattice on the carbocation leading to
a framework-bound alkoxy species. The carbocation lifetime is thus correlated to zeolite
nucleophilicity and can be modulated over several orders of magnitude with changes in
the zeolite environment. The results establish that non-acidic zeolites support the
generation of reactive carbocations, including the 9-fluorenyl cation, as transient
intermediates which receive stabilization from the zeolite matrix, but are reactive towards
attack by nucleophilic framework sites. Consequently, the range of reactivities for
carbocations within non-acidic zeolites is reduced relative to solution. Intrazeolite
addition reactions of small alcohols, alkyl enol ethers, and water to carbocations are
described in terms of both static and dynamic quenching involving molecular diffusion
through the heterogeneous topology and rapid intracavity coupling between the
nucleophile and the carbocation. Thus, the zeclite reduces the efficiency of dynamic
quenching but enhances the reactivity of the nucleophile towards intracavity addition to
the carbocation. Furthermore, alkali metal cation zeolites are shown to influence
carbocation formation by assisting photoheterolysis of 9-fluorenols in the absence and
presence of coadsorbed protic reagents. These studies also afford insight into the
dynamics of carbocation generation within non-acidic zeolites in competition with
alternative reaction pathways available to photoexcited 9-fluorenols.

Reactions proceeding via charge migration between NaY encapsulated electron
donors and acceptors are explored in order to probe the role of the zeolite in these redox
processes, and to characterize the mobility of electrons and holes within the zeolite.
Electron migration is initiated by photoexciting r-anethole in NaY containing coadsorbed
1,4-dicyanobenzene as an electron acceptor, while hole migration is initiated by
photoexciting chloranil in NaY containing coadsorbed 4,4’-dimethoxybicumene as an
electron donor. Results demonstrate ultrafast redox reactions leading to long-lived
charge separated states within the zeolite cavities. The efficiencies of the redox process
are examined as a function of donor-acceptor concentration and the inclusion of nitrous
oxide as an electron trap. Interpreting the experimental data with two independent
models provides clear evidence that the redox chemistry occurring within NaY cannot be
completely accounted for by contact interactions between the incorporated molecules.
From these models, it is estimated that the zeolite can mediate electron and hole
migration over distances of 11 A and 18 A, respectively.
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Chapter 1. Introduction to the Study of Reaction Dynamics in Zeolites

1.1 Zeolites

Zeolites are inorganic solids, naturally occurring minerals closely related to sand
and clay.!-6 Zeolites are also supramolecular hosts and heterogeneous catalysts.”-8 The
ability of zeolites to host molecular guests in supramolecular assemblies and to catalyze
chemical transformations is a consequence of the unique structural and physicochemical
features of these materials. Zeolites are crystalline aluminosilicates possessing an open
framework structure of molecular-sized pores, channels and cavities, Figure 1-1. Asa
result, molecules can be adsorbed within the microporous network, and physical and
chemical transformations can take place on the large internal surfaces. The regular
periodic molecular-sized void spaces throughout the zeolite particle, typically 0.1 to 10
um, facilitates the novel spatial arrangement of thousands of molecules with significant
long-range ordering. In addition, the internal zeolite environment is characterized by a
negatively charged lattice with interstitial charge-balancing cations residing within the
micropores. The combined structural and chemical features generate a strongly polar
anionic network of well-defined void spaces with localized electrostatic fields and active
acidic and basic sites. Consequently, zeolites are unique organized media for confining
molecular guests and manipulating their reactivity. As a result, zeolites have been
heavily exploited commercially in a vast array of diverse applications,?!0 most notably as
heterogeneous catalysts for reactions in the petrochemical industry and the synthesis of
fine chemicals,!! as well as adsorbants and separating reagents in a myriad of processes.
The attractive and versatile properties of zeolites have also rendered these materials a
favorite in academic research. A common thread in much of the current research is based
on the concept that the local environment within zeolites can control or manipulate
reaction dynamics. The notion of supramolecular chemistry in zeolites, wherein the
zeolite acts as a scaffold for molecular organization and participates directly in the
chemical transformations, is an ongoing pursuit in the understanding of these processes

and the design of new materials.

1.1.1 Structura! Features of Zeolites: Topology and Composition

Knowledge of zeolite structure is essential to the elucidation and rationalization of

physical and chemical properties of zeolitic materials. Structural elucidation of zeolites
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often relies on powder X-ray diffraction data,!2-16 but includes other techniques such as
solid-state NMR,!7-19 as well as neutron diffraction.!8-20 [n order to describe the
structure of a zeolite, a consideration of the framework topology, the connectivity
between the tetrahedral building blocks in three-dimensional space, and the composition
including the atomic constituents of the framework, as well as the counterbalancing

cations and any additional non-framework species which might be present is required.

Figure 1-1. Framework topology of Faujasite.

The common feature of all zeolite topologies is linkage of the primary building
blocks, Si044' and A1045' tetrahedra, via shared oxygen atoms to create substructures of
characteristic size and shape, Figure 1-2. Each substructure can be arranged in numerous
ways resulting in a myriad of unique, well-defined zeolite topologies with considerable
variation in internal geometry and dimensions, Figure 1-3. For instance, the assemblage
of sodalite cages generates three-dimensional networks of cavities and pores of various
sizes and connectivities. In the synthetic faujasites, zeolites X and Y, the cavities, or
supercages, are approximately 13 A in diameter. Each is tetrahedrally linked to four
others through 7.4 A diameter pores containing twelve oxygen atoms, whereas zeolites
constructed of pentasil units consist of uniform tubular channels rather than cavities.
These channels vary in diameter and length and may be interconnected as in ZSM-5 and
Mordenite, or isolated as in Linde Type L. A testament to the variability of zeolite
topology is the existence of approximately 40 different types of natural zeolites and
currently greater than 100 synthetic forms.



Figure 1-2. Schematic representation of tetrahedral zeolite building blocks and their

linkage to form a microporous network.

&

Sodalite Cage

Linde Type L Mordenite

Pentasil Cage

Figure 1-3. Generation of various zeolite topologies through spatial arrangement of

sodalite and pentasil substructures.

Although the specific arrangements of the tetrahedral building blocks generate a
vast array of zeolite architectures, several parameters useful in describing zeolite
topologies can be applied to all materials. The most common parameters are the pore
size, the channel system and dimensionality, and the type of secondary building units.
The pore size is usually defined as the number of tetrahedral (T) atoms, or oxygen atoms
found in the rings of atoms forming the pores. Zeolites are classified as small, medium or
large pore depending on whether they possess 8, 10 or 12 oxygen atoms in the pore
opening, respectively. The size of these rings, as calculated using 1.35 A for the covalent
diameter of oxygen, are approximately 4.1 A, 5.5 A and 7.4 A, respectively. However, it
is important to remember that the rings can be distorted easily by, for instance, thermal
motion or cation binding, so the effective, or kinetic, pore diameter may be up to a few A
larger than the crystallographic one. The size of these pores, or oxygen windows, is very



significant since it determines which molecular guests will have access to the supercages
and how readily guests will diffuse from one supercage to another. The microporous
network may consist of pores, channels, cavities or cages, windows, pockets and their
various combinations. This system is one-dimensional, for zeolites consisting of a series
of isolated tubes, two-dimensional when channels intersect to form isolated layers, or
three-dimensional for zeolites with channels intersecting in three unique directions. The
secondary building units are finite subunits of T-atoms which can be observed in many
zeolite topologies in a variety of patterns. Often the zeolite architecture can be derived
from the repetition of this finite unit throughout the structure. Table 1-1 presents the pore
diameters and channel systems for some commonly encountered zeolite types.

Table 1-1. Pore sizes and topological dimensions for selected zeolites.2

Zeolite Name Pore Diameter / A Channel System/Cage Diameter
Faujasite (Zeolite X and Y) 7.4 3-D channel with cage / 13 A
Linde Type A 4.2 3-D channel with cage / 11.4 A
Sodalite 2.3 3-D channel with cage / 6.6 A
ZSM-5 5.2x5.6; 5.1x5.5 two interconnected channels
Linde Type L 7.1 single channel with lobe / 7.5 A
Mordenite 6.5x7.0; 2.6x5.7 two interconnected channels

Zeolites are composed of a framework of siiicon, aluminum and oxygen as well as
non-framework bound cations and adsorbed water. For instance, the typical unit cell
composition of zeolites X and Y, the synthetic analogues of the naturally occurring

faujasite zeolite, are2->:

Zeolite X: M86(Alo2)86(5i02)106 e 264 H20
Zeolite Y: M56(A102)56(Si02)136 e 253 H'_)O

where M is a monovalent cation. Zeolites X and Y are topologically identical, but can be
distinguished by compositional differences in the number of framework aluminum atoms
and counterbalancing cations. In order to gain some perspective on the unit cell size,
consider that one unit cell contains eight supercages and that each of these large cavities
can house 28 water molecules.

One of the most significant parameters in the structure of any zeolite is the ratio



of silicon to aluminum (Si/Al ratio) in the framework. Natural and synthetic zeolites
exhibit a wide range of Si/Al ratios varying from about one to infinity. The lower limit of
one arises from the fact that no two aluminum atoms can share the same oxygen, as
described by Loewenstein’s rule,?! due to the energetically unfavorable situation of
having two adjacent negative charges. Zeolite X, with a Si/Al ratio of approximately 1.5,
therefore has one of the highest concentrations of framework aluminum. Its structural
analogue, zeolite Y, has a Si/Al ratio of about 2.5. Conversely, zeolites can also be
highly dealuminated resulting in very large Si/Al, or contain no framework aluminum at
all, such as silicalite which has a Si/Al of infinity.

To compensate for the charge imbalance caused by each AlO45- unit, extra-lattice
cations such as protons, alkali or alkaline earth metals are found within the cages,
channels and cavities of zeolites. These cations are mobile and readily exchanged since
they are not covalently bound to the framework. This characteristic has lead to the wide-
spread use of zeolites in detergents, waste-water treatment and many other processes
involving selective ion-exchange. As a general rule, zeolite cations will tend to occupy
intrazeolite sites that provide the best coordination polyhedra with the framework oxygen
atoms. However, cation-cation, cation-framework and cation-ligand interactions will
play a role, as will the size, charge, degree of hydration and mobility of the cation. It is
possible, however, to specify sites within zeolite frameworks where the cations tend to
localize. There are generally more sites than cations and thus motion between the sites is
anticipated, consistent with the notion that the intrazeolite cations are not static entities.

The positions of the cations have been studied quite extensively in the faujasite-
type zeolites X and Y by X-ray powder diffraction,!3 and more recently by solid-state
NMR spectroscopy.2? In faujasites several distinct sites have been distinguished, three of
which are represented in Figure 1-4. Site I cations, of which there are 16 per unit cell in
both zeolite X and Y, lie on the hexagonal prism faces connecting the sodalite cages.
Site II cations sit on the open hexagonal faces, with 32 cations per unit cell in both
zeolites. Site III cations, with 38 per unit cell of zeolite X, but only 8 per unit cell of
zeolite Y, are found on the walls of the large supercage cavity. Notably, only those
cations at sites IT and ITI will be accessible to incorporated guests.>3

Zeolites are notorious for their ability to absorb water, and in fact derive their
name from this characteristic. In 1756 when the Swedish mineralogist Cronstedt
discovered minerals that appeared to boil when heated, he named these minerals zeolites
from the Greek words zein, to boil, and lithos, stone.?4 The boiling phenomenon
observed by Cronstedt was due to the expulsion of water from the microporous internal
surface of the zeolite. The extent and location of water molecules within zeolites will



depend on a number of factors including the size and shape of the interior voids as well
as the Si/Al ratio and the number and charge of the counterbalancing cations. The
binding of water within the zeolite is chiefly through a direct coordination to the
framework cations, as well as hydrogen bonding with a framework oxygen. In the
hydrated state, the framework anionic charge may be balanced directly by the cations, or
indirectly by water molecules forming hydration complexes with the cations. The water
molecules near the periphery are more tightly bound than those in the center, and the
water frequently moves from site to site. However, the confined nature and the existence
of particular binding sites and positions, give the framework control over the water
distribution and thus distinguish zeolitic water from the amorphous, homogeneous liquid.
For instance, although the water in zeolites is quite mobile, it diffuses about one to two

orders of magnitude slower than in pure liquid water.>5

Figure 1-4. Three occupancy sites of counterbalancing cations in faujasite zeolites
(zeolites X and Y). Reproduced from reference 23.

Removal of the intrazeolite water can be accomplished by heating, or activating,
the zeolite. In faujasites, most of the zeolitic water is lost by 400 °C, although the
strongly polarizing cations, particularly divalent cations, can hold the last water
molecules quite tenaciously.3 For the relatively weakly polarizing alkali metal cations,
activation temperatures between 400 to 500 °C lead to the escape of water with minimal
structural changes. The initially hydrated cations may migrate towards the framework
oxygen atoms in order to adopt the final anhydrous configuration, and local movement of
the framework atoms to achieve cation coordination might occur. However, the



framework structure and crystallinity will remain intact and largely unchanged.3 As an
example, consider the results of an investigation of the thermal properties of Y zeolites.26
From thermogravimetric analysis, the water content in a NaY sample was found to be 26
% by weight. Differential thermal analysis conducted on this sample yielded an
endothermic peak at 230 °C with a width of approximately 70 °C which was attributed to
loss of this water from the NaY cavities. In addition, an exothermic peak was observed at
930 °C which was associated with the collapse of the framework and therefore related to
the thermal stability of the zeolite. However, a more realistic measure of the thermal
stability of the zeolite is obtained by monitoring the X-ray powder patterns as a function
of temperature. This directly reveals changes in crystallinity, and therefore gradual
framework breakdown. The temperature at which the lattice begins to collapse, T, is
generally lower than the exothermic peak observed in DTA curves. For the NaY sample
under study, the T, value was found to be 820 °C.

Two recent investigations by Hunger and coworkers have considered the
interaction of water with alkali metal cation zeolites.??-28 Temperature-programmed-
desorption studies of water in alkali metal cation X zeolites found that the energy of
water desorption from these zeolites exhibited a wide distribution with two characteristic
ranges, one between 55 and 65 kJ/mol and a second between 65 and 95 kJ/mol. The
higher energy desorption peak exhibited a systematic decrease with increasing size of the
alkali cation, indicating an overall decrease in the desorption energy for removal of water
as the size of the counterion becomes larger. Furthermore, X-ray powder diffraction
studies were employed to reveal the arrangement of water molecules at low loadings in
MNaX and MNaY (M = K, Rb, Cs). Within these zeolites, only sodium directly interacts
with water to form clusters while the heavier cations indirectly influence the formation of

specific sodium-water distributions.

1.1.2 Inside the Zeolite Cavities

Intrazeoiite Space. Due to the open framework stucture of zeolite, a large
fraction of the internal environment is empty space. For instance, the supercages of Y
zeolites possess approximately 800 A? of vacant space.??® These large internal void
volumes facilitate the adsorption of a wide variety of molecules thereby making
chemistry within these materials possible. The enormous internal surface area (up to
1000 m2/g) is capable of absorbing large quantities of guest molecules, inducing
adsorbates to pass through the outer shell of the particle. Molecules will be admitted
within the zeolite host according to the size and shape restrictions of the zeolite



framework, as well as the size of the associated cations and the degree of hydration.
Charge balancing cations directly influence the free volume within zeolite micropores,
Table 1-2, and therefore the adsorption, mobility and reactivity of included guests.

Table 1-2. Influence of alkali metal cation on some physical parameters within MY
zeolites.

Cation Cation Ionic Electrostatic Field Cation Electrostatic Vacant Space in
M) Radius®/ A in Cagca/ V/A Potential® (e/r) / V Supercageb / A3
Y zeolite X Zeolite

Li 0.76 2.1 1.67 834 873
Na 1.02 1.3 1.05 827 852
K 1.38 1.0 0.75 807 800
Rb 1.52 0.8 0.67 796 770
Cs 1.67 0.6 0.59 781 732

Ref. 30: PRef. 29

Intrazeolite Microenvironment. The zeolite interior should not, however, be
viewed as mere empty space. In contrast to many other hosts such as cyclodextrins,
micelles and vesicles, which chiefly provide molecular encapsulation and organization,
the zeolite is an active host influencing the conformation and reactivity of guests, and
participating directly in chemical transformations. This is a consequence of the unique
microenvironment within zeolites, as well as the existence of specific reaction sites.
Zeolites are constructed from an anionic backbone and house counterbalancing cations
dispersed through a network of internal void spaces. The open structure consisting of
well-defined anionic sites, [Si-O-Al], with spatially separated cationic sites, generates
strong electrostatic fields within the cavities of zeolites. These electrostatic fields are
fundamental to defining the zeolite microenvironment and its catalytic properties.
Research carried out some thirty years by zeolite scientists such as Rabo and Ward, who
examined the catalytic activity of zeolites, established that the zeolite cavities possess
powerful electrostatic fields.3%-3! In anhydrous zeolites, the cations at sites II and III are
incompletely coordinated to the lattice oxygen atoms, Figure 1-4, and consequently the
cationic charge is only partially shielded. The faces of the cations exposed to the center
of the cavity are unshielded and correspondingly, the anionic zeolite framework is also
only partially shielded. These partially shielded charged centers contribute significantly
to the strong electrostatic fields that extend into the supercage.3? Electrostatic fields in

zeolite cavities are determined from both theoretical calculations and experimental



measurements using techniques such as IR and NMR spectroscopy.!3 Most calculations
of electrostatic fields and electric field gradients, such as those presented in Table -
2,29:30 have been made using the ionic lattice approximation, although these have been
extended to a three-dimensional description of the field and potential within the
supercavities of faujasites.33

In describing the zeolite interior, the term electrostatic field is used somewhat
interchangeably with polarity or micropolarity. Generally speaking the term polarity is
used to describe the ability of a solvent to polarize a solute. However, in zeolites the
electrostatic fields are responsible for molecular polarization. Molecules adsorbed within
zeolites are therefore constantly subjected to the influence of these electrostatic fields.
As a result, the guest molecule will tend to polarize itself such that the negative end of the
molecule is stabilized by the zeolitic cations, while the positive end of the molecule is
stabilized by the anionic framework. Thus, the electrostatic fields and polarity within
zeolites are a consequence of the same phenomenon, namely, the existence of
incompletely shielded counterbalancing cations. Consequently, the electrostatic fields
and the polarity within zeolite cavities is highly counterion dependent, Table 1-2.

Many studies have addressed the notion of micropolarity in zeolites.29-34-33 The
observed stabilization of ground state charge-transfer complexes between electrophilic
organic cations and arene donors,3%-4! oxygen and hydrocarbons,*2-45 and aromatics and
tetracyanobenzene#6 has suggested that the environment within zeolites must be very
polar and possesses properties analogous to highly ionizing solvents. However, few
quantitative measurements of intrazeolite polarity have been made, and direct
comparisons are complicated due to different methods of sample preparation and
correspondingly potentially different concentrations of coadsorbed water. Two
independent studies quantifying the micropolarity of the alkali metal cation faujasites
were recently reported.37-38 Examining the Syl-type heterolysis reactions of (-
substituted radicals in alkali metal cation Y zeolites, Ortiz er al. quantitatively established
that these zeolites possess strong ionizing abilities comparable to solvents such as 2,2,2-
trifluoroethanol (TFE) and aqueous methanol.37 The ionizing power of LiY was found to
exceed that of highly ionizing solvents such as 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
and water. NaY was found to be slightly less ionizing, similar to 70 % aqueous
methanol, and the ionizing power decreased progressively with increasing cation size.
Analogous findings were also recently reported by Uppili et al. using the polarity-
dependent absorption, emission, and excited state lifetimes of three organic probes.38
The interior cavities of Li*- and Na*-exchanged X and Y zeolites were found to be more
polar than all other organic solvents and water, and therefore denoted as “‘superpolar”.



10

Larger alkali cation zeolites are still highly polar, but somewhat less polar than water. In
addition, the polarity of alkali cation X zeolites was found to be lower than Y zeolites,
consistent with calculations suggesting that the electrostatic field within Y zeolites is
larger than within X zeolites.32 Significantly, both studies found that inclusion of water,
actually decreases the polarity and ionizing ability of alkali metal zeolites, as a result of
shielding or attenuation of the powerful electrostatic fields of the counterbalancing
cations due to hydration.

Intrazeolite “Active Sites”. In addition to a microenvironment characterized by
strong electrostatic fields and high polarity within a confined environment, zeolites
possess numerous sites which have the potential to interact and/or react directly with
included molecules. The notion of so-called *“active-sites” is derived from zeolite
catalysis and the identification of specific sites or functionalities that are associated with
catalytic activity. The isomorphous insertion of the trivalent aluminum atoms into the
tetrahedral zeolite matrix is invariably responsible, either directly or indirectly, for the
existence of zeolite active sites.

Certainly the most well studied “active-sites” in zeolites are the Brgnsted acid
sites within proton-exchanged zeolites. Protonation of the oxygen atom within the [Si-O-
Al] site generates a bridged hydroxyl group which is responsible for the Brgnsted acidity
in protic zeolites. Experimental investigations of Brgnsted acidic zeolites are not the
subject of this thesis and no discussion of Brgnsted acidic zeolites will be provided
herein. The nature and characterization of Brgnsted acid sites within protic zeolites, as
well as heterogeneous catalysis by these materials is extensively reviewed in the
literature.47-49

As suggested by the molecular formulae of alkali metal zeolites, these materials
possess no protons and therefore no Brgnsted acid sites. However, it is possible that a
low concentration of Bregnsted acid sites could exist within cation-exchanged zeolite as a
consequence of cation deficiencies, such as replacement of M* by H3O+ during ion
exchange or synthesis.23¢ The level of Brgnsted acidic sites lies below the detection
limit of most standard techniques, including the most reliable, magic-angle spinning
(MAS) NMR,50 but recent studies using sensitive molecular indictors have provided
evidence for very low levels of Brgnsted acid sites in alkali metal Y zeolites.59-5! From
the experimental results in these studies, estimates were made that alkali metal cation Y
zeolites possess approximately one proton in every 16 supercages. This corresponds to
one acidic site per 110 aluminum atoms, so that less than 1 % of the cations in these
zeolites are protons. No Brgnsted acid sites were detected in alkali metal X zeolites using
this technique. Although such Brgnsted acid sites are rarely thought to play a role in the
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chemistry within alkali metal cation zeolites, a few recent experimental studies have
reported that Brgnsted acid sites can exert measurable effects.32-34 [n general, however,
the molecular formulae of zeolites is not always an accurate representation of the
chemical constituents within. For instance, alkaline earth metal cation zeolites which are
likewise non-protic according to their molecular formula usually act as strong Brgnsted
acids. In this case, the acid sites are generated by the dissociation of water into H" and
OH ions induced by the strongly polarizing divalent cations upon dehydration.3-30

The intrazeolite environment of all zeolites, both proton and metal cation
exchanged zeolites, is characterized by strong Lewis acid sites. As a result, potent
electron accepting sites exist within the zeolite void spaces and zeolitic materials are
powerful oxidants. This is particularly true for acid zeolites where the strongly oxidizing
environment often results in spontaneous oxidation of guest molecules. Since the first
report of thermal generation of organic radical cations within NH4+Y zeolites by Stamires
and Turkevich in 1964,55 the generality of this phenomenon has been unambiguously
established through the investigations of several groups including Hall,5¢ Rhodes,37-38
Fripiat,>° Roduner,%0-6! Thomas,52 Corma and Garcia,%3-66 and Gener.6’ In contrast to the
ease of thermal ionization of included substrates in Brgnsted acid zeolites, spontaneous
generation of radical cations at room temperature in non-acidic zeolites does not typically
occur. One rare example is the rapid formation of the radical cations of a,w-diphenyl
polyenes upon contact with Na-ZSM-5 zeolite. In this case the radical cations are
sufficiently stabilized within the zeolite host to be studied by conventional spectroscopic
techniques.6® However, the ionization was specific to the ZSM-5 zeolite and the chosen
substrate, and is therefore the exception, rather than the rule. Most reagents included
within non-acidic zeolites, particularly faujasite zeolites are resistive to thermal oxidation
by the framework. Instead, the oxidative capabilities of non-acidic zeolites have been
well documented through studies of photoexcited guests. Thus, although thermal
oxidation is generally not observed, photoionization of many types of included guests is a
facile reaction in alkali metal cation exchanged zeolites.66.69-75

Several types of Lewis acid, or electron accepting sites have been proposed to
account for both thermal and photochemically induced oxidation reactions. In general,
however, the Lewis acid sites will be cations, such as aluminum ions, or counterbalancing
cations.!3 It is commonly accepted that aluminum Lewis acid sites are necessary for the
thermal oxidations observed in Brgnsted acidic zeolites.62.76 However, the exact nature
of the accepting species, for instance framework or extraframework aluminum, as well as
the possible role of oxygen in the reactions, are not completely understood. On the other
hand, considerable evidence now indicates that cation clusters act as electron accepting
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sites in metal cation exchanged zeolites. The existence of cation-cluster trapped electrons
was first proposed by Kasai and coworkers in the late 1960s and early 1970s, wherein the
exposure of Y zeolites to Na vapour resulted in the generation of Na43+ due to ionization
of the Na atoms induced by the electrolytic properties of the zeolites.31.77 The bright
pink Na‘,3+ clusters were identified by ESR measurements and found to be replaced by
signals due to superoxide when the samples were exposed to oxygen. The existence of
different cluster species such as Na_o,2+ and K43+ has since been established, but clusters
of larger cations such as Rb* have not been observed.”8:79

Cation-cluster trapped electrons have now been extensively characterized and
studied chiefly through the combination of ESR and UV-vis spectroscopy. Thomas and
coworkers have conducted detailed investigations of the nature and reactivity of electrons
generated by high energy irradiation of zeolites.80-85 Using time-resolved diffuse
reflectance coupled with ESR spectroscopy, Thomas ez al. have definitively proven that
cation clusters, Mn"+ (M =Na, K, Ag, n =2-6), act as Lewis acid electron accepting sites
within a variety of metal cation-exchanged zeolites (e.g. X, Y, A, sodalite). The cation-
cluster trapped electrons are directly observed as transient species in anhydrous zeolites,
with lifetimes in the low nanosecond (ns) to millisecond (ms) range, depending on the
cation, the size of the cluster, the framework topology, the Al content in the zeolite, and
the temperature. Decay of the trapped electrons is presumed to be a consequence of
recombination of the trapped electron with the hole generated in the zeolite framework
upon ionization. Observation of cation trapped electrons is influenced by the presence of
other electron traps such as oxygen. In hydrated zeolites, water acts as an electron trap
instead of, or in addition to, the metal cation. Similar results concerning the spectral
properties and reactivity of trapped electron clusters were recently reported by Hashimoto
et al. in a nanosecond diffuse reflectance study of Na43+, Na32+, and Na," generated by
248 nm laser photolysis of zeolites NaX and NaA.86 In addition, identical trapped
electron species have been detected upon photoionization of organic molecules with
zeolites by Thomas®9-7! and others.66.7273.87 The ability of the zeolite to stabilize an
electron decreases in the sequence of Li > Na > K > Rb > Cs, and for the same counterion
decreases in the order of Y > X > A = sodalite. These trends correlate with the
electronegativity of the framework. Within the alkali metal cation series, then, the Lewis
acidity of the framework decreases as the counterion size increases.30-88.89

In addition to being Lewis acids, zeolites also possess Lewis basic, or electron
donating sites. It is generally accepted that the electron rich framework oxygen atoms are
largely responsible for Lewis basicity in zeolites.?0-!1 These oxygen sites may act as
formal Lewis bases, thereby donating an electron pair to form a coordinative interaction
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with another reagent, or as reductants, thereby donating a single electron to reduce
another reagent. Electron donation by zeolites has been the subject of surprisingly few
investigations, as compared to the extensive studies concerning the electron accepting
properties of zeolites. However, the amphoteric nature of zeolites as both electron
acceptors and electron donors is recognized, and several examples demonstrating the
electron donating ability of zeolites and Lewis base catalysis exist. For example, thermal
donation of a single electron to powerful electron acceptors such as trinitrobenzene92.93
and tetracyanoethyene®3 was observed 30 years ago upon simply immersing the zeolites
in solutions of the compounds at room temperature. More recent reports include the
reduction of tetrachloro-1,2-benzoquinone (o-chloranil) in CsY modified with cesium
acetate to enhance the Lewis basicity.%¢

Studies of Lewis basicity in zeolites have been the subject of increasing interest
over the last few years.90-91 Numerous methods exist for the characterization of basic
sites in zeolites, including the study of adsorbed probe molecules, for instance as colored
indicators, temperature-programmed desorption studies, IR spectroscopic investigations,
ESR techniques, the determination of binding energies using X-ray photoelectron
spectroscopy, and theoretical estimations. A common conclusion arising from such
investigations is that the basicity of the zeolites is correlated to chemical composition,
and increases with increasing aluminum content and increasing alkali counterion size.
For example, IR spectroscopic studies of molecular probes such as pyrrole88 and butyne?>
adsorbed on basic sites established that the base strength of the oxygen atoms increases
with decreasing Si/Al ratio and decreasing electronegativity of the cation, and also
indicate the heterogeneity of basic sites within a single zeolite type. Similar conclusions
have been made from studies employing X-ray photoelectron spectroscopy to
characterize the electronic structure and basicity within alkali metal zeolites.96:97
Calculations aimed at estimating the charge on the framework oxygen atom and zeolite
cations also support the experimentally observed trends in Lewis basicity.?0

While the sites of electron pair and single electron donation have consistently
been proposed to be the zeolite lattice oxygen atoms, particularly those within a [Si-O-
Al] bridge, much is still unknown about the precise location, structure and reactivity of
the donating site, and the hole that is generated in the zeolite matrix in the case of single
electron donation. The aforementioned studies of Thomas e al. concerning electron
generation within zeolite matrices via high energy irradiation discuss the corresponding
hole produced in the framework, albeit in somewhat less detail.80-85 The hole is assumed
to be trapped by Lewis basic sites within the framework, presumably the lattice oxygen
atoms. The suggestion that holes reside on zeolite lattice oxygen atoms, particularly
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those bridging the Si and Al, was made as early as 1973 based on ESR studies following
y-irradiation of NaX and NaY.93.98-100 More recent ESR characterizations of the zeolite
hole by Thomas et al.85 and by Samoilova er al.?* provide further support that the zeolite
hole is localized on the oxygen atom. However, the exact nature of this species as well as
the existence and extent of delocalization of positive charge to the neighbouring
aluminum atoms remains unclear.

Few studies have addressed the role of zeolites as electron donors in reactions
with photoexcited guests. In 1994, Cozens et al. observed that photoexcitation of the
xanthylium cation in acid zeolites generated a transient characteristic of the xanthyl
radical and tentatively suggested that the electron may have been donated from the
zeolite framework.!9! In 1997 Alvaro et al.192 reported the photoreduction of methyl
viologen, and Hashimoto!93 reported the photoreduction of 1,2,4,5-tetracyanobenzene
and a series of slightly weaker electron acceptors, within the cavities of alkali metal
cation Y zeolites. These studies represent the first definitive examples showing that
zeolites can act as single electron donors in photoinduced electron transfer reactions with
included guests. In each case a relatively powerful photoreductant, E°.q of 3.1 V and
3.16 V for the singlet excited state of methyl viologen and tetracyanobenzene,
respectively, were employed. Both studies found that the electron donating ability of the
zeolite increases with increasing alkali counterion size, as anticipated from the

corresponding trends in Lewis acidity.30.88.89

1.1.3 Molecular Guests in Zeolites

Inclusion of Molecular Guests within Zeolites. Descriptions of the intrazeolite
environment as a network of molecular-sized void spaces characterized by strong
electrostatic fields and active acidic, basic, oxidizing and reducing sites provide clues to
the utility of these materials as media for conducting a variety of interesting and useful
chemical reactions. In order to use zeolites to carry out such chemical transformations,
the reagent(s) of interest must be first included within the zeolite interior. Furthermore,
in order to rationally study the chemistry of guest species within zeolite hosts, a protocol
for guest inclusion which is reproducible and minimizes the introduction of unwanted
materials or variables must be employed.

In their pioneering studies of thermal ionization of organic substrates within
NH,"Y zeolites, Stamires and Turkevich included the guest molecules within the zeolite
host using a carrier solvent, n-hexane or chloroform.3> This procedure remains as one of

the most common ones for inclusion of molecules within zeolites today. Following
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activation of the zeolite to remove the coadsorbed water, reagent molecules are
incorporated by stirring the activated zeolite in solutions of inert and typically volatile
solvents such as hexane or dichloromethane which should have a relatively low affinity
for the zeolite. Provided that the molecules of interest are smaller than the dimensions
defining the zeolite apertures, adsorption is generally assumed to result in inclusion of the
guest molecules within the interior zeolite structure. This assumption is supported by the
fact that the external surface area is dramatically smaller (< I %) than the internal surface
area. Notably, however, a large number of variables exist even within this single
technique: (i) the time allowed for the adsorption process to occur; (i) the temperature at
which the adsorption process is carried out; (iii) whether or not the carrier solvent is
removed, how the carrier solvent is removed, and the amount of residual solvent
remaining in the composite; and (iv) the amount of water introduced during the entire
procedure and during subsequent experimentation. Furthermore, other methods of guest
incorporation such as vapour phase adsorption introduce a new set of variables.
Achieving reproducible methods for preparing zeolite/guest composites is an important
aspect of all studies of intrazeolite reactions, and the potential differences induced by
sample handling must be recognized when comparing results obtained from different
laboratories.

Location, Distribution and Diffusion of Molecular Guests within Zeolites.
Generally speaking, adsorbed guests do not form an intercrystalline fluid, but rather
occupy crystallographically controlled sites and can be considered part of the crystalline
solid.3 Due to thermal motions, however, the picture of adsorbed species is necessarily a
much more disordered one. Thus, one can imagine a statistical assemblage of similar, but
not identical, sites where the occupancy is mostly governed by relatively weak chemical
forces. Obviously the greater the interactions between the guest molecules and the
framework and/or cations, the better defined the molecular positions will be.

In order to understand the reaction dynamics of molecules in zeolites, some
knowledge concerning the location of guest molecules is necessary. Determination of
guest location is often accomplished using molecular modeling,64.74.104-107 djiffraction
techniques (X-ray or neutron),40-198 or a combination of these methods.!09-111 For
example, high resolution X-ray diffraction and X-ray photoelectron spectroscopy coupled
with molecular modeling provided direct evidence for the location of the tris para-
methoxy substituted trityl cation encapsulated within the supercages of HY zeolite.!!0
Similarly, molecular mechanics have been combined with X-ray diffraction data in a
comprehensive investigation of the adsorption and diffusion of several aromatic
hydrocarbons in zeolite Y.109 X-ray crystallography has also been employed to examine
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the location and interactions of two guest species within a zeolite host as in the
intermolecular charge transfer complexes between pyridinium acceptor and arene
donors.40

Spectroscopic techniques including UV-vis,12.113 [R30.76.105.112.114-117 and NMR
spectroscopy?2.116.118-120 are also essential tools defining molecular locations and
adsorbate interactions within zeolites. For example, IR spectroscopy has been used to
confirm that the triphenylpyrylium cation was synthesized inside the supercages of HY!05
and to investigate the location of benzene in Naf} in the presence of coadsorbates.!!?
From “H NMR studies of phenanthrene-d;, Hepp et al. established that the aromatic
guests exist within faujasite zeolites, as a complex with the zeolite cation, or as a mobile
molecule within the pores.!18 In addition, the study found that the heat of dissociation of
the complexed state was proportional to the ionic radius of the alkali metal counterion, as
predicted for an electrostatic binding interaction between the aromatic moiety and the
cation. Two recent studies have combined MAS NMR (23Na and 133Cs) with
synchrotron X-ray powder diffraction to determine the location and binding of
CF,HCF,H in zeolite Y and the migration of cations upon adsorption of guests and
during dehydration.22:120

Due to the heterogeneous nature of the zeolite interior, a single type of guest
molecule will most likely be located at more than one type of intrazeolite site. Studies of
the intrazeolite reactivity of guest molecules are consistent with this notion, and the
existence of several adsorption sites is often invoked to explain the range of reactivity.
Early investigations by Casal and Scaiano established the intermediates in zeolites may
display a range of lifetimes and/or reactivities as a result of the inhomogeneity of
adsorption sites. !2! They noted that ketone triplets in silicalite exhibit two distinct
lifetimes under vacuum conditions, and two different rate constants for reaction with
oxygen. Similarly, investigations by Johnston er al.!22-123 found that zeolite-encapsulated
diphenylmethyl radicals decay over a remarkable range of 9 orders of magnitude due to
the influence of the heterogeneous zeolite topology on molecular diffusion. Garcia-
Garibay and coworkers observed that photolysis of dibenzylketone in NaX involves three
stages resulting in the generation of three types of radicals, each of which could be
selectively quenched by varying the pressure of oxygen.!24 The existence of at least two
distinct adsorption sites was proposed to rationalize the biexponential fluorescence
lifetimes of phenanthrene, naphthalene and pyrene NaY.!25 Inclusion of xenon was
found to selectively quench only the short-lived fluorescence, presumed to be due to
species adsorbed at cation sites. The reactivity of pyrene and anthracene towards

photoionization in alkali metal cation zeolites also suggests that these molecules may be
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adsorbed in at least two different sites, active and non-active in terms of ionization.
Thus, those species absorbed at active sites undergo single photon ionization, while those
species at non-active sites yield singlet states which can either ionize by absorbing a
second photon, emit to the ground state, or intersystem cross to the triplet state.6%.70

Due to the existence of numerous occupancy sites with distinct characteristics, an
adsorbed molecule does not necessarily experience the same environment as a
neighbouring adsorbate and therefore may not behave in precisely the same manner. In
addition, for any particular family!26 of sites, such as sites near or at a cation, there may
exist a variety of adsorbate arrangements which are closely related but unique. Thus,
while the characteristics of all sites within a family are the same, individual sites show
slightly different properties resulting in a distribution of adsorbed molecules with,
potentially, a distribution of properties. Such a description is completely logical
considering the heterogeneous environment within the zeolite.

Although the interior of a zeolite is heterogeneous, the crystallinity of zeolitic
materials ensures the periodic repetition of identical structural units. Thus, these
materials are heterogeneous on a molecular scale, but on a micrometer scale the interior
of the zeolite particle is quite homogeneous. Therefore, the fact that the distribution of
guest molecules within the cavity is heterogeneous does not preclude homogeneous,
randomized distribution throughout the thousands of cavities within a zeolite particle.
This is, in fact, the situation for many adsorbate-zeolite composites, wherein the
distribution of the adsorbates can be described by a statistical randomization of molecules
throughout the zeolite particle.

There are, however, circumstances in which the confined reaction cavities of
zeolites can promote the aggregation of guests. The classic, well-studied example is
pyrene, although similar behaviour is also observed for other aromatics such as
anthracene and naphthalene. Studies of the distribution of pyrene by Ramamurthy et al.
found that pyrene forms dimers in the ground state upon inclusion within NaY.!126
Excitation of the pyrene-zeolite composites resulted in emission from monomer and
excimer forms, and a broad distribution of monomer fluorescence decay lifetimes.
Inclusion of water caused a reduction in the excimer emission and a narrowing in the
distribution of decay lifetimes to one or two sharp maxima. It was suggested that water
interfered with absorption sites thereby rendering the distribution more homogeneous.
Cozens et al. conducted a detailed study of the intrazeolite distribution and mobility of
pyrene.!27 In this case, the dimer aggregates formed upon inclusion of pyrene within
NaY were observed to separate and form a monomeric dispersion. Remarkably, the

equilibration of the pyrene molecules through the zeolite matrix took place over periods
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of several days to several weeks, with the precise time being a sensitive function of
pyrene concentration and sample conditions, such as the presence of water or inert gases.
These investigations helped establish that the pyrene molecules do eventually attain a
homogeneous distribution throughout the framework. For pyrene this process is
dramatically slower than for many other adsorbates. This has been attributed to
interactions between the zeolite cations and pyrene’s m-cloud resulting in polarization of
the ground state molecule and consequently enhanced dimer-type interactions with a
second ground state species. As well, the similarity in molecular dimensions of pyrene
and the zeolite pores are thought to play a role. This hinders the ability of pyrene to
migrate into the matrix and promotes the initial clustering of molecules in the exterior
cages along the peripheries of the zeolite particle.

Several other examples of molecular aggregation facilitated by the confined
intrazeolite environment have been noted. For instance, two independent studies have
recently shown that ground state aggregation of anthracene!2® and naphthalene!2? in
cation-exchanged Y zeolites is promoted by a cation-T interaction between the zeolite
cations and the aromatic guest, in a fashion analogous to that observed for pyrene. The
presence of coincluded solvents, notably water, can hinder this interaction and thereby
promote a monomeric distribution. Pines et al. employed multiple quantum NMR
methods to investigate the distribution of benzene in NaY as a function of
concentration.!30 Using this technique, the average number of dipole-dipole coupled
protons in each zeolite supercage, as well as the magnitude of the dipole-dipole coupling
can be determined, providing a measure of the average number of molecules within each
cavity and the relative distances between groups of protons, respectively. These studies
revealed isolated clusters of benzene molecules in the supercages at low loadings (less
than 3 molecules per supercage) and weakly coupled clusters of benzene molecules in the
supercages at high loadings. In all cases a uniform, statistical distribution was observed
between supercages (i.e. an equal numbers of benzene molecules in each supercage).
Similarly, Davis and coworkers applied thermogravimetric analysis, Raman, and NMR
spectroscopy to examine the distribution and motion of hexamethylbenzene, adamantane
and naphthalene in NaY.!3! The experiments confirmed that the organic species reside in
the supercages, but suggested that hexamethylbenzene molecules associate in pairs such
that some cages were doubly-occupied while others were empty.

In contrast to the behaviour of the aromatic hydrocarbons, the cationic dye,
thionin, has been reported to exist as a monomer within the large pores of dry Y zeolites,
but to generate dimers upon hydration.!32 This is analogous to the behaviour of thionin
in homogeneous solution where dimer formation requires aqueous conditions. In this
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case, the sufficient free volume to accommodate the dimer, the high loading level of the
dye, and the tendency for dimerization in aqueous media, contribute to intrazeolite
dimerization. A similar enhancement of intrazeolite dimerization in the presence of
water was recently reported for another organic cation, methyl viologen, in zeolite Y, L
and Mordenite.!33

Strong intermolecular interactions facilitate the aggregation of molecular species
within zeolites, as has been demonstrated by pioneering studies of Yoon and Kochi
concerning the assemblage of charge transfer complexes between methyl viologen and
other pyridinium ion acceptors with arene donors in zeolites.39-41.134 In these studies, X-
ray crystallography was employed to definitively establish the necessary cofacial
arrangement of the donor and acceptor within the zeolite cavity. In addition to the strong
intermolecular interactions between the reagents, both size and shape restrictions
imposed by the zeolite were found to influence complex formation. High intrazeolite
concentrations and strong donor-acceptor interactions render aggregation more favorable
than dispersion through the framework for these adsorbates. Recently, the formation of
charge-transfer complexes between two uncharged reagents within alkali metal zeolites
has also been reported.46

The limited free volume of zeolite cavities has been shown to influence
intermolecular aggregation and formation of charge-transfer complexes between methyl
viologen and aromatic donors.!97 The complexation was enhanced as the size of the
alkali metal cation increased due to the tighter fit and closer intermolecular contact
enforced in the larger alkali counterion zeolites. In another example, dimerization of an
amine radical cation with a neutral amine was observed within the confines of NaY.133
The dimerization reaction does not take place in homogenous solution, except in
intramolecular systems where close proximity is ensured.

One final point to be made concerning the aggregation of molecular adsorbates
within zeolites relates to the method of composite preparation. The method of guest
inclusion can play a distinct role in the resulting distribution of guests within zeolites.
For instance, Corma et al. found that inclusion of thianthrene in large pore zeolites HY
and HB using organic solutions results in dimer aggregates, while vapour phase
adsorption leads to more facile intracrystalline diffusion and therefore a dispersion of
monomers with the zeolite.%4

Intrazeolite diffusion2547.136-138 {5 highly significant to zeolite-mediated
separations, reactions and heterogeneous catalysis, and plays a vital role in governing
reaction rates and product selectivity. Consequently, diffusion in zeolites is a vast and
intricate field of study. Two factors which must be recognized when considering
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intrazeolite diffusion are: (7) the size of the molecules in relation to the zeolitic pore sizes;
and (ii) due to the large internal surface, the ratio of the number of adsorbed molecules to
the number of gas molecules will be very high; therefore, diffusion will involve surface
diffusion in addition to gaseous diffusion. Intracrystalline diffusion in zeolites is
dominated by the continuous interaction of the adsorbate molecules with the walls of the
framework, as dictated by the porous network of molecular sized pores and channels of
the zeolite. Ultimately, the adsorbate never escapes the force field of the zeolite, and
intracrystalline diffusion has also been termed configurational diffusion due to the strong
interaction of the molecules with the surrounding media. As a result of these
considerations, diffusion of molecules in zeolites represents a complex problem and
investigations of this diffusion are often difficult to conduct as well as interpret.
Macroscopic measurements of diffusion coefficients, for instance, by direct measurement
of diffusion rates through a sample, or by concentration measurements as a function of
time, generally yield apparent, rather than true, diffusion coefficients. Since
concentration gradients necessarily exist, these measurements are thought to occur under
non-equilibrium conditions. Conversely, measurements of diffusion coefficients for an
equilibrium state represent microscopic measurements where the molecular motions
responsible for diffusion are directly examined. NMR techniques are most commonly
employed in these experiments.!36.139 Not surprisingly, large discrepancies have been
reported for diffusion coefficients derived from various experimental techniques;
although, good agreement may be obtained depending on the factors governing diffusion
within a particular system.!40

Many variables affect the rates of intrazeolite diffusion. These include the
channel geometry and dimensions, the size, shape, planarity and polarity of the diffusing
species, cation distribution, size, charge and number, the concentration of adsorbates and
the temperature. These parameters may work by altering the space available for motion,
the nature and strength of the adsorbate interactions with the host, or a combination of the
two. Ultimately, the combined factors determine the energetics of interaction of the guest
with the zeolite host surface and hence the activation energies for intrazeolite diffusion.
Generally, activation energies are quite high, a fact which is manifested by the rather
strong dependence of intrazeolite diffusivities on temperature. For instance, activation
energies of O to 50 kJ/mol for pore sizes between 10 to 5 A are typical, and the activation
energies rise dramatically as the dimensions of the diffusing molecules approach the pore
sizes. A recent study of benzene diffusion in the medium pore zeolite ZSM-5 (free
aperture of channels approximately 5.5 A) reported an activation energy for diffusion of
30 kJ/mol.140 Diffusion limited processes are not uncommon for diffusional activation
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energies in excess 15 kcal/mol. The activated diffusion in zeolites is thought to proceed
via a sequence of thermally activated jumps between regions of relatively low potential
energy. The jump time can be quite rapid, however, and adsorbed molecules may jump
rapidly from site to site with occasional escape from the zeolite cavity. The probability
for cage escape resulting in diffusional motion will depend on the zeolite architecture
which influences the length of the jumps, and the strength of the molecular interactions
which influence the residence time at a particular site.

A number of techniques have been employed to measure diffusion coefficients for
a number of molecules in zeolites, in particular X and Y zeolites, although agreement
between various techniques is rarely achieved. Due to the extensive combination of
variables affecting molecular motion in zeolites, intrazeolite diffusion coefficients
ranging from 10* to 10" cm? s'l, have been reported.?> The diffusion coefficients and
factors influencing diffusion vary dramatically with molecular size and functionality. For
saturated hydrocarbons, which exhibit relatively small adsorbate interactions with zeolite
walls, diffusion is largely governed by geometric constraints of the pore structure and can
be understood in terms of mainly steric effects. At low loadings the diffusivity is about
one order of magnitude less than in the free liquid, while at high loadings it drops off
dramatically due to intermolecular collisions. The interaction between the cations and
double bonds plays a decisive role in the diffusion of unsaturated hydrocarbons.
Diffusion coefficients obtained through pulsed field gradient NMR for benzene and
xylene of 2 x 107 and 5 x 107" cm> s'l, respectively, have been reported, while the
considerably more bulky dimethylnaphthalene was found to have a diffusion coefficient
of ca. 102 cm” 57! from gravimetric techniques.2> The diffusion of polar molecules such
as water, ammonia or methanol is strongly influenced by the tight interactions between
these molecules and the ionic zeolite network.?> This is particularly true for water which
is tightly coordinated to the zeolite cation and acts as a H-donor in a H-bonding
interaction with the framework oxygen.

Interaction Between Molecular Guests and Zeolite Hosts. Zeolites have often
been described os nanoscopic, or microscopic reaction vessels in which chemical
reactions can be carried out and manipulated on a molecular level.!4! As molecular-sized
enclosures, zeolite micropores can alter the energy surfaces that determine guest
reactivity. Guest molecules will be strongly influenced by non-bonding interactions,
electrostatic forces, and size and shape considerations. In a broad sense, the influence of
zeolite encapsulated on guest reactivity is considered to be derived from three types of
effects: (i) passive influences whereby the zeolite defines structural possibilities
available to a guest molecule and provides entropic perturbations due to its confined
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environment; (i) active influences whereby the zeolite alters the electronic structure of
the reactant and therefore its reactivity; and (/i) statistical influences whereby
occupational and topological factors alter reactivity. Ultimately these influences will
manifest themselves in the sequence of events necessary for chemical transformation
within zeolites, namely reactant diffusion through the zeolite micropores to reach an
active site, adsorption on the active site, chemical reaction to generate adsorbed products,
desorption, and intrazeolite diffusion of the products.

In a passive sense, the zeolite can influence reactivity by acting as a medium for
molecular organization and confinement. Although there may be no significant host-
guest interactions, the zeolite controls the free volume for reaction and manipulates
molecular conformation and diffusion. Thus, reactivity can be understood in terms of
cavity size, shape, and flexibility.

When interactions between the guest and the framework or included cations
become significant, the zeolite is considered to play an active role in the reaction
dynamics, and additional factors need to be considered. Such interactions may vary from
weaker van der Waals forces to stronger hydrogen bonding or electrostatic interactions.
Molecular polarization by weak van der Waals forces can influence the behaviour of
adsorbed species by, for instance, leading to the positioning of a molecule within a zeolite
cavity near a specific site. Electrostatic interactions between the zeolite host and
molecular guest can induce a significant polarization of adjacent molecules and
displacement of the electronic distribution of confined guests, thereby altering reactivity.
In addition, zeolite active sites can participate directly by reaction with a guest molecule.

Inclusion of guest molecules within zeolites often produces dramatic changes in
the molecular properties of the guest. Rationale for these changes is typically provided
by the influences of the physical confinement, the electrostatic properties and
intermolecular interactions within the zeolite. More recently, these rationales have been
extended by the notion that electronic confinement may contribute to the activation of
guest molecules towards physical and chemical changes within the confined space of the
zeolite.!42.143  The underlying concept of electronic confinement is that molecular
orbitals of the guest molecules are not extended as in the gas phase, but are limited to the
zeolite walls. The effect becomes progressively more significant as the molecular size of
the adsorbate approaches the dimensions of the cavities. The electronic confinement can
thereby alter the molecular orbital energies, as has been demonstrated by Hiickel
Molecular Orbital Theory,!42 and ab initio calculations.!43 Recently, experimental
evidence supporting the concept of electronic confinement of zeolite encapsulated
anthracene was reported, wherein a bathochromic shift in the 0-0 transition and a
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shortening of the fluorescence lifetime of anthracene was attributed to increased energy
of the HOMO and reduction of the band gap.144

1.2 Using Zeolites to Control Reaction Dynamics: Experimental Examples

The discussion thus far has introduced the fundamental structural features and
microenvironment which are the essence of zeolitic materials. As well, the behaviour of
included molecules has been described in order to visualize how such guests may localize
within, diffuse through, and interact with the zeolite host. A question which has yet to be
addressed is: how does the zeolite control or modify the reactivity or reaction selectivity
of guest molecules. The approach used in the present work addresses this question by
examining the behaviour of reactive intermediates including their formation, their
reactivity and reaction pathways, Figure 1-5. This approach has been used by other
researchers interested in the same question, and a brief survey of some results from their

work is presented herein.
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Figure 1-5. The current experimental approach to studying reaction dynamics in zeolites

involves direct examination of reactive intermediates.

1.2.1 Influence of Zeolites on the Lifetimes of Reactive Intermediates

As outlined below, the degree and consistency with which zeolites have been
shown to influence the lifetime of chemically relevant intermediates is quite remarkable.

Triplet Excited States. One of the earliest investigations of a reactive
intermediate in a zeolite was the B-phenylpropiophenone triplet in the non-aluminum
zeolite, silicalite. In 1985, Scaiano and Casal reported the triplet lifetime of B-
phenylpropiophenone to be ca. 10° times longer in silicalite than in homogeneous
solution. This observation was attributed to inhibited deactivation as a result of
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conformational restrictions induced by zeolite encapsulation.!2! Subsequently, several
examples demonstrating the enhanced lifetime of triplets within zeolite hosts (typical
lifetimes in the ps time regime) have appeared.32.54.135.145  Most recently, flexible
molecules adopting a frozen conformation within the zeolite matrix have been shown to
have their deactivation pathways reduced. 46

Carbon-Centered Radicals. Supramolecular control of radical-radical reactions
in zeolites has been extensively studied by Turro and coworkers for nearly 15 years.24
This research examines the influence of zeolite size, shape and diffusional parameters on
the reactivity of a geminate pair of carbon-centered radicals generated photochemically
within non-acidic zeolites. The investigations were initiated by pioneering studies of the
photolysis of dibenzylketones which established that the radical coupling derived
products varied dramatically as a function of the internal architecture of the zeolite!47 as
well as the framework composition and charge-balancing cation.!#8 Subsequent studies
have examined, for instance, the influence of substrate loading,!4 and surface
coverage!50.151 on the observed photochemistry and reaction selectivity. Overall, these
studies have demonstrated and rationalized the notion that zeolites can induce selectivity
in radical-radical reactions which are completely nonselective in solution, and introduce
new radical reactions which do not occur in solution.

The most recent experiments of the Turro group in this area have focused on
diphenylmethyl radicals and the ability of zeolite encapsulation to render these species
“supramolecularly persistent”.152-154 For instance, within the restricted spaces of the
MFI zeolite LZ-105 (e.g. topology of ZSM-5), diphenylmethyl radicals with half-lives of
several weeks have been reported. The remarkable ability of zeolites to enhance the
lifetimes of carbon-centered radicals, in particular the relatively stabilized
diphenylmethyl radical was initially demonstrated with a nanosecond diffuse reflectance
study of diphenylmethyl radicals in 1990, wherein the radicals were found to decay over
the incredibly wide range of hundreds of nanosecond to minutes, and perhaps longer.1=2
Only recently has the more reactive benzyl radical been observed in alkali metal cation
zeolites using transient spectroscopy.!3> The detection of this radical had previously
been unsuccessful, presumably due to rapid in-cage coupling of the geminate radical pair
when the radicals where generated by traditional precursors such as dibenzylketone. The
approach adopted by Cozens er al.!35 employed a photochemical precursor which
generated a single benzyl radical within any supercage upon photochemical formation.
The resultant benzyl radicals were also found to be relatively long-lived within the
confines of the zeolite environments, with decay over tens to hundreds of us via slow
intrazeolite diffusion followed by radical-radical coupling.
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Radical Cations. The ability of zeolite environments to stabilize radical cations
is well-known from the spontaneous formation and persistence of these species in acidic
zeolites.56-62.64-66 Favorable radical cation generation in non-acidic zeolites is also
evident, in this case from studies of photoexcited guests where ionization is facilitated
within the zeolite. Unlike in solution where photochemical ionizations typically require
the absorption of two photons, photoionization has been found in some cases to be
monophotonic in zeolites. The monophotonic generation of radical cations upon
photoionization in zeolite cavities was first demonstrated by Thomas er al for pyrene and
anthracene in alkali metal cation Y and X zeolites.%? Photoexcitation of pyrene70:89.156 as
well as anthracene, naphthalene and stilbene’! has been the subject of several additional
reports of the Thomas group. In each case, single photon ionization is proposed to be
associated with the adsorption of guests at specific framework sites which promote
ionization. The resultant radical cations are significantly longer lived than in solution.
Photoionization of organic substrates in alkali metal cation zeolites leading to relatively
stabilized radical cations has been investigated by several other research groups. For
instance, along with the investigations of Thomas, photoionization of rrans-stilbene in
Na'-exchanged zeolites has been studied by the groups of Scaiano,’ Johnston?? and
Hashimoto.”3 Photoionization of styrenes within NaY leading to the corresponding
radical cations has also been investigated.56-87 Interestingly, although the styrene radical
cations were observed to be significantly less reactive than in typical organic solvents, the
stabilizing influence of the zeolite was most dramatic for the parent styrene radical
cation, and played less of a role in stabilizing the 4-methoxysubstituted radical cation.
Photoionization of 1,1-diarylethylenes in NaY and NaX has also recently been
reported.!57

Radical Ion Pairs. Perhaps the most cited examples of the ability of zeolites to
modify reaction dynamics by influencing the lifetime of reactive intermediates is the
stabilization of radical ion pairs generated via photoinduced electron transfer (PET). The
classical example of the intrazeolite stabilization of radical ions comes from the seminal
studies of Yoon and Kochi.!58.159 These investigations demonstrated that back electron
transfer (BET) between radical ions generated upon excitation of charge-transfer
complexes between pyridinium ion acceptors and arene donors within NaY could be five
to six orders of magnitude slower than in homogeneous solution. Correspondingly, it
was estimated that the charge transfer ion pair was stabilized within the zeolite supercage
by approximately 8 kcal/mol over solution. The dramatic stabilization of the radical ion
pairs and significant reduction in rate constants for energy wasting BET was attributed to
adsorption effects of the ionic species at the polar aluminosilicate surface and strong
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electrostatic fields within the zeolite cage. Notably, PET between intrazeolite charge
transfer complexes was recently extended by Hashimoto and coworkers to include neutral
charge-complexes.46 In these studies, the neutral species 1,2,4,5-tetracyanobenzene was
employed as the acceptor, in contrast to the cationic organic acceptors used by Kochi and
Yoon. Photoexcitation of the neutral charge transfer complexes between 1,2,4,5-
tetracyanobenzene and arene donors was observed to generate radical ions which decayed
via charge recombination with rate constants ranging from 108 to 10° s™'. The lifetimes
of the radical ions are therefore significantly longer, by at least one order of magnitude,
than observed in solution, consistent with the notion that decreased rates of BET and
stabilization of radical ion pairs is an inherent property of the intrazeolite environment.
However, the magnitude of radical ion stabilization is substantially less when the radical
ion is generated from the neutral charge-transfer complex as compared to the cationic
charge-transfer complex of Kochi and Yoon.

Dutta and coworkers have been investigating intermolecular electron transfer
between tris(bipyridine)ruthenium(II) (Ru(bpy)32+) imprisoned within NaY cavities and
bipyridinium ions incorporated in adjacent cavities.!60-162 They have observed ET
quenching of the excited state Ru(bpy)32+, with ET occurring via contact interactions
through the zeolite pores. The resulting ion pair (both ions positively charged) was again
observed to have a lifetime significantly longer than in homogeneous solution. In this
case, decay proceeds via charge recombination with rate constants between 10* to 10° s~
depending on the oxidation potential and concentration of the bipyridinium ion donor.
Interestingly, at high bipyridinium ion loadings, substantially longer-lived charge
separation could be achieved (e.g. lifetimes of hours). This has been attributed to charge
propagation via electron hopping along the densely populated donor molecules aligned
within the zeolite voids. Extensions of this research, by the groups of Dutta,!63-165
Mallouk,!66-170 and Kincaid,!7!-172 have involved the design and construction of more
elaborate assemblies of redox reagents directed towards artificial photosynthetic mimics
and energy storage applications. The underlying theme in each case is to generate long-
lived charge separated states by employing the spatial organization and stabilization
uniquely provided by zeolitic systems.

Carbocations. Unlike the other reactive intermediates discussed thus far, studies
of carbocations in zeolites have essentially been restricted to acidic zeolites. This has
largely been due to the ease of generation and the persistence of many carbocations in the
strongly acidic environment, as well as the significant role carbocations play in
commercially valuable reactions catalyzed by acid zeolites. The observed stabilization,
and in some cases persistence, of carbocations within these zeolites is largely associated
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with the strongly acidic conditions of the media, however, the high polarity of the zeolite
interior, the low nucleophilicity of the framework oxygen atoms in acidic zeolites, and
the protection from nucleophilic attack also play a role. For instance, the recently
reported synthesis of reactive squaraine dyes within acidic zeolites, which has previously
been unsuccessful in solution due to rapid nucleophilic attack of water and methanol, has
been attributed to the prevention of nucleophilic attack by the tight confinement within
the zeolite cavities.!”3 Certainly more than mere acidity is responsible for the influence
of these zeolites on the lifetimes of carbocation intermediates. Furthermore, in these
extreme cases where the stability imparted by the zeolite renders the intermediate very
long-lived, new investigations of the intermediates not readily available in solution are
made possible.

Persistent carbocations in acid zeolites have been studied extensively by the
groups of Corma and Garcia.65 Carbocations such as xanthylium,63.101
dibenzotropylium,83 a,w-diphenylallyl,!74.175 and 1,5-diphenylpentadienyl cations!76
have been generated by functional group transformation of an incorporated neutral
precursor, while other carbocations, such as the trityl,!”7 pyrylium,!05.177 and 9-
arylxanthylium cation,!06 which are too large to fit through zeolite pores, have been
synthesized by a ship-in-a-bottle methodology which relies on C-C bond formation

within the zeolite host.

1.2.2  Influence of Zeolites on Reaction Pathways

Other remarkable examples of the influence of zeolites on reaction dynamics are
obtained from studies of specific chemical transformations of guest molecules in zeolites.
In such cases, the zeolite can truly be viewed as a microscopic reaction vessel which
facilitates the desired chemical transformation while minimizing undesired side products.

Over the last decade or so, the research group of Ramamurthy ez al. has focused
on the study of photochemistry in the organized and confined environments of
zeolites.23.141.178-182  These studies have been directed both towards using the
photophysical and photochemical reactions as probes of the zeolite environment, and
applying the zeolite as a medium to control the photoprocesses of organic molecules.
From these investigations, a large number of diverse examples have emerged, which
unambiguously demonstrate the influence of zeolites on the reaction dynamics of organic
guests within zeolites, in this case, reactions dynamics initiated photochemically. For
instance, photophysical processes such as absorption,!26 emission!83-185 and energy
transfer,!86 can be dramatically influenced by zeolite encapsulation, and by the specific
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nature of the zeolite environment. In addition, photochemical reactions such as
photoinduced electron transfer,87:187 Norrish type I and II reactions of excited
ketones,!85.188.189 photoisomerizations,!90 photodimerizations,!9!-192 photo-Fries!93.194
and photo-Claisen!95 rearrangements, singlet oxygen mediated oxidation of olefins,!96.197
and photoreduction of steroidal enones!98 exhibit selectivity unique to the zeolite
environment. While the precise explanation for each specific effect varies, the underlying
theme is that the size, shape and chemical environment within the zeolite cavity is
responsible for the observed effects. In some cases this is attributed to passive effects,
such as, restriction of the rotational and translational motion of reactants, transition states
or products, or active effects such as electrostatic interactions or interactions with light or
heavy zeolite cations. Cation-guest interactions have been found to be particularly
influential, and often play a direct role in the observed reaction pathways. Cation binding
can stabilize an adsorbed molecule near a cation site, introduce steric hindrance to certain
reaction pathways, or induce changes in preferred molecular conformations. Effects
involving cation-guest interactions depend largely on the binding strength and therefore
on the charge density, or electrostatic potential of the cation, as well as the number of
accessible cations. For example, strong binding interactions with charge dense cations
such as Li* or Na* may alter the absorption spectra of included aromatic species and
decrease the lifetime of excited states by enhancing radiationless relaxation processes.
Conversely, charge diffuse atoms such as Rb* and Cs* tend to bind organic guests more
weakly and exert different influences such as enhanced singlet to triplet intersystem
crossing and phosphorescence.

Oxidation of hydrocarbons is an industrially significant reaction and one of the
most important applications of catalysis. Recent investigations have demonstrated that
zeolites effectively promote selective photooxidation of hydrocarbons, and could thus
play a role as benign, environmentally-friendly catalysts of these reactions.
Photooxidation reactions in zeolites are thought to proceed via a charge-transfer complex
between the hydrocarbon and molecular oxygen. The remarkable ability of zeolites to
modulate the photooxidation has been attributed to the stabilization of these complexes
imparted by the large electrostatic fields within the zeolite cavities.

Frei and coworkers reported the unprecedented stabilization of charge-transfer
complexes between oxygen and alkenes such as 2,3-dimethylbutene, cis- or trans-2-
butene in NaY by more than 10 000 em™' (300 nm).42:43  Similarly, absorption of the
cyclohexane-O, charge-transfer complex in NaY was observed to shift from the UV into
the visible.#4 Furthermore, long wavelength (500 — 700 nm) excitation of these charge-
transfer complexes resulted in highly controlled, highly selective photochemical
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reactions. For instance, red-light induced reaction of O, with cis- or trans-2-butene gives
allylic hydroperoxides as the only products. Likewise, visible irradiation induced
oxidation of cyclohexane to cyclohexyl hydroperoxide and cyclohexanone, and thermal
rearrangement of the resultant hydroperoxide yields cyclohexanone as the sole product.
These represent the first examples of such selective oxidations of alkenes and
cyclohexane by O,. The remarkable reaction control was attributed to the strong
stabilization of the excited charge-transfer complexes within the NaY matrix, presumably
due to very strong electrostatic interactions within the cavities. As a consequence, low-
energy visible light, rather than UV irradiation, can be used to excite the complexes,
thereby accessing low energy photooxygenation pathways not available in homogeneous
solution, and minimizing excess energy in the primary products. This may prevent
additional reactions such as fragmentation, or diffusion out of the cage and resulting
random couplings. Furthermore, the use of visible photons prevents secondary
photochemical reactions.

Similarly, the photooxidation of toluene and p-xylene in a series of Na®, Ca’* and
Ba2+-exchanged zeolites has recently been investigated by Larson and Grassian.!99:200
Photoexcitation of the oxygen charge-transfer complexes with visible light leads
selectively to the aldehyde oxidation products, and the efficiency and selectivity of
photooxidation correlated nicely with the measured electrostatic fields within the zeolite
cavities. Thus, zeolites possessing larger electrostatic fields promoted photooxidation
more efficiently presumably due to greater stabilization of the intermolecular charge-
transfer state formed upon excitation. The electrostatic fields were determined to be
larger for divalent cations and for zeolites with higher Si/Al ratios, consistent with
previously reported measurements and calculations.*3! In addition, the selectivity was
found to vary with zeolite topology, and selectivity was reduced when UV light was
employed as an excitation source due to the introduction of additional reaction pathways
not accessible via visible excitation.

Charge-transfer complexes between trans-stilbene and molecular oxygen have
also been found to exhibit enhanced stability in alkali metal cation zeolites as compared
to solution.45 Both the strong electrostatic fields, and the condensation effect exerted by
the zeolite environment were proposed to rationalize the enhanced stability. Product
variability could be achieved by exciting the charge-transfer complex at different
wavelengths. Thus excitation with 313 nm light yielded the benzaldehydes via the
stilbene radical cation derived from ET, while 254 nm excitation induced isomerization

and formation of phenanthrenes without the generation of oxygenation products.
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The restricted space and high internal electrostatic fields within zeolites have also
been exploited to manipulate oxygenation reactions involving singlet oxygen.196.197.201-
203 Zhou and Clennan have recently reported on the photooxidation of sulfides in
methylene blue doped NaY. The methylene blue serves as an energy transfer
photosensitizer to generate the singlet oxygen and initiate the reaction. These studies
have revealed the zeolite encapsulation modifies the selectivity of sulfide oxidation and
introduces reactions not observed in homogenous solution.20! As well, an investigation
of the competitive reactions of singlet oxygen with sulfide and olefinic moieties within
the same molecules found a dramatic increase in sulfoxide formation in the zeolite as
compared to solution.202 This was attributed to stabilization of the persulfoxide
intermediate by the zeolite host and the concomitant inhibition of singlet oxygen
quenching. Similarly, Stratakis and Froudakis?03 employed thionin-doped NaY as a
photosensitizer to generate singlet oxygen and initiated photooxygenation of geminal
dimethyl trisubstituted alkenes. In NaY, the less substituted side of the olefin was
observed to be dramatically more reactive towards photooxygenation than in solution.
On the basis of theoretical calculations, this enhanced reactivity was attributed to an
interaction between the alkali cation, the olefin and the oxygen molecule in the transition
state for the reaction.

The reactivity of energy and electron transfer photosensitizers encapsulated
within zeolites is often distinct from the reactivity observed in homogeneous solution.
Modification of the properties of 4-aminobenzophenone, an energy transfer
photosensitizer, was accomplished by zeolite inclusion.2%¢ The confined spaces and
electrostatic fields within the zeolite cavities induced variations in the properties of the
excited state and the ability of the 4-aminobenzophenone to act as a photosensitizer. In
addition, mechanistic variations from energy transfer to electron transfer were observed
to be dependent on nature of zeolite environment.

A zeolite-encapsulated ET photosensitizer that has been extensively studied by
the groups of Corma, Garcia, and Scaiano is the triphenylpyrylium ion (TPP™),105.205.206
This ion is synthesized and imprisoned within the cavities of Y zeolites and displays
significantly modified photosensitization properties when incarcerated within the zeolite.
For example, TPP-zeolites composites act as heterogeneous photocatalysts for the
generation of the hydroxyl radical from water, despite the fact that this reactions does not
take place in aqueous solution.206 Although the reaction is exothermic in solution,
nucleophilic attack of water on the cationic sensitizer prevents the ET reaction.
Inhibition of this nucleophilic attack by confinement within the zeolite cavities allows the
ET to proceed. Conversely, PET sensitized cyclodimerization of 1,3-cyclohexadiene
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using TPP" or dibenzotropylium ion sensitizers was found to be less efficient in zeolites
than in homogeneous solution.?05 This was attributed to light scattering as well as
mobility restrictions and diffusional difficulties within the solid-state host. A third
example comes from the use of TPP” in the photosensitized isomerization of cis-stilbene
within cavities of zeolite Y and the extra large pore zeolite MCM-41.105 Within zeolite
Y, the reaction was not perturbed by oxygen as it is in homogeneous solution where
byproducts due to oxidative cleavage are observed. This was attributed to enhanced in-
cage isomerization made possible by a reduction in the rate of back electron transfer.
However, although a higher yield of in-cage isomerization was observed within zeolite Y,
the overall isomerization efficiency was relatively low due to diffusional restrictions of
the zeolite framework. By employing the extra large pore MCM-41, an optimized
balance between the cage effect and diffusional motion was achieved.

1.3 Scope and Significance of Thesis

Zeolites are at the forefront of the current thrust towards molecular scale control
and catalysis of specific chemical reactions using host-guest interactions and
supramolecular chemistry. In this regard, studies of zeolites extend from the most
fundamental research, to a wide range of practical applications. Although considerable
effort has been directed towards understanding both thermal and photochemical
transformations within these unique microheterogeneous systems, the systematic design
and application of zeolites for both routine and novel chemistry remains significantly
beneath its potential. This fact is ultimately rooted in an incomplete understanding of
reaction dynamics in these complex systems. The general theme of this doctoral thesis is
the application of time resolved (ns) studies of reactive intermediates to the investigation
of reaction dynamics within zeolites. Studies of reactive intermediates within zeolites
provide a powerful tool for elucidating the mechanisms by which zeolites influence
fundamental chemical reactions.

The experimental approach uses reactive intermediates to probe zeolite-guest
interactions and to establish quantitative kinetic descriptions of reaction dynamics within
zeolites. A major focus in this effort is directed towards expanding the understanding of
specific reactions. Two types of reactions are addressed in the current work: (i)
intrazeolite reactions of reactive carbocation intermediates and (i7) reactions mediated by
intrazeolite charge migration (movement of electrons and holes). By extending
investigations of these reactions from homogeneous solution to the heterogeneous
environment within zeolites, a better understanding of these types of reactions may be
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obtained. A second major focus is to employ the reaction and, particularly, the reactive
intermediate as a probe of the zeolite environment. Applying knowledge obtained from
studies of these types of reactions in solution, with experimental observations concerning
how these reaction dynamics are modulated inside zeolite cavities, provides insight into
the nature of the zeolite environment. In addition, an underlying objective of the research
described herein is the exploration of intrazeolite reaction mechanisms in order to
enhance the understanding needed for further development of these matenals as solid-
state molecular hosts and catalysts. In this regard, the reactivity of the intermediates
examined is directed towards understanding how the zeolite environments modulate

reactions proceeding through these intermediates.



Chapter 2. General Background and Concepts

2.1 Laser Flash Photolysis

Laser flash photolysis207-208 js a technique developed in the late 1960s which
enables the generation, direct observation, and study of transient species using a short,
intense laser pulse. This technique is a very powerful tool for direct measurement of
reaction kinetics and investigation of reaction mechanisms. Three fundamental
requirements exist for the application of laser flash photolysis to the successful study of a
reactive intermediate: (i) As the technique relies on light to generate the transient of
interest, a photochemical reaction which converts a precursor molecule into the reactive
intermediate must be available. (ii) The reactive intermediate must be observable with
the detection method employed. Since the most common method for transient detection,
and the method employed herein, is optical spectroscopy, the transient species must
absorb in the UV-visible region of the spectrum. (iii) The reactive intermediate must
also have a sufficient lifetime to be detected. In simplest terms this means that the
lifetime of the transient, defined as 1/k, where k is the observed rate constant for transient
decay, must exceed the width of the laser pulse used for transient generation. In other
words, the time required for transient disappearance must be greater than the time
required for transient formation, which for nanosecond (ns) laser flash photolysis is the
duration of the laser pulse. This is the basis of the fundamental requirement of a brief
laser pulse and the impetus for employing ever faster lasers in the study of the more
reactive transient species.

The nanosecond laser flash photolysis apparatus is constructed from four
fundamental components: the excitation source, the monitoring beam, the detection
system, and the data acquisition and processing system. The excitation source is
invariably a pulsed laser, but considerable variability exists in laser specifications
including the energy per pulse, repetition rate, pulse duration and output wavelength. In
nanosecond laser flash photolysis applications, energies between 4 and 100 mJ per pulse
are typically employed, and pulse widths in the 2 to 20 ns range are common. Most
commercial lasers have repetition rates considerably higher than required for the
nanosecond laser photolysis experiment where the laser is often pulsed at 1 Hz or slower
during data acquisition. The monitoring beam is typically a xenon arc lamp with output
in the 75 to 250 W range. The low output lamps are frequently operated in a pulsed
mode such that the lamp intensity is increased by a factor of 2 to 20 for a few

33
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milliseconds during data acquisition. The detection system commonly employed in
nanosecond flash photolysis is based on the combination of a monochromator with a fast
photomultiplier. This allows time-resolved monitoring of transient absorption at a single
wavelength with access to spectral information via point-by-point acquisition at
individual wavelengths. Data acquisition in nanosecond flash photolysis involves
capturing the transient signal by a digital oscilloscope, referred to as a transient digitizer,
which converts the PMT output into digital form and transfers the data to a computer for
further processing.

The essential data obtained from the laser photolysis experiment is the transient
decay trace, or kinetic trace, which is the variation in the transient signal as a function of
time. In transmission experiments the fraction of transmitted light absorbed by the
transient, expressed as change in optical density, AOD, is measured. The AOD is derived
from the collected data consisting of the transmission intensity of the monitoring beam
prior to photolysis, I, and an array of data points describing the signal voltage of the
PMT as a function of time I,, according to eq. 2-1, where the signal represents the

fraction of light absorbed by the transient species.
AOD = - log (1-signal/l,) = -log(I/I,) = A, 2-1

Since AOD is a logarithmic function of the intensity of transmitted light, it is equal to the
variation in transient absorbance as a function of time, A,, and proportional to the
concentration of the transient according to the Beer-Lambert law. As a result the decay
trace represents the time variation in transient concentration from which Kkinetic
information can be obtained directly. The optical densities measured in the laser flash
experiments are not absolute optical densities but rather changes in optical density
relative to the optical density of the precursor prior to photolysis. Thus the I, defined in
eq. 2-1 represents the prepulse intensity which will be determined by the monitoring
beam intensity as well as the absorption of the starting solution. As a result, a negative
signal is possible and corresponds to a bleaching situation where absorption due to the
products or transients produced by photolysis is less than the starting solution.

2.2  Nanosecond Time-Resolved Diffuse Reflectance
Much of the previous discussion of laser flash photolysis studies of transmissive

samples also applies to opaque samples. The significant difference is that studies of
opaque samples cannot use transmitted light to observe transient intermediates. In laser



35

photolysis experiments on non-transmissive samples it is thus necessary to excite the
sample from the front face and use diffuse reflected light rather than transmitted light to
monitor transient absorption (see experimental section for schematic). The use of diffuse
reflected light to monitor transients species, a technique largely developed by Wilkinson
and coworkers209.210 beginning in the early 1980s, has extended the utility of laser flash
photolysis to include opaque, heterogeneous and highly scattering samples. This
advancement has facilitated studies of fast reaction dynamics of molecules adsorbed on
surfaces such as catalytic oxides, within microporous solid-state hosts such as zeolites, on
semiconductor powders, organic microcrystals and polymers, and within many
biologically relevant media.

Reflectance from scattering surfaces or fine particles consists of two components,
specular reflectance and diffuse reflectance. Specular, or regular reflectance, is reflected
in planes parallel and perpendicular to the incident light, at angles equal to the angle of
incidence. Conversely, the diffuse reflected light is unpolarized and distributed
symmetrically with respect to the surface regardless of the angle of incidence or
polarization of the incident light. The source of diffuse reflectance is light that has
penetrated below the surface and into the individual particles which comprise the sample.
For typical diffuse reflecting samples, the penetration depth is of the order of several
hundreds of um to a few mm, with the exact value depending on the absorption and
scattering coefficients of the sample as well as the laser flux. The light returns to the
surface due to multiple scattering at the particle interfaces and is attenuated by absorption
within the particles. Analysis of the diffuse reflected light is often based on the Kubelka-
Munk treatment for strongly scattering samples. In this treatment the interaction of light
absorbers randomly distributed in diffuse media is described according to eq. 2-2

FR)=K /S =(1-R)*/ 2R 2-2

where K = 2eC, ¢ is the extinction coefficient and C is the concentration, S is the
scattering coefficient and R is the diffuse reflectance. The expression on the right side of
eq. 2-2 is the remission function and is linearly related to the concentration of
homogenous absorbers. For small changes in reflectance, as observed during transient
generation, the relative change in the reflected light, Ar, is found to be a useful parameter
which can be considered proportional to transient concentration. The relative change in
reflected light is given by eq. 2-3 where J is the intensity of the diffuse reflected light
before transient production and AJ is the change in diffuse reflected intensity upon laser

excitation.
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Ar = AJ/I, 2-3

Therefore, in diffuse reflectance experiments the kinetic trace is recorded as the fraction
of diffuse reflected light absorbed by the intermediate, AJ/J,, as a function of time, and is
a measure of the time dependent variation in transient concentration.

Several other practical considerations also render laser flash photolysis studies of
transients in opaque media different from transparent solution. The higher sensitivity of
the technique to emission from the sample, particularly fluorescence, makes
measurements at short times less reliable than in solution and often results in reduced
time resolution for diffuse reflectance detection. Also, scattering of the laser pulse
generally means a wider separation between the excitation and monitoring wavelengths
(typically at least 20 nm) is necessary in the solid samples as compared to solution. A
third unique feature of transient studies in the solid state is that the simple kinetic
treatments often encountered in homogeneous solution are rarely observed in
heterogeneous media. Kinetic analysis in heterogeneous environments is discussed in the

following section.
2.3 Transient Kinetics in Heterogeneous Media

As discussed in the preceding section, the absolute reactivity of a transient species
in solid supports such as zeolites can be measured by monitoring the intensity of the
transient signal at a specific wavelength as a function of time using nanosecond laser
photolysis. The simplest possible scenario would involve transient decay via a single
reaction pathway characterized by first-order or pseudo first-order kinetics. In this case,
the time dependence of the change in diffuse reflectance, (AJ/J,),, can be modeled as a
single exponential decrease from the initial change in diffuse reflectance, (AJ/,);,

characterized by the rate constant, k, eq 2-4.
(AJ/,), = (AJ/],);exp(-kt) 24

This is equivalent to the time dependent variation in transient (T) concentration, [T],, and
fitting the kinetic trace to the exponential equation given in eq. 2-5 would yield k, the
first-order rate constant for transient decay.

[T], = [Tliexp(-kt) 2-5
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The simplest scenario of first-order kinetics characterized by a single, distinct rate
constant is not often encountered for transient decay within a zeolite matrix. Due to the
heterogeneous nature of the intrazeolite environment, encapsulated reagents may reside at
a variety of unique sites thereby decaying with a distribution of decay rate constants,
and/or via mechanistically different reaction pathways.122.123.126.211 A5 a result, transient
decay kinetics exhibiting a wide range of lifetimes are commonly observed in zeolite
environments. This often means that transient decay can be followed over several orders
of magnitude. The intrazeolite decay of diphenylmethyl radicals presents an extreme
example where the disappearance of the transient is observed over 9 orders of magnitude
from hundreds of nanoseconds to hours.!22 Decay over such a broad time range is
typically non-exponential and often characterized by a gradual decrease in decay rate
constant over time. This behaviour, which has been observed in a variety of
heterogeneous processes, is described as a stretched exponential decay 211212

In such cases, simple first or second-order kinetic analyses, or combinations of
these, often fail to accurately describe the decay profiles of transient species within
heterogeneous systems, and to realistically rationalize decay kinetics that occur over a
wide range of time scales. This is true in spite of the fact that reasonable and even
excellent fits to experimental decay profiles can be obtained using multiple exponentials.
For instance, the summations of three or four exponentials are powerful functions which
will fit virtually any decay with random residuals.2!! However, attaching physical
meaning to the resultant rate constants is not always reasonable. For instance, two, three
and four exponential models have been shown to fit data having their origins in
distributions of lifetimes. Thus, a wide variety of distributions such as Gaussian, triangle,
and rectangle can be fit with a double exponential, while three exponentials will fit even
more distributions, and four exponentials will fit almost any distribution. This does not
suggest that fitting a deacy profile to a multiple exponential function is necessarily
incorrect, but indicates that a decay profile which fits nicely to a few exponentials does
not preclude the existence of a distribution of lifetimes. Thus, in heterogeneous systems
with different local environments, the safest approach intially describes the transient
decay as a distribution of rate constants, until evidence to the contrary is presented.

Studies of transient kinetics in heterogeneous systems must distinquish between
discrete lifetimes and lifetime distributions and determine if a multiple exponential fit is a
realistic representation of the decay profile is significant. One way this problem can be
addressed is to analyze the data for a given system with no initial assumption of discrete

lifetimes. As a result, dispersive kinetic analysis is being increasingly applied to
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understanding transient Kkinetics in solid-state systems. This analysis assumes a
distribution of decay rate constants, with the most probable rate constant(s) being the
maxima of the distribution. The rationale for selecting a most probable value is related to
the width of the distribution about this value.

The simplest proposed model to explain the stretched exponential decays often
observed in heterogeneous reactions is based on a distribution of first-order processes that
can be described mathematically by a series of rate constants rationalized due to the
heterogeneous nature of the media. In such cases the exponential series method (ESM)
can be used to recover the lifetime distribution from the experimental data. ESM is based
on a trial function consisting of a sum of exponentials with 50 to 200 terms, eq. 2-6

f(t) =3 a exp(-t / Tk) 2-6

where t is time, and T, are fitted lifetimes each associated with a pre-exponential factor,
a;. In the application of ESM, the lifetimes are fixed values (in contrast to multiple
exponential fits which allow lifetimes to be free parameters) equally separated in log T
space. The iteration begins with equal pre-exponential coefficients for each lifetime and
proceeds to vary the coefficients until the best fit is obtained. The best fit criterion
minimizes the parameter x2 which is based on minimizing the differences between the
fitting function and the actual decay curve. The resulting solution is thus expressed as a
set of amplitudes associated with a large series of fixed lifetime exponentials over the
complete range of time of transient decay.

ESM and similar dispersive analyses recover the distribution associated with a
decay curve with no assumption as to the nature of the decay. Such analyses are
therefore useful to account for the possibility that the transient decay might involve a
broad distribution. Distribution recovery is likewise useful to establish that analysis
based on a few exponentials can indeed be valid for a specific system. Thus where
distribution analysis recovers a narrow ranges of lifetimes characterized by a few distinct
lifetimes, greater confidence in an interpretation based on transient decay via a few

discrete first-order processes is obtained.
24 Defining the Quantity of Adsorbates within Zeolites

In the upcoming chapters examining the reactions of guest molecules in zeolites,
the amount of the adsorbate within the zeolite framework will be discussed. The amount
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of adsorbate within the zeolite is expressed in terms of occupancy number, loading level,
or molarity, as described below.

A useful parameter to describe the concentration of adsorbates in X and Y-type
zeolites is the occupancy number, <S>, which is simply the average number of adsorbate
molecules per zeolite cavity. As shown in eq. 2-7, the occupancy number may be
determined from the amount of adsorbate included into a known zeolite mass given the
molecular mass of the zeolite unit cell and the fact that the unit cells of faujasite zeolites

contain 8 cavities.?2

<S> = moles of adsorbate/moles of zeolite cavities 2-7
= moles of adsorbate/(8 * mass zeolite/unit cell mass)

The unit cell formulae and molecular masses of the alkali metal cation zeolites used in
this study are given in Table 2-1. The amount of adsorbate within the zeolite is also
expressed in terms of the loading level, or loading, which is simply the number of

cavities per molecule and is thus the reciprocal of <S>.

Table 2-1. Typical unit cell formula and molecular mass of alkali metal cation faujasites.

Zeolite Typical Unit Cell Formula Molecular Mass (g/unit cell)
LiY Li,gNazgAlseSi|360384 12344
NaY NasgAls6Si 360384 12762
KY Ks54Na,Al56Si;360384 13362
RbY Rb,sNa3; AlseSi 360384 14324
CsY CsygNazgAlseSij360384 15620
NaX NagcAlgeSij060334 13418

The concentration of adsorbate within the zeolite refers to the number of moles of
substrate per liter of zeolite, and is hence denoted as the molarity, M. Given that the
faujasite unit cell® (uc) contains 8 cavities and has a volume of 1.5 x 10* A3, the molarity
of the adsorbate can be determined from the number of molecules per cavity, <S>

according to eq. 2-8, where N v is Avagadro’s number.
4 q AV g

[S] (moles/L) = <S>*(8 cavities/uc)*(uc/1.5 x 10*A%)(10%7 A’ /L)*(moles/Ny) 2-8
= <S> * (5.33/6.022)



Chapter 3. Generation and Reactivity of Carbocations in Non-Acidic Zeolites
3-1 Introduction

Carbocations are organic ions possessing positively charged carbon atoms that
have been implicated as intermediates in many chemical and biochemical reactions.213.214
Chemists first took an interest in carbocations in the 1920s, and in the ensuing 50 years or
so, carbocation chemistry became one of the most actively pursued areas of organic
chemistry. Of particular significance has been the extensive work, primarily from the
laboratories of Olah, on the generation of a diverse array of carbocation intermediates in
superacid media where these species are sufficiently long-lived to be directly observable
by standard spectroscopic methods, most notably NMR.2!15:216 Today, carbocations are
familiar entities, and the chemistry of carbocations, their generation, properties and
reactivity, are in many regards a mature field. The existence of carbocations as
intermediates has been established by examining the kinetics, products, stereochemistry,
and substituent effects of carbocation-mediated reactions, and more recently, by direct
observation of transient carbocations using laser flash photolysis. From such studies it is
recognized that carbocations react readily via nucleophilic addition, elimination of a
proton from a carbon adjacent to the cationic center, and skeletal rearrangement to other

more stable carbocations.

3.1.1 Studies of Reactive Carbocations in Solution

Although a carbocation intermediate can be identified and studied without
actually observing it, the most informative means of investigating the structure, stability
and reactivity of carbocations is through direct observation. Strongly resonance-
stabilized carbocations such as the tris-(4-N,N-dimethylaminophenyl)-methyl cation can
be generated and observed by adding the alcohol to a sufficiently acidic aqueous solution.
Generally, however, less stabilized carbocations are difficult to generate in detectable
quantities, and for many years investigations of these cations relied on the use of strongly
ionizing, non-nucleophilic media such as liquid SO, or concentrated sulfuric acid.?!3 In
such environments many carbocations such as the triphenylmethyl cation are sufficiently
long-lived to be studied and characterized spectroscopically.217.218 In addition, studies of
the ionization of aryl carbinols in sulfuric acid afforded values for the carbocation-
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carbinol equilibrium constant, pKg, eq. 3-1, which serve as a quantitative measure of the

relative carbocation stability.

—~——————

R* + H,O ﬁ‘ROH+H+
2

As interest in the direct observation of carbocations increased, the use of NMR
spectroscopy emerged as a valuable tool for detailed structural studies of carbocations in
strong acid solutions.2!? The advancement of superacid solvents and cryogenic methods
made it possible to generate and study the structures of increasingly more unstable
carbocations such as the zert-butyl cation and the phenethyl cation.220.22!1

The use of strongly acidic media to generate and characterize the spectral and
structural features of carbocations represents a significant achievement in the study of
these intermediates. However, studies of carbocations in strongly acidic media cannot
address questions concerning the reactivity of carbocations towards solvent or other
nucleophiles. The environment experienced by a carbocation in superacid solution is not
representative of the environment in which many organic reactions involving carbocation
intermediates occur. Thus, in order to understand carbocation reactivity, it is necessary to
study the carbocation under more typical solvolytic conditions. Generally, however,
carbocations are too short-lived under solvolytic conditions to be observed with standard
static techniques. While the reactivities of relatively stabilized triarylmethyl cations have
been measured directly by employing rapid mixing techniques,===--= an approach based
on competitive reactions was originally used for most other carbocations. In these
studies, the carbocation is an undetected intermediate, generated by the solvolytic

dissociation of a good leaving group, eq. 3-2.

Rl Rl Rl
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Partitioning of the carbocation between the solvent and a second nucleophile generates
two different products. A ratio of the rate constants can be obtained from the product
ratio, and in some cases estimates of absolute rate constants can be obtained if one of the
nucleophiles reacts at the diffusion-controlled limit.224.225

Studies of the absolute reactivity of carbocations are readily accomplished using
laser flash photolysis.==6.<= 7 With laser flash photolysis, reactive carbocations can be
directly observed and the reaction kinetics of these intermediates can be quantitatively
examined in various media. In order to successfully apply the technique, a
photochemical reaction must be available to generate the carbocation, and the carbocation
must have a sufficient lifetime to be observed. In other words, the lifetime of the
carbocation must be at least as long as the length of the light pulse used to make it. An
additional requirement is an appropriate means of detection. By far the most common
detection method employed in laser flash photolysis is UV-Vis spectroscopy, which
means that only transients with suitable chromophores can be observed. Consequently,
most of the carbocations studied by laser flash photolysis have conjugated m-systems,
usually aryl groups attached to the cationic center. These carbocations generally absorb
strongly in the UV-visible region, and absorption spectral data of many carbocations are
available from earlier studies in strong acid media and from more recent investigations
employing laser flash photolysis. The carbocation can then be identified by the transient
absorption spectrum and the kinetic behaviour, particularly in the presence of
nucleophilic quenchers. The transient assignment can be verified by product studies
using steady-state photolysis which yield products originating from a carbocation
intermediate.

Over the past 10 to 15 years, nanosecond laser flash photolysis has been
employed to directly measure rates constant for addition of solvent and nucleophiles to a
number of carbocations including triarylmethyl,228-231 and diarylmethyl230-233 cations,
cumyl, phenethyl and benzyl cations,?34.235 cyclohexadienyl cations,236-240 and 9-
fluorenyl cations.237:239.241.242  These comprehensive studies have provided significant
insight into carbocation chemistry, especially with regard to the dramatic influences of
the nature of the solvent and the structure of the carbocation on the observed
reactivity.226

In addition to the distinct absorption characteristics, transient carbocations can
often be identified by characteristic reactivity in solution. Carbocations typically decay
via addition of nucleophiles, often the solvent, or by deprotonation. In most solvents
carbocations decay in a single exponential fashion, as predicted by pseudo first-order
kinetics. In such cases, the reactivity of carbocations can therefore be described by a
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unimolecular decay rate constant characteristic of the solvent, kg, with the lifetime of the
carbocation corresponding to l/k,. Table 3-1 presents some selected examples of
carbocations which have been studied by nanosecond laser flash photolysis in solution,
along with their respective kg values. The dramatic effect of the nature of surrounding
solvent on the lifetime of the carbocations is immediately obvious from a perusal of these
data. Notably, TFE and particularly HFIP display very low reactivity towards
carbocations. The unusually low nucleophilicity of these solvents has been exploited by
carbocation chemists to enhance the lifetime of reactive carbocations such that they can
be directly studied using nanosecond laser flash photolysis.

Table 3-1. Solvent reactivities of selected carbocations at 20 °C*

Carbocation lgib /st Krgg / s Kygrp / 5!
(4-MeOC4H,)C" 1.0x 10" - -
(CgHs);C* 1.5x 10° - -
(4-CF3C¢H,)»(CgHs)Ct 8.8 x 10° - -
(4-MeOCgH,),CH" 1.0 x 10° 1.4x 10" -
(CgHs),CH" 1.3x 10° 32x10° ~1.0x10'
9-Xanthylium 2.3x 10* - -
9-Phenyl-9-Xanthylium 2.3 x 10! ; -
9-Phenyl-9-Fluorenyl 1.5x 107 1.5x 10* -
9-Methyl-9-Fluorenyl ; 8.6 x 10° -
9-Fluoreny! >4 x 10'° 8 x 10® 2 x 10°
4-MeOC¢H,C*(CH;), ~4x10’ 1.6 x 10* -
C¢HsC'(CHs), - - 9 x 10°

"Adapted from Ref. 226; busually 4:1 or 3:1 acetonitrile:water.

The data in Table 3-1 also demonstrate the importance of substituent effects in
carbocation reactivity. For instance, the dramatic influence of p-methoxy groups is
revealed in the reactivity of the triarylmethyl and diarylmethyl cations. The
diphenylmethyl cation is four orders of magnitude more reactive in water than the
dianisylmethyl cation which is stabilized by electron donating methoxy substituents. On
the other hand, introduction of electron withdrawing substituents to the aromatic ring
such as trifluoromethyl groups can lead to substantially enhanced reactivity. Alkyl
substituents can also play a significant role in carbocation behaviour. Thus replacing
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hydrogen atoms at the carbocation center with methyl groups leads to kinetic and
thermodynamic stabilization and a decrease in reaction rate constants. The overall effect
depends on the structure of the carbocation such that the influence tends to be less
significant when other stabilizing substituents are already present. Steric factors could
also play a role in the enhanced lifetimes observed upon alkyl substitution at the

carbocation center.

3.1.2 Carbocations in Zeolites

Acid Zeolites and Carbocations. By far the most important application of
zeolite catalysts is in the petroleum industry where acidic zeolites are now
indispensable.!0243 Carbocations are believed to be key intermediates in the hydrocarbon
transformations and other industrially significant reactions catalyzed by acidic zeolites.*?
This belief originated not from the direct observation of carbocation intermediates in the
reactions, but by analogy with similar transformations in liquid superacid media where
the role of the carbocation has been firmly established.3 Correspondingly, this has led to
the view of zeolites as solid superacids and the notion that the catalytic activity of these
materials is a consequence of this acidity.

The efficient catalytic activity of zeolites and the important role of carbocations in
these catalytic reactions has been the impetus for much research aimed at understanding
the chemistry of carbocations generated within the channels and cavities of
zeolites.8:47.49.62.63.65.66,101.106.110.113,146.174-177.244-263 These studies have been restricted
to carbocations produced in proton-exchanged Brgnsted zeolites, or zeolites with divalent
metal ions such as Ca2+, which possess acidic properties upon thermal activation.264-268
This is primarily due to the fact that in the highly acidic environment carbocations are
easily generated and, more importantly, are thermodynamically and kinetically stabilized
to the extent that they can be readily examined by steady-state techniques such as solid-
state NMR 62.246.248-259 UV_Vis diffuse reflectance847.62.63.65.66.101.106.110.146,174-
177.244.245 and UV-Vis absorption spectroscopy. ! !3.260.261

The results from these studies of carbocations in acidic zeolites have lead to
tremendous advances in our understanding of the nature of carbocations within acidic
zeolites and the reactivity of carbocation intermediates in zeolite catalysis.47.49.249.263
Most significantly, this research has contributed immensely to the emerging picture of
Brgnsted zeolites not as superacid solid materials as once envisioned, but as strong acids
whose ability to stabilize electrophilic species and influence their reactivity is inexorably
tied to the dynamic role of the zeolite framework in carbocation chemistry.249 Thus,
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although several types of relatively stabilized carbocations such as
triarylmethyl,!10.257.258 xanthylium,63.101.106 dijbenzotropylium,%3 indanyl,25! and
cyclopentenyl246.252 cations can be detected as stable ions in acidic zeolites, more
reactive species such as phenethyl6-25! cations do not persist within these environments.
The reactivity of such species is consistent with current predictions regarding the stability
of reactive carbocations within these acidic environments.247.249 This does not preclude
these carbocations as transient intermediates in zeolite catalysis, but it does suggest that
the catalytic role of zeolite properties other than acidity warrants further investigation.
Thus, future advances in carbocation-mediated chemistry within zeolite hosts rely on
elucidating the role of carbocations as intermediates, rather than persistent species, in
zeolite catalyzed processes, and the influence of the zeolite environment on the lifetimes
and reaction mechanisms of carbocations.

Studies of Carbocations in Non-Acidic Zeolites. Further insights into
carbocation-mediated reactions can be obtained from studies of carbocation intermediates
in non-protic, alkali metal cation-exchanged zeolites. In particular, the interactions
between the zeolite framework structure and incorporated carbocations can be directly
probed in the absence of the strongly acidic environment. For example, the effect of
changing the counterion on the kinetic stability of carbocations within zeolite cavities can
be readily explored with alkali metal cation zeolites, but not with Brgnsted zeolites. As a
result, with non-protic zeolites it is possible to examine the effect of properties such as
electrostatic field strength and exchangeable-cation size on the chemistry of carbocations
located within the zeolite cavities. Furthermore, while the negatively charged framework
in proton-exchanged zeolites is generally presumed to act as a large, relatively non-
nucleophilic counterion, the possibility that localized sites of electron density in these
zeolite frameworks, namely the [Si-O-Al] bridges, may be reactive towards carbocation
intermediates can be directly explored. In addition, non-protic cation exchanged zeolites
are suitable media for determining the dynamics of second-order reactions of
coincorporated nucleophiles with carbocations. These reactions are difficult to study in
Brgnsted zeolites due to the reversible addition of nucleophiles like water or alcohols in
the highly acidic environment, as well as the probability that the nucleophilicity of many
common nucleophiles will be considerably reduced by protonation. As well, the stability
of some nucleophiles such as alkenes will be low within the strongly acidic environment
of the proton-exchanged zeolites. Furthermore, the role that non-protic zeolites may play
in carbocation formation in the absence of the strongly acidic environment can be

addressed.
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In order to study carbocation intermediates in non-acidic zeolite environments,
suitable techniques for the generation of these reactive species must be employed.
Although many organic substrates spontaneously generate carbocations upon inclusion
within acidic zeolites, these substrates are generally thermally stable within alkali metal
cation zeolites. Photochemistry provides the necessary tool to generate reactive
carbocations in non-acidic zeolites. In the present work two photochemical reactions
have been applied to the generation of carbocations in alkali metal cation zeolites: (i)
rapid carbon-carbon bond cleavage of photogenerated bicumene radical cations; (ii)
photoheterolysis of 9-fluorenyls. Chapter 3 of this thesis discusses the photochemical
generation and reactivity of the corresponding cumyl and 9-fluorenyl cations within
alkali metal cation zeolites. To the best of my knowledge, these results represent the first
generation and direct observation of reactive carbocations in non-acidic zeolites and
include a detailed study of the unimolecular and bimolecular reactions of these

intermediates.
3.2 Generation and Reactivity of Cumyl Cations in Non-Acidic Zeolites

Addition or removal of an electron from a molecule can activate the molecule
towards bond fragmentation, thereby inducing the cleavage of bonds which are typically
very strong in the neutral molecules.2%9 Unimolecular fragmentation of radical ions is a
significant, general reaction which constitutes the elementary step of many electron-
transfer-initiated processes. Consequently, carbon-carbon bond cleavage of
photochemically generated radical cations to the corresponding carbocation and radical
fragments, eq. 3-3, has attracted considerable attention from several research groups
including those of Arnold,270-273 Das274.275 and Albini.276.277

R X ? % kR
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Maslak et al. have conducted extensive investigations concerning the fragmentation of
bibenzylic radical cations278-283 and radical anions?84-288 possessing a variety of different
aromatic and benzylic substituents, eq. 3-4.
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The general factors governing the rate constants for carbon-carbon bond cleavage
in radical ions, kg, have been described by Maslak.269.289.290 [n a general sense it is
possible to consider radical ions as either o-type radical ions, in which the unpaired
electron is formally located in a G-orbital, or m-type radical ions, in which the unpaired
electron is delocalized over a m system. For m-type radical cations, which are more
commonly encountered in photoinduced electron transfer reactions, the unpaired electron
is necessarily localized on one side of the scissile bond. In order to activate the scissile
bond towards cleavage, the unpaired electron must be transferred across this bond. The
electron apportionment can formally be considered to occur via two modes, eq. 3-5: a
heterolytic mode where the charge is transferred (a), and a homolytic mode where the

spin is transferred (b).

teA—B—>» A" + Bt (

AN

t*A—B —» At + B® (b)

3-5

Maslak has coined the term mesolysis as a description for unimolecular fragmentations of

radical ions which represents this dual possibility.

Scheme 3-1
AG;, . .
A—B —/—= A + B
0 AGm = AGh - AE
E"aB E'x AE = (E% g - E%,+)
AG,

A—B ——— A" +B

The thermodynamics governing radical ion fragmentation, AG,,, can be described
by a simple thermodynamic cycle, Scheme 3-1, which depends on the free energy change
of bond homolysis of the neutral precursor, AGy,, and the difference in redox potentials of
the precursor and the ionic fragment, AE. Since the electron is added to or removed from
a formally nonbonding orbital, the radicals are easier to reduce or oxidize than the
corresponding neutral species. As a result, AE is always positive and a weakening of the
scissile bond is observed upon oxidation or reduction of the precursor. This is the source
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of the redox activation. For the bibenzylic substrates investigated by Maslak er al., the
mesolysis reactions have been essentially thermoneutral, with AG,, varying from
approximately -2 to 3 kcal/mol.28? In general, it is possible to design reactions with high
driving forces by employing structural variations which alter the homolytic bond energy
and redox potentials of the substrate.

In addition to thermodynamics, stereoelectronic factors influence the efficiency of
mesolysis, since cleavage requires removal of electron density from the scissile bond (for
radical cations). For m-type radical cations the unpaired electron must be transferred
from the m-system to the scissile bond. Scheme 3-2 presents two extreme situations. In
the first situation, denoted m—n fragmentation, the scissile bond overlaps with the 7t-
system. This type of scenario is observed for benzylic substrates. In this case the most
effective dihedral angle between the m-system and the plane defined by the scissile bond
is 90°. This arrangement permits the charge and spin of the radical cation to delocalize
throughout the molecule as the bond elongates. For dihedral angles of less the 90° the

cleavage is expected to be less efficient.

The other extreme, a T—c fragmentation, corresponds to a situation in which there

Scheme 3-2

is no overlap between the scissile bond and the unpaired electron. In this case, the
dihedral angle is zero as would be observed in aromatic or vinyl substrates, for instance.
Here the bond must first elongate until the energy in the bond is close to the energy of the
orbital containing the unpaired electron. At this point the interaction leading to bond
cleavage can be considered analogous to a dissociative intramolecular electron transfer.
The m—o fragmentation is limited to polar bonds such as carbon-halogen, carbon-oxygen
or carbon-sulfur.

The kinetics of radical ion fragmentation will be a result of the combination of
thermodynamics and stereoelectronic factors. Although no quantitative theory of radical
ion fragmentation that accounts for all variables currently exists, the data suggest that the
kinetic barriers to bond fragmentation within the radical ions will be low. In particular,
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exergonic processes will have very large cleavage rates (i.e. > 10° s'l) which are difficult
to measure directly. Table 3-2 presents selected examples of mesolysis rates constants
for some bibenzylic precursors studied by Maslak and co-workers. These fragmentation
rate constants reveal the dramatic influence of radical cation structure on the
fragmentation reaction. For instance, aromatic substituents which increase the extent of
charge delocalization, and steric crowding of bulkier groups attached to the scissile bond

both increase the rate constant for bond cleavage.

Table 3-2. Rate constants (k) for fragmentation of radical cations.a‘b

Radical Cation Precursors K, / s!

p-Me,N-C4H,C(Et),-C(Et),Ph 1.58 x 10°
p-Me,N-C¢H,C(Pr),-C(Pr),Ph 4.36 x 10°
p-Me,N-C¢H,C(Bu),-C(Bu),Ph 5.37x 10°
p-MeO-C¢H,C(Me),-C(Me),CgH,-p-CN 2.63 x 10°
p-MeO-C¢H,C(Me),-C(Me),CgH,-p-CF5 1.58 x 10°
p-MeO-CgH,C(Me),-C(Me),Ph 2.45x 10
p-MeO-C¢H,C(Me),-C(Me),CgH,-p-Me 1.10 x 10°
p-MeO-C¢H,C(Me),-C(Me),CgH,-p-MeO 6.02 x 10°
p-MeO-CgH,C(Et),-C(Et),CeH,y-p-MeO 4.63 x 10°

?Adapted from Ref. 269; ®dichloromethane/methanol.

3.2.1 Results

The following sections present results concerning the generation and reactivity of
cumyl cations in alkali metal cation zeolites. In each case the carbocations were
generated photochemically, either via nanosecond laser flash techniques or steady-state
irradiation, from the appropriate bicumene precursors. Dark experiments in which the
bicumene precursors were incorporated into the zeolite and subsequently removed by
continuous extraction establish that these molecules are thermally stable within alkali
metal cation zeolites. The nanosecond laser flash photolysis apparatus employed in the
time resolved diffuse reflectance experiments is described in detail in the experimental
section. Excitation of the bicumene precursors was accomplished with the fourth
harmonic from a Nd:Yag laser (266 nm, < 10 mJ, < 10 ns). This means that a
photogenerated transient with a lifetime shorter than 10 ns is not observable, and sets an

o . -1 :
upper limit on measurable rate constants for transient decay of ca. 1 x 10%s7". In practice
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the rate constants measurable for transient decay in solid-state samples such as zeolites
are reduced somewhat, particularly due to luminescence and light scattering from the
solid particles.

Inclusion of the bicumene precursors in dehydrated alkali metal cation zeolites
was accomplished using hexane as a carrier solvent. The external surface of the zeolite
was subsequently washed with hexane to remove bicumene molecules which may have
been adsorbed on the external surface (see experimental section for details). During
sample preparation the utmost care was taken to avoid rehydration of the zeolite.
Detailed analysis of the zeolite composites after preparation determined that little, if any,
water (i.e. < 1 wt %) is adsorbed during sample inclusion (see appendix). The hexane
was removed by vacuum pumping (ca. 107 Torr) at room temperature for a period of 5-
12 hours. Dried zeolite composites were then transferred to quartz laser cells or steady-
state irradiation vessels under an atmosphere of dry nitrogen. Samples for nanosecond
laser photolysis were re-evacuated at 10™ Torr for at least 12 hours and sealed prior to the
experiments. Samples for steady-state irradiation were purged with dry nitrogen or argon
for at least 30 minutes prior to irradiation and a continuous gas flow was maintained
throughout the photolysis. Coinclusion of secondary adsorbates was accomplished by
vapour phase adsorption for the small volatile alcohols and alkyl enol ethers. Inclusion
of water involved exposure of the zeolite sample to the ambient atmosphere.

Zeolite/bicumene composites used in nanosecond laser experiments have an
occupancy number, <S>, of 0.10. In other words, the average loading level is one
bicumene molecule in every 10 zeolite supercages and corresponds to approximately 20
mg bicumene/g zeolite. A slightly higher bicumene concentration of between 60 — 90
mg/g NaY, or one molecule in every 2 - 3 supercages, was used for steady-state
irradiations. Laser experiments in NaMor and Naf3 were also carried out at a

concentration of ca. 20 mg bicumene/g zeolite.

3.2.1.1 Generation of the 4-Methoxycumyl Cation in Dry Alkali Metal Cation Zeolites

Laser irradiation (266 nm, < 10 mJ, <10 ns) of 4,4’dimethoxybicumene (DMB)
incorporated within the cavities of dry NaY under vacuum (10'4 Torr) conditions yields a
transient diffuse reflectance spectrum with an intense absorption centered at 360 nm,
Figure 3-1 (The figures described in section 3.2.1.1 to 3.2.1.7 are found on pages 86 to
110). This transient absorption is assigned to the 4-methoxycumyl cation formed via
rapid fragmentation of the DMB radical cation generated by laser induced
photoionization, eq. 3-6.269.279.280.283
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This assignment is based on several observations. The location of the absorption
maximum and the symmetrical shape of the absorption band are identical to that of the 4-
methoxycumyl cation previously reported in solution.234 The reactivity of the transient
species is also characteristic of a carbocation species.?26 The introduction of oxygen has
no influence on the decay rate constant or absorption of the transient, Figure 3-1 inset,
while the inclusion of nucleophiles such as methanol accelerates the decay rate constant
of the transient observed at 360 nm, Figure 3-2. Furthermore, the possibility that the
transient is actually the precursor radical cation can be ruled out as substituted anisole
radical cations have absorption maxima near 420 nm in solution2?!.292 and in zeolites,
and are unreactive toward nucleophiles such as methanol in NaY, Figure 3-3. In fact,
reaction of the DMB radical cation within the laser pulse is consistent with cleavage rate
constants of approximately 10® s in solution,269-283 Table 3-2, and indicates
fragmentation in NaY is also rapid (> 108 s'l).

In addition to the intense absorption at 360 nm due to the carbocation, a weaker,
sharp band at 290 nm is also visible in the time-resolved diffuse reflectance spectrum,
Figure 3-1. The decay of this band is significantly slower than the decay of the
carbocation at 360 nm indicating that a second transient is produced upon laser
irradiation of DMB in NaY. In contrast to the carbocation band at 360 nm, the transient
at 290 nm is quenched by the inclusion of oxygen within the zeolite framework. This
band can be assigned confidently to the 4-methoxycumy! radical produced as the second
fragmentation product upon cleavage of the DMB radical cation, eq. 3-6. The location of
the absorption maxima at 290 nm293 and the quenching of the transient by oxygen
support this assignment. In addition, the relatively long lifetime of this transient species
is consistent with that demonstrated for similar zeolite encapsulated benzylic radicals.!53

Further evidence that the 4-methoxycumyl cation originates from fragmentation
of the DMB radical cation within the laser pulse can be obtained by generating this
radical cation via an alternate route. In addition to direct photoionization, it should also
be possible to create the DMB radical cation by photoinduced electron transfer (PET).
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An appropriate electron acceptor for the PET experiment is 2,3,5,6-tetrachloro-1,4-
benzoquinone (chloranil). Photoexcited chloranil is a powerful one electron oxidant
(E°eq = 0.02 V294, Ercd3* = 2.15 V295) and can be selectively excited in the presence of
DMB using 308 nm laser irradiation where the DMB chromophore has no absorption. In
addition, PET between chloranil and DMB is diffusion controlled in solution.283
Furthermore, the radical anion produced by reduction of chloranil has a very
characteristic absorption spectrum and is thus readily and confidently identified.296-298
Therefore, direct evidence for PET following excitation of chloranil coadsorbed in the
DMB/NaY composites can be obtained by detection of the chloranil radical anion and the
4-methoxycumyl cation. This would provide compelling evidence that the initial product
of PET, the DMB radical cation, undergoes rapid fragmentation to the carbocation within
the zeolite host.

Figure 3-4 shows the transient diffuse reflectance spectrum obtained upon 308 nm
laser irradiation (< 20 ns, < 100 mJ) of chloranil in evacuated NaY (<S> = 0.04)
containing coadsorbed DMB (<S> = 0.10). The spectrum clearly shows the distinct
absorption of the 4-methoxycumyl cation at 360 nm, as well as characteristic bands of the
chloranil radical anion at 420 nm and 450 nm.296-298 A short-lived broad absorption near
500 nm due to the chloranil triplet?97-299 is also observed under vacuum conditions. No
transients are detected when DMB is excited with 308 nm laser light in NaY in the
absence of chloranil. These results indicate that fast (> 10® s'l) intrazeolite electron
transfer (ET) takes place between chloranil and DMB leading to the chloranil radical
anion and the DMB radical cation which rapidly cleaves to the carbocation and radical

fragments, eq. 3-7.
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Rapid PET within the NaY matrix is consistent with the diffusion controlled PET
between chloranil and DMB observed in solution. Observing the 4-methoxycumyl cation
under these photoinduced electron transfer conditions directly supports the conclusion
that the carbocation is derived by rapid fragmentation of the DMB radical cation formed
by photoionization in the absence of sensitizer, eq. 3-6.

Direct laser irradiation of DMB included in alkali metal cation zeolites other than
NaY (<S> = 0.10; 20 mg DMB/g zeolite) consistently generates transient diffuse
reflectance spectra dominated by an intense absorption at 360 nm and a weaker
absorption band at 290 nm. Representative transient spectra are shown in Figure 3-5. In
all alkali metal cation zeolites, the transient spectra closely resemble that observed upon
photolysis of DMB in NaY, where the transient absorption bands at 360 nm and 290 nm
were assigned to the 4-methoxycumyl cation and the 4-methoxycumyl radical,
respectively. Several features of the transient kinetics observed in these alkali metal
cation zeolites are also comparable to the results obtained in NaY. In each case the decay
kinetics at 360 nm are different from the decay kinetics at 290 nm indicating the presence
of two distinct transient species. Inclusion of oxygen into the zeolite samples has no
influence on the decay kinetics or absorption of the transient at 360 nm, but results in
essentially complete quenching of the transient at 290 nm. Conversely, the addition of
nucleophiles to the zeolite composites accelerates the transient decay at 360 nm but has
no influence on the decay kinetics at 290 nm. The combined spectral appearance and
transient reactivity unambiguously demonstrate that the transients observed following
laser photolysis of DMB in other alkali metal cation zeolites are the 4-methoxycumyl
cation and the 4-methoxycumyl radical Therefore, these results establish that rapid
cleavage of photogenerated DMB radical cations can also be used to generate the 4-
methoxycumyl cation within other alkali metal cation-exchanged Y zeolites (LiY, KY,
RbY and CsY), and in zeolites with different Si/Al ratios and framework morphologies
(NaX, Si/Al = 1.2, NaMordenite, Si/Al = 6.5, and Naf, Si/Al = 18), Table 3-3.
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Table 3-3. Description of zeolites used in study of the 4-methoxycumyl cation.!2

Zeolite Si/Al Counterion® Pore Diameter/ A Channel S ystem/Cage Diameter
Faujasite Y 2.4 Alkali M* 7.4 3-D channel with cage / 13 A
Faujasite X 1.2 Na* 74 3-D channel with cage / 13 A

B 18 Na* 7.6x6.4; 5.5x5.5  Tridirectional channels
Mordenite 6.5 Na* 6.5x7.0; 2.6x5.7 Unidirectional channels

M*=Li*, Na*, K, Rb", Cs™.

3.2.1.2 Absolute Reactivity of the 4-Methoxycumyl Cation in Alkali Metal Cation
Zeolites

The absolute reactivity of the 4-methoxycumy! cation in dry alkali metal cation
zeolites can be measured by monitoring the intensity of the transient signal at 360 nm as a
function of time using nanosecond laser photolysis. As described in section 2.3, the
heterogeneous nature of the intrazeolite environment raises the possibility that
encapsulated transients may decay with a distribution of decay rate constants, or that
more than one mechanistically distinct reaction pathway might exist for a reactive
intermediate such as a carbocation. Transient decay kinetics over several orders of
magnitude consisting of several distinct rate constants and distributions of rate constants
are well known in zeolites.52.54.66.75.121-123.126.159  Thus, in order to obtain an accurate
representation of the reactivity of the 4-methoxycumyl cation in alkali metal cation
zeolites it is necessary to examine the decay profile over several different time scales and
to consider the possibility that many individual decay rate constants may contribute to the
decay. By combining the kinetic traces observed at several different time scales,
stretched exponential traces representing the disappearance of the carbocation over
several decades are obtained. Stretched decay traces of the 4-methoxycumyl cation in
zeolites with various alkali metal counterions, Si/Al ratios, and framework topologies are
shown in Figures 3-6 and 3-7. Qualitatively, the decay profiles clearly show that the rate
constant for the decay of the 4-methoxycumyl cation depends strongly on the framework
composition and morphology. In particular, the rate of decay increases significantly as
the size of the alkali metal cation increases from Li* to Cs*. Furthermore, the
carbocation decays significantly more slowly in Naf3 and NaMor which have high Si/Al
ratios, than in a zeolite such as NaX which has a low Si/Al ratio.
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In order to derive quantitative information about the absolute reactivity of these
carbocations, and to account for the possibility that the carbocation decays with a broad
distribution of lifetimes, the decay traces were analyzed with the ESM described in
section 2.3.211.212 [nterestingly, the results of such analyses revealed a narrow range of
lifetimes evenly distributed about one or two central values, Figure 3-8. This suggests
that the decay of the 4-methoxycumyl cation in alkali metal cation zeolites is the result of
one or two first-order processes. Consistent with this suggestion is the fact that fitting the
decay kinetics to a single or biexponential expression, eq. 3-8 and 3-9 respectively, yields
rate constants very similar to those obtained from the distribution analysis.

(AJ/3 ) =(AJ/T,)exp(-kt) 3-8
(AJ/T,)=(AJI],) 1exp(-k ) + (AJ/T,)rexp(-kat) 3-9

In equation 3-8, k is the rate constant for carbocation decay via a single exponential
process and (AJ/J); is the total change in diffuse reflectance due to carbocation decay. In
the biexponential equation 3-9, k; and k, are the two distinct decay rate constants while
(AJ/1,); and (AJ/J,), correspond to the change in diffuse reflectance due to carbocation
decay via process 1 and 2, respectively. In other words, the relative magnitude of each
decay pathway is represented by the values (AJ/J ), and (AJ/,),. The relative
magnitudes of each decay pathway can likewise be obtained from the amplitude ratio of
the peaks observed in the lifetime distribution plots. For all biexponential decays, similar
contributions for the two decay components were obtained from either the distribution
analysis or from the biexponential fits.

The lifetimes and their relative contribution to the total decay as determined from
the ESM or by fitting the data to a single or double first-order rate equations are
presented in Table 3-4. In LiY the decay of the 4-methoxycumyl cation fit best to a
biexponential expression yielding lifetimes of 26 us and 5 us. The longer lifetime of 26
us represents the dominant pathway contributing 81 % of the total decay, while the
shorter lifetime of 5 us contributed 19 %. The decay in NaY is single exponential with a
lifetime of 4.6 us, which is significantly shorter than observed in LiY. In KY and RbY
the decay kinetics were best fit to a model consisting of two consecutive first-order
processes. In KY the shorter lifetime component of 1 us accounted for 74 % of the total
decay, while in RbY two relatively short lifetimes of 0.3 ps and 0.9 us contributed 42 %
and 58 % to the observed decay respectively. The relatively weak transient signal of the
4-methoxycumyl cation in CsY was fit to a first-order decay yielding a single short
lifetime of 0.4 ps. Overall these quantitative results demonstrate that the lifetime of the
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4-methoxycumyl cation in Y zeolites decreases dramatically upon varying the alkali
metal counterion from Li* to Cs™, Table 3-4.

The rate constants for the decay of the 4-methoxycumyl cation in other alkali
metal cation zeolites have also been determined by ESM. In NaX, the carbocation was
found to decay very rapidly with a single lifetime of 0.5 us. Conversely, in the other
alkali metal cation zeolites studied, NaMor and Naf, the carbocation exhibited very little
decay on times scales as long as 1 ms, the longest time accessible with the nanosecond
laser system, indicating that the carbocation is very long-lived within these two zeolites,
Figure 3-7. The decay kinetics of the carbocation in NaMor and Naf} were modeled by
fitting the small observed decay to a first order expression with the assumption that the
carbocation decays completely to the baseline. This yielded lifetimes of ca. 1000 pus and
ca. 3000 pus for the 4-methoxycumyl cation in NaMor and Naf} respectively. The
lifetimes of the 4-methoxycumyl cation in various alkali metal cation zeolites are

summarized in Table 3-4.

Table 3-4. Lifetime(s) of the 4-methoxycumyl cation in various alkali metal cation
zeolites.

Zeolite Si/Al Ratio  Lifetime® / us
Ist component 2nd component

LiY 2. 26 (81 %) 5.0 (19 %)
NaY 24 4.6 (100 %) -—-

KY 2 1.0 (74 %) 4.5 (26 %)
RbY 2. 0.3 (42 %) 0.9 (58 %)
CsY 24 0.4 (100 %) -—-

NaX 1.2 0.5 (100 %) ---
NaMor 6.5 ~ 1000 ---

Naf} 18 ~ 3000 -—-

Lifetimes calculated using the ESM or by fitting the data to a single or double first-order
rate equations. The value in brackets refers to the percent of transient which decays with
the corresponding lifetime.

3.2.1.3 Kinetic Isotope Effects on the Absolute Reactivity of the 4-Methoxycumyl Cation
in Alkali Metal Cation Zeolites

Laser photolysis of 4,4’-dimethoxybicumene-d;, (DMB-d,,) in dry alkali metal
cation Y zeolites generates transient diffuse reflectance spectra with an intense,
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symmetrical absorption band at 360 nm characteristic of the 4-methoxycumyl cation.
The transient spectra obtained in each alkali metal cation zeolite are identical to those
observed for the non-deuterated analog under both vacuum and oxygen conditions,
Figure 3-9. As a result, the transients observed following laser irradiation of DMB-d,, in
alkali metal cation Y zeolites are readily assigned to the 4-methoxycumyl-dg cation and
4-methoxycumyl-dg4 radical, eq. 3-10.

+e D.C. 4 CD, D;C. . CD
3 3 3 3
D,C, $Ps I'D3C CD;
‘. An hv > An >108
An :: _e— An :_-
D,C CD,

D;C CD,

Amax = 360 nm ?»max =290 nm

The decay traces of the deuterated and non-deuterated 4-methoxycumyl cations in
dry oxygen-saturated alkali metal cation zeolites are shown in Figure 3-10. As can be
seen from these plots, the rate constant for decay of the 4-methoxycumyl cation in Y
zeolites 1s influenced little by isotopic substitution. The rate constants for decay of the
deuterated 4-methoxycumyl cation are obtained from ESM analysis and by fitting the
decay traces to a single or double exponential as required. In each alkali metal cation Y
zeolite the decay of the deuterated carbocation is slightly slower than the corresponding
non-deuterated cation, yielding kinetic isotope effects which are close to unity, ky/kp ~
1.4, Table 3-5.

Table 3-5. Kinetic isotope effects for the decay of the 4-methoxycumyl cation in alkali
metal cation zeolites.

Zeolite ky/kp

LiY 1.46 £0.20
NaY 1.30+0.18
KY 1.40 £0.20
RbY 1.43£0.20

CsY 1.39 £0.20
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3.2.1.4 Products Derived from Irradiation of 4,4-Dimethoxybicumene in NaY

Steady-state irradiations of DMB in NaY (<S> ~ 0.3 — 0.5) were conducted using
a medium pressure 450 W mercury lamp passed through a quartz filter. After photolysis
for approximately 80 hours under a continuous flow of dry nitrogen or argon, small
amounts of methanol (typically 50 to 100 uL / g) were injected into the sealed cell and
vaporized. The resultant products were then separated from the zeolite by continuous
extraction with dichloromethane in an ambient atmosphere for 24 to 48 hours. The
photochemical conversion was consistently about 10 %, while the mass balance varied
between 40 to 60 % for different trials. The extracts were analyzed by a combination of
GC, GC/MS and HPLC and products were identified by comparison to authentic samples.
The steady-state photolysis products and relative yields are provided in Table 3-6.

Table 3.6. Relative product yields from steady-state irradiation of DMB in NaY
following post-photolysis addition of methanol and dichloromethane extraction.

Radical Derived Products (51 %) Carbocation Derived Products (49 %)
4-methoxyacetophenone 92 % 4-methoxycumy]l alcohol 47 %
4-methoxycumene 8 % 4-methoxycumyl methyl ether 43 %

a-methyl-4-methoxystyrene 10 %

The steady-state photolysis conditions leading to the observed products are
represented in Scheme 3-3. As shown in this scheme, the products are derived from the
4-methoxycumyl cation and the 4-methoxycumyl radical in a 1l:1 ratio. This is
completely consistent with rapid fragmentation of the photogenerated DMB radical
cation to form the carbocation and radical intermediates in alkali metal cation zeolites as
observed in the nanosecond laser studies. A significant observation to be made from
these data is that o-methyl-4-methoxystyrene comprises only 10 % of the carbocation
derived products. The low yield of styrene indicates that deprotonation of the 4-
methoxycumy! cation is not a significant decay pathway of this carbocation leading to
products.

Two photoproducts, 4-methoxycumyl alcohol and 4-methoxycumyl methyl ether,
account for 90 % of carbocation derived products, Table 3-6. Although these products
are characteristic of direct nucleophilic addition to the free carbocation center, such a
mechanism cannot account for the observation of these adducts, particularly the methyl
ether, under the experimental conditions. Since methanol is added to the zeolite
composite only after the lengthy irradiation is complete, a direct reaction with the
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carbocation which has a lifetime of a few microseconds within NaY is impossible.
Instead, the reactive carbocation must rapidly form a second, longer-lived intermediate,
which subsequently reacts with the methanol to yield the solvolysis-type product. A
similar mechanism can be used to account for alcohol formation since water is also
adsorbed by the zeolite composite during the post-photolysis extraction. Alternatively,
the alcohol could be formed by slow diffusion of trace amounts of water present within

the zeolite, although great care was taken to exclude water from the zeolite during sample

preparation and photolysis.

Scheme 3-3
J\ O
+
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Me I¥Ie R 1 2 4% 47%
H n hv_ MeOH radical-derived products 51 %
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Me Me NZ / Ar \
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5% 21% 23%

carbocation-derived products 49 %

The high yields of the alcohol and ether products, accompanied by the low yield
of styrene suggest, as mentioned above, that deprotonation of the 4-methoxycumyl

cation, eq. 3-11, is a minor reaction pathway of this carbocation in NaY.

y B

i
(CHz
+
CH; —_— + BH 3-11
MeO MeO

In order to be confident that this interpretation is valid, additional experimentals are
necessary to establish that the alcohol, ether and styrene are the primary products of
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carbocation decay and that no interconversion of any of these materials takes place. In
particular, the possibility that the alcohol and the ether are derived from o-methyl-4-
methoxystyrene during work-up, eq. 3-12, especially considering that a small
concentration of protons would be generated upon styrene formation, eq. 3-11, must be
eliminated.

HY ROH

) A/ OR
+ +
O)\ -H /(j/k 3-12
MeO MeO MeO

R =H, Me

To test for this possibility, the styrene was incorporated into NaY containing perchloric
acid in a concentration of approximately 1 proton in every 2 cavities. This concentration
of protons is 25 times greater than the maximum concentration of protons that would be
formed during the steady-state photolytic studies, if all 4-methoxycumyl cations
generated undergo deprotonation (ca. 1 proton in 50 cavities). After approximately 20
hours, methanol was added to the acidified zeolite composite containing the styrene, and
the material was extracted in the same manner as described for the product studies. No
methyl ether and only an extremely small amount (< 0.01 %) of the alcohol were
obtained from this procedure. These results therefore indicate that the styrene, once
formed, is not converted to the carbocation derived products under our reaction
conditions. Consistent with these results is the fact that anethole and 4-methoxystyrene
have been shown to be thermally stable over these time periods in NaY%6 although the
estimated concentration of Brgnsted acid sites in these zeolites could be as high as ca. 1
site per 16 cavities.3!

Hydrogen abstraction by the 4-methoxycumyl radical to generate the hydrocarbon
is a minor reaction of the 4-methoxycumyl radical within NaY (8 %). Whereas the most
abundant photoproduct observed upon irradiation of DMB in NaY is 4-
methoxyacetophenone (47 %). Two additional experiments were conducted to establish
that this product originates from oxygen trapping of the 4-methoxycumyl radical. In the
first experiment the cumyl radical was generated independently in NaY under a
continuous stream of nitrogen. This was accomplished by selective irradiation of di-zert-
butyl peroxide in NaY containing coadsorbed cumene. Photocleavage of the peroxide
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generates the terr-butoxy radical which subsequently abstracts a hydrogen from cumene
to yield the cumyl radical, eq. 3-13.

H
> 300 nm 2
—'—O—O+— > 2 | 0* —— —-I-OH + 3-13
NaY |

After photolysis the products were extracted from the zeolite and analyzed by GC and
GC/MS. This analysis revealed that acetophenone is the major photoproduct (ca. 50 %)
generated in this experiment. Observing significant ketone formation under these
conditions indicates that there is a sufficient concentration of oxygen within the zeolite
framework to trap these radicals, even under a continuous flow of nitrogen. This is
consistent with reports in the literature which discuss tightly framework bound
oxygen.36:59 The initial product obtained from oxygen trapping of the cumyl radical is a
peroxy radical. A likely mechanism for the conversion of this peroxy radical to
acetophenone is presented in eq. 3-14. The peroxy radical can abstract a hydrogen atom
from the precursor cumene thereby propagating the radical chain. The hydrogen atom
abstraction product can subsequently lose hydroxyl radical to generate the alkoxy radical
shown. Other reactions of the initial peroxy radical such as radical-radical coupling
reactions will also lead to this alkoxy radical intermediate. This intermediate is known to

lose a methyl radical to yield acetophenone.300

et eativasivalivg

peroxy radical o
-OH 3-14

@] R 0)
Sab
-
alkoxy radical

In the second experiment, a-methyl-4-methoxystyrene was irradiated in NaY under a
continuous flow of dry nitrogen in order to eliminate the possibility that the ketone is
produced by secondary photolysis of the styrene. In this case, no detectable amounts of
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4-methoxyacetophenone were observed for conversions as high as 35 % suggesting that
the concentration of oxygen in NaY is insufficient to lead to competitive olefin oxidation.

3.2.1.5 Bimolecular Reactions of the 4-Methoxycumyl Cation with Coadsorbed
Quenchers in Alkali Metal Cation Zeolites

The results described in the previous sections concern the absolute reactivity of
the 4 methoxycumyl cation in dry alkali metal cation zeolites. These results demonstrate
that the 4-methoxycumyl cation exists as a reactive intermediate within non-protic
zeolites, having lifetimes in the us range which are highly dependent on the nature of the
zeolite environment. These relatively short lifetimes are observed in the absence of any
coadsorbed nucleophiles, indicating that the zeolite host is directly involved in the
absolute reactivity of the encapsulated carbocation. Additional information concerning
the role of zeolites in carbocation chemistry can be derived from studying nucleophilic
addition reactions to encapsulated carbocations. This section presents results regarding
bimolecular reactions of the 4-methoxycumyl cation with water, small alcohols and alkyl

enol ethers in alkali metal cation zeolites, Scheme 3-4.

Scheme 3-4
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Intrazeolite Addition of Water to the 4-Methoxycumyl Cation. Laser
irradiation of DMB in hydrated (2—-12 wt % depending on the zeolite) alkali metal cation
Y zeolites leads to only weak absorption at 360 nm, Figure 3-11. This indicates that little
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or no 4-methoxycumy! cation is observed following the 10 ns laser pulse in Y zeolites
containing coadsorbed water. In LiY and NaY the initial intensity observed at 360 nm is
reduced by at least 80 % and 90 %, respectively relative to dry conditions. In hydrated
KY, RbY, and CsY, essentially no signal due to the 4-methoxycumyl cation can be
detected at 360 nm upon laser irradiation. One possible explanation for the reduced yield
of carbocation is that coadsorbed water is interfering with carbocation formation. If
water reacts with the precursor DMB radical cation, or inhibits photoionization to form
the radical cation, the yield of the 4-methoxycumyl cation would decrease upon
hydration. However, the behaviour of 4-methylanisole in Y zeolites is inconsistent with
this explanation. Neither the yield of radical cation formation nor the lifetime of the 4-
methylanisole radical cation generated upon laser photolysis of 4-methylanisole is
influenced by the inclusion the water in NaY. Photoionization of 4-methylanisole and
DMB will be very similar as will the reactivity of the resultant radical cations towards
nucleophiles. Reduced photoionization or rapid trapping of the DMB radical cation by
water does not appear to be a viable explanation for the low yield of the 4-methoxycumyl
cation under hydrated conditions. A more likely rationale for the substantially reduced
yield of carbocation upon hydration is nucleophilic addition of the coadsorbed water to

the carbocation, eq. 3-15.

H H
Meo—©—<+‘ ~o, ——— Me0-®—<— o+ 3-15
g Zeolite “H

The addition reaction accelerates the decay of the carbocation such that it is essentially
complete within the ca. 10 ns laser pulse, resulting in a significant reduction in the
observed carbocation yield. Since the addition reaction is taking place within the laser
pulse, the reaction dynamics cannot be observed directly. As such, the addition reaction
in this case is designated as a szatic quenching process since it involves addition of water
which is too rapid to be time-resolved with the nanosecond system.

Notably in hydrated LiY and NaY, where a low yield of carbocation can be
detected following the 10 ns laser pulse, the decay of this carbocation is significantly
faster than observed under dry conditions. In LiY, the lifetime of the residual carbocation
observed in the presence of coadsorbed water is about 25 times shorter than the same
carbocation under dry conditions. In hydrated NaY, the yield of carbocation is even
smaller and the decay of this carbocation is approximately 5 times faster than observed in
dry NaY. Thus while the vast majority of nucleophilic addition of water to the 4-
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methoxycumyl cation in alkali metal cation zeolites involves a static process which takes
place in less than 10 ns, a small fraction of the carbocations generated in hydrated LiY
and NaY react with water over time scales available to the nanosecond system. This
reaction can be designated as a dynamic quenching process since it involves the time-
resolved addition of water to the carbocation and is therefore accompanied by a measured
increase in rate constant for carbocation decay.

Bimolecular addition of water to the 4-methoxycumyl cation is also observed in
other Na* zeolites, Figure 3-12. Essentially no 4-methoxycumyl cation is detected in
post-hydrated NaMor (4 wt %), indicating efficient static quenching of the carbocation in
this zeolite as described for the alkali metal cation Y zeolites. However, in hydrated
Naf (3 wt %) the initial intensity of the 4-methoxycumyl cation at 360 nm is the same as
observed under dry conditions suggesting that no static quenching is taking place within
this zeolite. However, the rate constant for decay of the 4-methoxycumyl cation in Naf3
is dramatically increased from 3.3 x 10°s ' o4 x 10*s™! by the inclusion of water. This
exemplifies a dynamic quenching process where the coadsorbed water is reacting with
the carbocation over observable time scales following the laser pulse. In NaX
coadsorbed water (5 wt %) has little effect on the intensity of the carbocation
immediately following the laser pulse. Likewise, the decay rate constant of the
carbocation in NaX is essentially uninfluenced by water, increasing just slightly from 2.0
x 10°s' t0 2.7 x 10%s™ upon hydration. Thus neither dynamic nor static quenching of
the 4-methoxycumyl cation by water appear to be significant within this zeolite.

Intrazeolite Addition of Alcohols to the 4-Methoxycumyl Cation. The decay
traces of the 4-methoxycumyl cation in NaY containing increasing amounts of
coadsorbed methanol are shown in Figure 3-2. As can be seen in this figure, the
inclusion of small amounts of methanol within the zeolite network has two distinct
effects on the carbocation signal at 360 nm. First, the intensity of the signal due to the 4-
methoxycumyl cation immediately following the laser pulse decreases with increasing
methanol content. Second, the observed rate constant for the decay of the 4-
methoxycumyl cation increases with increasing methanol content. These effects on the
carbocation signal are analogous to those observed upon the inclusion of water in the
alkali metal cation zeolites and can be attributed to nucleophilic addition of methanol to
the 4-methoxycumy]l cation, eq 3-16.

R
P /

Meo—©—<+‘ o ———— Meo—©<—0+ ]
\H Zeolite S 3-16
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As previously described, the addition reaction increases the rate constant for carbocation
decay. In some cases the increased decay rate constant causes the carbocation to be too
short-lived to be observed immediately following the laser pulse. This results in static
quenching as observed by a decrease in carbocation signal immediately following the
laser pulse. In other cases the increase in the decay rate constant is not sufficient to cause
the carbocation to disappear completely within the laser pulse. This results in dynamic
quenching as observed by an increase in the rate constant for carbocation decay as a
function of the methanol concentration.

Control experiments were again performed in order to ensure that the added
alcohol was not interfering with radical cation formation. Therefore, 4-methylanisole
was irradiated in NaY containing small concentrations of coadsorbed alcohols. As shown
in Figure 3-3, the inclusion of methanol has no influence on the yield of radical cation
generated by photoionization of 4-methylanisole, or the rate constant for decay of the 4-
methylanisole radical cation. Thus it is likely that formation of the DMB radical cation
via photoionization and cleavage of the resultant radical cation to generate the
carbocation is uninfluenced by the addition of alcohol to the zeolite. Therefore, the
decrease in carbocation yield observed following laser photolysis of DMB in NaY
containing coadsorbed methanol must represent a static quenching process whereby some
carbocations react with methanol within the laser pulse such that they are no longer
detected with the nanosecond system.

The addition of methanol to the 4-methoxycumy! cation, eq 3-16, is a bimolecular

reaction which can be described by a second order-rate expression, eq. 3-17,
Rate = d[C")/dt = koOH[C+] [MeOH] 3-17

where d[C*]/dt represents the time-dependent change in the concentration of the
carbocation, and kyeoy is the second-order rate constant for methanol addition. In the
static quenching process, the addition reaction cannot be observed directly and no
information concerning the second order rate constant for this rapid reaction can be
obtained. However, for the dynamic quenching process, methanol addition to the
carbocation can be monitored over a period of several us allowing measurement of the
observed rate constant for carbocation decay in the presence of methanol. Under the
experimental conditions employed, the concentration of methanol (<S> ~ 0.4 - 3) is
significantly greater than the concentration of carbocation generated via photolysis of the
DMB precursor. As a result, the concentration of methanol is essentially constant, and

pseudo first-order kinetics can be assumed, eq 3-18.
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[MeOH] >> [C']: Rate = d[C')/dt = k;, [C"] 3-18
Kobs = kmeon[MeOH]

In this situation the observed rate constant for carbocation decay is a linear function of
methanol concentration with a slope equal to the second-order rate constant for
intrazeolite addition of methanol to the carbocation. A plot of the observed rate constant
for carbocation decay versus the concentration of methanol, shown in Figure 3-13, is
indeed linear, and yields a second-order rate constant of 2.6 x 10° M™' s™! for addition of
methanol to the 4-methoxycumyl cation in NaY.

Bimolecular addition of methanol to the 4-methoxycumyl cation is also observed
in other alkali metal cation Y zeolites. Dynamic quenching of the 4-methoxycumyl
cation by methanol is observed in LiY, KY and RbY. The decay of the carbocation also
increases linearly with methanol concentration in these zeolites, Figure 3-13. The slopes
of these plots, which represent the second-order rate constants for methanol addition to
the carbocation, vary slightly but systematically with the nature of the alkali metal cation.
The quenching rate constant is smallest in LiY and increases with counterion size to a
maximum in RbY where the second-order rate constant is 2 times larger than for the
same reaction in NaY, Table 3-7. No dynamic quenching of the 4-methoxycumy!l cation
by methanol is observed in CsY, where the rate constant for decay of the 4-
methoxycumyl cation remains essentially invariant up to loadings of four molecules of
methanol per cavity. Static quenching of the 4-methoxycumyl cation by methanol is
observed in all alkali metal cation Y zeolites. In each zeolite, a plot of the change in
diffuse reflectance at 360 nm immediately following the laser pulse versus methanol
concentration is linear, Figure 3-14. The slopes of these plots vary slightly depending on
the alkali counterion, reflecting subtle differences in the sensitivity of the carbocation to
static quenching in each zeolite.

The behaviour of the 4-methoxycumyl cation in other alkali metal cation zeolites
containing coadsorbed methanol parallels that observed under hydrated conditions. In
Nap the inclusion of methanol leads to a dramatic increase in the decay rate constant of
the 4-methoxycumyl cation indicating dynamic quenching. However, there is no static
quenching by methanol in this zeolite as the initial intensity of the carbocation signal is
unaffected by methanol. Likewise in NaMor, static quenching is observed but dynamic
quenching is not. Finally, in NaX neither static nor dynamic quenching of the 4-

methoxycumyl cation by methanol is detected.
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Table 3-7. Second-order rate constants and slopes of static quenching plots for addition
of methanol to the 4-methoxycumyl cation in alkali metal cation Y zeolites.

Zeolite  kyeop/10° M's™

Relative Quenching Static Quenching Slope

Constant (AT I M
LiY (1.5+0.1) 0.58 (0.032+ 0.002)
NaY (2.6+£0.2) 1 (0.045+ 0.002)
KY 3.5+0.3) 1.4 (0.025+ 0.002)
RbY (5.4 £0.5) 2.1 (0.032 £ 0.002)
CsY no quenching - (0.018 +0.002)

The reactivity of the 4-methoxycumyl cation in NaY containing other small
alcohols of comparable nucleophilicity was also investigated. Results similar to those
described for quenching of the 4-methoxycumyl cation by methanol in NaY are also
observed upon addition of ethanol to the zeolite composite. However, the magnitude of
dynamic quenching by ethanol is significantly reduced relative to methanol, Figure 3-15.
The second-order rate constant for addition of ethanol to the 4-methoxycumyl cation in
NaY is approximately half that for addition of methanol, Table 3-8. A more dramatic
decrease in the efficiency of dynamic quenching is observed for the bulkier alcohols,
isopropanol, butanol and isobutanol, where the second-order rate constants are reduced
by 70 to 80 % relative to methanol. With zert-butanol, essentially no dynamic quenching
is observed and the lifetime of the 4-methoxycumyl cation is independent of alcohol
concentration. Overall these results suggest that the efficiency of intrazeolite dynamic
quenching decreases with quencher size both in terms of chain length and chain
branching.

Although the size of the alcohol quencher exerts a significant influence on the
efficiency of dynamic quenching, the magnitude of static quenching was essentially
independent of alcohol structure within this series. Although there is some scatter in the
static quenching data presented in Figure 3-16, it is clear that the decrease in intensity of
the carbocation at 360 nm in the presence of larger alcohols such as rert-butanol is similar
to that observed for smaller alcohols such as methanol and ethanol.
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Table 3-8. Absolute and relative second-order rate constants and slopes of static
quenching plots for addition of simple alcohols to the 4-methoxycumyl cation in NaY.

Alcohol krou/ 10°M s Relative Quenching Static Quenching
Constant Slope (AJ/J,)/ M
methanol 26+02 1 0.045 £ 0.003
ethanol 1.5+0.2 0.58 0.033 +£0.003
isopropanol 1.1+£0.2 0.42 0.022 £ 0.003
butanol 0.9+0.2 0.35 0.03 £0.01
isobutanol 0.6+0.2 0.23 0.045 + 0.009
tert-butanol No quenching - 0.058 +£0.009
trifluoroethanol 0.7+0.2 0.27 0.045 + 0.003

Inclusion of TFE, an alcohol structurally similar to ethanol but with significantly
reduced nucleophilicity, also leads to quenching of the 4-methoxycumyl cation in NaY.
The influence of TFE on the decay rate constant of the carbocation is substantially
smaller than methanol or ethanol. The second-order rate constant for quenching by TFE
is 2-fold and 4-fold smaller than observed for ethanol and methanol respectively, Table 3-
8. This reduction in efficiency of dynamic quenching is consistent with the trends based
on alcohol size observed using non-fluorinated alcohols. Interestingly, the magnitude of
static quenching by TFE is found to be comparable to those of the non-fluorinated
alcohols, Figure 3-16. The observation of static quenching indicates that a rapid addition
reaction occurs when the TFE and the carbocation are encapsulated within the same
zeolite cavity. This is significant considering the relatively low nucleophilicity of TFE
and the fact that the rate constant of 1.6 x 10* s™ for decay of 4-methoxycumyl cation in
neat TFE is significantly smaller, by an order of magnitude, than the rate constant of 2.2
x 10° s for decay of the 4-methoxycumyl cation in dry NaY.

Addition of Alkyl Enol Ethers to the 4-Methoxycumyl Cation in Nay.
Nucleophilic addition of olefins to carbocations is an important reaction of these
intermediates leading to carbon-carbon bond formation.301.302 The addition of &
nucleophiles such as alkenes and dienes to most carbocation centers is relatively slow and
thus not readily probed with nanosecond laser photolysis techniques.302 However,
replacing the alkyl group on the olefinic carbon by an alkoxy is known to increase the
reactivity of these nucleophiles by several orders of magnitude.392 For instance, the
reactivity of alkyl enol ethers towards nucleophilic addition of benzylic-type carbocations
is similar to small organic alcohols and water.233.302.303  Ag a result, alkyl enol ethers are



69

ideal candidates to study intrazeolite addition of m-nucleophiles to carbocations and to
compare the observed reaction dynamics with results obtained using alcohols and water.
Bimolecular reactions between the 4-methoxycumyl cation and alkyl enol ethers were
therefore investigated in order to probe the influence of zeolite encapsulation on addition
reactions of olefinic nucleophiles and on the mobility of alkyl enol ethers.

Addition of an alkyl enol ether to the 4-methoxycumy! cation yields a second
positively charged intermediate which can be considered as a resonance combination of a

carbocation and oxonium ion, eq. 3-19.
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The positively charged carbon center formally will be a secondary or tertiary carbocation
depending on the nature of the alkyl enol ether precursor. As shown in Scheme 3-4, a
series of alkyl enol ethers of varied size and nucleophilicity was chosen to explore the
intrazeolite addition reactions. Studies of the reactivity of alkyl enol ethers containing
unsubstituted olefin moieties (vinyl ethers) towards diarylmethyl cations in solution have
shown that rate constants for nucleophilic addition vary little with the length of the alkyl
chain.233 For instance, as shown in Table 3-9, the second-order rate constants for
addition of ethyl vinyl ether and butyl vinyl ether to the 4,4’-dichlorodiphenylmethyl
cation in acetonitrile solution are essentially identical. Thus, vinyl ethers with similar
nucleophilicity but varied alkyl chain length, ethyl vinyl ether (EVE), propyl vinyl ether
(PVE), and butyl vinyl ether (BVE) can be used to probe the influence of the intrazeolite
mobility of vinyl ethers on these quenching reactions. The bulkier substrate, rerz-butyl
vinyl ether (tBVE), shows a slight increase in quenching efficiency in solution, but will
still provide an additional probe of vinyl ether mobility. Two alkyl enol ethers with
methyl substituted olefins (IME and EPE) are also considered in the current study, in
order to examine the influence of varied nucleophilicity on the quenching reactions.
Each of these olefins should exhibit enhanced nucleophilicity due to the electron donating
methyl substituents. Consistent with this notion are the data presented in Table 3-9
which demonstrate the enhanced reactivity of both isopropenyl methyl ether (IME) and
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ethyl 1-propenyl ether (EPE) in nucleophilic addition reactions with the 4,4’-
dichlorodiphenylmethyl cation.

The rate constants reported in Table 3-9 are for nucleophilic addition of several
alkyl enol ethers to diphenylmethyl cations. The variation in relative reactivity with alkyl
enol ether structure is maintained even though the inherent reactivity of the 4,4’-
dichlorodiphenylmethyl cation and the 4,4’ -dimethyldiphenylmethyl cation are somewhat
different, k. of 2.8 x 10°s ! and 3.5x 10° s, respectively.232 Furthermore, based on
the similar inherent reactivities of the 4,4’-dimethylphenylmethyl cation and the 4-
methoxycumy! cation, kpgg of 2.4 x 10* 571229 and 1.6 x 10* s7',234 respectively, similar
absolute rate constants and relative nucleophilicity trends are anticipated for addition
reactions of alkyl enol ethers to the 4-methoxycumyl cation. As a result, addition of
these alkyl enol ethers to the 4-methoxycumyl cation in solution is predicted to be well
below the diffusion-controlled limit (ca. 10%-10" Mm! s'l) and to show significant

variation in rate constant as a function of the alkyl enol ether structure.

Table 3-9. Second-order rate constants for reaction of 4,4’-dichlorodi%heglylmethyl and
4,4’ -dimethylphenylmethyl cation with vinyl ethers in acetonitrile at 20 "C.

k/M!s!
Nucleophile (4-CIC¢H,)CH" (4-MeC4H,)CH*
Z > OEt EVE 1.7 x 108 6.3 x 10°
Z0m-Bu) BVE 2.0 x 108
Z0@t-Bu) tBVE 42 x 108
OMe IME 7.4 x 108 3.7 x 107
SO0 EPE 1.3x 10°
= "OE 22x 10° 2.2 x 108

? Adapted from ref. 300.

Both static and dynamic quenching of the 4-methoxycumyl cation are observed
upon inclusion of various alkyl enol ethers within NaY. Static quenching, as previously
described using water and small alcohols as quenchers, is manifested as a decrease in the
intensity of the carbocation signal immediately following the laser pulse. As shown in
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Figure 3-17, static quenching of the 4-methoxycumyl cation by each alkyl enol ether is
observed in NaY. The magnitude of static quenching is largely independent of the alkyl
enol ether itself, Table 3-10, consistent with a rapid reaction in all cases. Dynamic
quenching of the 4-methoxycumyl cation by alkyl enol ethers is also observed as an
increase in the rate constant for carbocation decay with increasing concentration of alkyl
enol ether within the zeolite composite. In all cases the relationship between the rate
constant for carbocation decay and alkyl enol ether concentration is linear, Figure 3-18,
and the second-order rate constants for the addition of each alkyl enol ether to the 4-
methoxycumyl cation are obtained from the slopes of the plots, Table 3-10. Notably the
magnitude of dynamic quenching decreases with alkyl chain size along the series of vinyl
ethers, Figure 3-18, such that EVE is the most efficient dynamic quencher and tBVE is
the least efficient. This trend is consistent with similar effects exerted by alkyl chain
length and size on the efficiency of dynamic quenching by alcohols previously described.
On the other hand, dynamic quenching by alkyl enol ethers seems to be largely
uninfluenced by the slight differences in the size and shape induced of an a- or B-methyl

group on the olefinic moiety, Figure 3-19.

Table 3-10. Second-order rate constants and slopes of static quenching plots for reaction
of 4-methoxycumyl cation with simple alkyl enol ethers in NaY.

Quencher kq/ 10°m!ts! Static Quenching
(AJ/3) I M
EVE (1.93 £0.09) (0.083 +£0.005)
PVE (1.61 £0.06) (0.072 £ 0.004)
BVE (1.57 £ 0.09) (0.063 +£0.004)
tBVE (0.75 £ 0.08) (0.072 £ 0.005)
IME (1.95 £0.05) (0.077 £0.004)
EPE (1.95 £0.09) (0.069 + 0.003)

It must be recognized that the observed quenching of the 4-methoxycumy]! cation
by alkyl enol ethers included within NaY may involve processes other than olefin
addition. One alternative pathway arises from fact that alkyl enol ethers possess two
potentially nucleophilic sites, the 1 electrons of the olefin moiety and the non-bonding
electrons of the ether oxygen, which may interact with the 4-methoxycumyl cation. In
solution, the addition of alkyl enol ethers to carbocations proceeds exclusively via olefin
attack.233.302.303  To verify that intrazeolite reactions likewise involve carbon-carbon
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rather than carbon-oxygen bond formation, the reactivity of the 4-methoxycumy]l cation
in NaY containing coadsorbed ethers was also considered. Such studies found that the
inclusion of diethyl ether has no influence on either the initial yield or the decay rate
constant of the 4-methoxycumyl cation in NaY. This is consistent with the expected low
reactivity of the ether towards carbocation addition and suggests that the nucleophilic
addition of alkyl enol ethers proceeds via olefinic addition to the carbocation center as
proposed in eq. 3-19 and as observed for these nucleophiles in homogeneous solution.
Furthermore, neither the decay rate constant or the yield of the 4-methoxycumy!l cation is
influenced when the carbocation is generated in NaY containing 2-methylbutene, even at
concentrations in excess of several olefin molecules per cavity. This indicates that
nucleophilic attack of alkenes on carbocations is relatively slow in zeolites, as it is in
solution. These observations demonstrate that neither isolated olefinic or isolated ether
moieties are sufficiently nucleophilic to undergo addition reactions with the reactive 4-
methoxycumyl cation in NaY. The enhanced nucleophilicity associated with the enol
functionality is required in order to accelerate the nucleophilic attack such that it can take
place in competition with other pathways for carbocation decay.

A second possible reaction pathway exists as a consequence of the relatively low
oxidation potentials of alkyl enol ethers. Thus it is possible that the initially formed
DMB radical cation reacts with the coincluded alkyl enol ethers via electron transfer.
The electron transfer would generate the radical cation of the alkyl enol ether and reform
the neutral bicumene precursor, eq. 3-20, thereby decreasing the yield of the 4-

methoxycumyl cation observed immediately following the laser pulse.

+. [ ]
Me +
Me Me A R ET S an L= =
Ar>\ T o® Ty An" ; o~ 3-20
Me Me Me Me

In order for this mechanism to explain the observed static quenching, rapid electron
transfer between the alkyl enol ether and the DMB radical cation prior to carbon-carbon
bond cleavage is necessary. However, the oxidation potentials of all alkyl enol ethers
used in this study (E°,, = 1.99-1.61 V)304 are equal or higher than the oxidation
potential of DMB (E°,, ~ 1.6 V).283 As a result, the thermodynamically uphill electron
transfer is not expected to compete with rapid cleavage of the DMB radical cation and is
therefore not the origin of the observed static quenching.
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3.2.1.6 Generation and Reactivity of other Cumyl Cations in Alkali Metal Cation Zeolites

Rapid fragmentation of photogenerated DMB radical cations is a convenient,
efficient tool for the generation and study of reactive 4-methoxycumyl cations in non-
protic zeolites. In order to examine the applicability of this methodology to other
substrates and to probe the influence of aryl substituents on the intrazeolite reactivity of
carbocations, several additional bicumenes were considered as shown in Scheme 3-5.

Scheme 3-5

LHITH

A2 Me Me
R
R=H Bicumene
R =4-CH; 4.4'-dimethylbicumene DMeB
R =4-F 4,4'-difluorobicumene DFB

R =3-OCH; 3,3'-dimethoxybicumene 3-DMB

The radical cations of the substituted bicumenes were first generated in HFIP in
order to verify that each photogenerated radical cation efficiently undergoes cleavage on
the nanosecond to sub-ns time scale, as observed for the DMB radical cation, and to
characterize the carbocation and radical fragments in solution. Direct 266 nm laser
irradiation (< ca. 10 mJ per pulse) of the bicumene precursors in solution results in a
relatively low yield of transients. Thus the bicumene radical cations were generated via

PET with chloranil as a sensitizer, eq. 3-21.
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The transient absorption spectrum obtained immediately following 308 nm laser
photolysis of chloranil in HFIP containing 4,4’ -dimethylbicumene (DMeB) is shown in
Figure 3-20. In this time regime, the chloranil triplet, with a broad absorption in the 500
nm region,297-299 is observed to decay while the chloranil radical anion with absorption
maxima at 420 nm and 450 nm296-298 grows in. In addition, an intense, symmetrical
absorption band at 335 nm is also observed to form with a rate constant that is identical to
the decay of the chloranil triplet. This observation suggests that the decay of the
chloranil triplet and the growth observed at 335 nm are due to the same process. The
explanation for triplet quenching leading to the observed growths is ET from DMeB to
triplet chloranil resulting in the formation of corresponding radical ions, eq. 3-21.
Consistent with this explanation is the previously reported observation of rapid PET
between several other similar bicumene precursors and chloranil.?83 The feasibility of
PET between DMeB and chloranil can be accessed from the free energy, AGpgT,
calculated according to the Rehm-Weller equation,305 eq. 3-22,

AGpgr = 23.06[EOX(D/D+')— Ered(A/A") = &%/ as] ~ Eqgo 3-22
where E, and E_.4 are the oxidation and reduction potentials, in volts, of the donor and
acceptor, respectively, and Egq is the excited-state energy of the excited reactant in
kcal/mol. The term, ezlocs, is a Coulombic attraction term describing the energy gained
by bringing the two radical ions to an encounter distance, ¢, in a medium of dielectric
constant €. This Coulombic term can often be neglected, particularly for solvent-
separated ions that dissociate beyond their respective Coulombic fields, or for solvents
with large dielectric constants. For instance, in acetonitrile the Coulombic energy is less
than ca. 1.3 kcal/mol at separation distances greater than ca. 7 A.306 Assuming that the
oxidation potential of DMeB can be approximated by the oxidation potential of p-
xylene269 (E° , = 2.06 V307), the free energy for electron transfer between DMeB and
photoexcited chloranil (E.q = 0.02, Egg = 55 kcal/mol) is estimated to be approximately
-8 kcal/mol. Based on this exergonicity, diffusion controlled ET is anticipated between
DMeB and photoexcited chloranil and is therefore the probable explanation for the
observed triplet quenching.

The transient species growing in at 335 nm cannot be the radical cation of DMeB,
which should have an absorption band near 450 nm similar to toluene.398 However, the
absorption band at 335 nm is identical to the known absorption spectrum of the 4-
methylcumyl cation.?34 The transient absorbing at 335 nm is readily identified as the 4-
methycumyl cation derived from rapid fragmentation of the initial PET generated DMeB
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radical cation, eq. 3-21. Consistent with this assignment is the fact that the transient at
335 nm is unreactive towards oxygen, Figure 3-21, but is quenched by nucleophiles such
as bromide ion, Figure 3-21, inset. These results indicate that the DMeB radical cation
undergoes rapid fragmentation (> 108 s'l) to the 4-methylcumyl cation and the 4-
methycumyl radical and is thus not an observable intermediate using nanosecond laser
photolysis. The 4-methylcumyl radical is known to absorb near 320 nm??3 and is thus
outside the monitoring range accessible using 308 nm laser excitation in the presence of
chloranil.

In the experiments described, direct observation of chloranil triplet quenching by
ET from DMeB is possible, leading to the observed triplet decay and corresponding
growth of the chloranil radical anion and the 4-methylcumyl cation. The second-order

rate constant describing the ET reaction is given by eq. 3-23.

Rate = kg[Chl®" ][Bicumene]
[Bicumene] >> [ChI>']: Rate =k, [ChI®"] 3-23
Kops = Kgr[Bicumene]

As previously discussed (section 3.2.1.5), under conditions where the concentration of
one reagent is in large excess, pseudo-first order kinetics can be assumed. In this case the
concentration of the bicumene is significantly larger than the concentration of
photoexcited chloranil. Thus it is possible to obtain the second-order rate constant, Kg,
by measuring the observed rate constant, K, either for decay of the chloranil triplet,
growth of the chloranil radical anion or growth of 4-methylcumyl cation, as a function of
DMeB concentration, eq. 3-23. For instance, a plot of the rate constant for the growth of
the 4-methylcumyl cation versus DMeB concentration is linear, Figure 3-22, and a

"l is obtained from the slope.

second-order ET rate constant of 2.3 x 10°M's

The radical cations of the other bicumenes presented in Scheme 3-5 can also be
generated by ET quenching of the chloranil triplet, Figures 3-23 to 3-25. Analogous
results are observed in each case and it is possible to directly monitor the ET reactions in
HFIP and thereby measure the rate constants for ET between the bicumenes and
photoexcited chloranil. As can be seen in Table 3-11, in each case the measured rate

constants for ET are all very close to the diffusion controlled limit.
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Table 3-11. Second-order rate constants obtained for ET quenching of photoexcited Chl
by bicumene donors in HFIP.

Bicumene kpgt Chloranil / 10°M '™
4,4’-Dimethyl 23+0.2
4.4’ -Difluoro 1.4+0.1
Parent 1.9+0.1
3,3’-Dimethoxy 39+03

As shown in Figures 3-23 to 3-25, the DFB, bicumene and 3-DMB radical cations
must undergo rapid cleavage within the laser pulse to generate the corresponding
carbocation and radical fragments upon PET generation. In each case, the initially
photogenerated bicumene radical cation is not observed. Instead a growth in the 320 to
330 nm region is observed, which can be assigned to the corresponding cumyl cation, and
the kinetics for these growths match the decay of the chloranil triplet. These assignments
are supported by the known absorption spectrum of the parent cumy! cation,?34 and the
absorption spectra of the structurally similar 4-fluoro- and 3-methoxyphenethyl
cations,?33 as well as the insensitivity of the transients to oxygen. The experimentally
determined absorption maxima for the cumyl cations are given in Table 3-12. The
corresponding radical fragment is not observed in any of the transient spectra, which is
consistent with the 4-fluorocumyl, cumyl and 3-methoxycumyl radicals having
absorption maxima at or below 320 nm.293 At slightly longer times, after the ET reaction
is complete, the decay of the cumyl cations in HFIP can be measured. The rate constants
for decay of the cumyl cations in HFIP are presented in Table 3-12.

Table 3-12. A, and decay rate constants for various cumyl cations in HFIP.

Cumy! Cation Ana / DM Kygrp
4-Methoxy 360 too slow
4-Methyl 335, 380 (sh) (3.5 £ 0.4) x 10°
4-Fluoro 330 (8.69 = 0.01) x 10*
4-H 325 (1.24 + 0.04) x 10°
3-Methoxy 330 (2.72 + 0.06) x 10°

The results described above demonstrate that the radical cation of each bicumene
presented in Scheme 3-5 undergoes rapid cleavage yielding the carbocation and radical
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fragments immediately following the 10 ns laser pulse. Thus these bicumenes should be
suitable precursors for the photochemical generation of several cumyl cations in alkali
metal cation zeolites. Generation and reactivity of the 4-methylcumyl, 4-fluorocumyl,
cumyl and 3-methoxycumyl cations in alkali metal cation zeolites is the subject of the
following section.

Figure 3-26 shows the transient diffuse reflectance spectrum obtained
immediately following 266 nm laser photolysis of DMeB in evacuated (10'4 Torr) LiY
(<S> = 0.10). The spectrum consists of a symmetrical absorption band with a maximum
at 335 nm along with a distinct shoulder near 320 nm. In addition, broad, ill-defined
absorption can be observed in the 500 to 600 nm region. In oxygen-saturated LiY, the
transient absorption band at 335 nm remains clearly visible, in contrast to the absorption
band at 320 nm, as well as the long wavelength absorption which are both quenched by
the inclusion of oxygen within the zeolite composite, Figure 3-27. This indicates that two
different transient species are responsible for the absorption bands at 335 nm and 320 nm.
The slight decrease in signal intensity at 335 nm under oxygenated conditions, Figure 3-
27 inset, can be attributed to quenching of the neighbouring 320 nm absorption band.
Similar transient absorption spectra are observed immediately following 266 nm laser
photolysis of DMeB in NaY, Figure 3-28, and KY, Figure 3-29. In each case two
absorption bands at 335 nm and 320 nm can be observed under vacuum conditions, while
only the 335 nm absorption band is detected in oxygen-saturated samples. The transient
absorption bands at 335 nm and 320 nm observed following laser photolysis of DMeB in
LiY, NaY and KY can be readily assigned to the 4-methylcumyl cation and 4-
methylcumyl radical respectively. These transients are formed via rapid fragmentation
c 10® s'l) of the DMeB radical cation generated by photoionization of DMeB within the .
cavities of LiY, NaY and KY, eq. 3-24.

+° + °
Me, I\;/[e 8
: Tol > 108! +
- Tol K 3-24
Me Me

LiY, NaY,KY 4-MePhenyl = Tol Ay, =3350m Aggy =320 nm

These assignments are supported by the absorption spectra of the 4-methylcumyl cation
(vide supra) and the 4-methylcumyl radical with characteristic maxima at 335 nm and
320 nm, respectively. In addition, the observed quenching of only the 320 nm transient
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absorption by oxygen is consistent with reactivity of oxygen towards carbon-centered
radicals but not carbocations. The broad, long wavelength absorption is indicative of
electrons trapped by cation clusters within the zeolite.80 The trapped electron would be
generated along with the DMeB radical cation from the initial photoionization of DMeB
bicumene. The long wavelength absorption bands are quenched by the inclusion of
oxygen within the zeolite composites, consistent with the reactivity of trapped electrons
in these zeolites.80

Additional support for the assignment of the 335 nm transient to the 4-
methylcumyl cation can be obtained by considering the reactivity of this transient
towards coadsorbed nucleophiles. The transient species at 335 nm is found to be reactive
towards both water and methanol coadsorbed within the zeolite matrix, consistent with
the expected reactivity of a carbocation intermediate. A comparison of the transient
diffuse reflectance spectra obtained following laser photolysis of DMeB in dry and
hydrated (ca. 10 wt %) NaY is shown in Figure 3-30. Absorption due to the 4-
methylcumyl cation is no longer detected immediately following laser photolysis of
DMeB in hydrated NaY. This is consistent with rapid addition of coadsorbed water to
the carbocation within the laser pulse and is analogous to results previously discussed
concerning static quenching of the 4-methoxycumy] cation by water in alkali metal cation
Y zeolites. Likewise, the 4-methylcumyl cation is also observed to react with methanol
within the NaY matrix. Inclusion of methanol leads to a notable decrease in the yield of
the transient at 335 nm, Figure 3-30, inset. The static quenching of the 4-methylcumyl
cation by methanol is similar to static quenching of the 4-methoxycumyl cation by
methanol as previously described. Due to the significantly enhanced reactivity of the 4-
methylcumyl cation as compared to the 4-methoxycumyl cation (vide supra), dynamic
quenching of the 4-methylcumyl cation in alkali metal cation zeolites is not readily
detected.

The lifetime of the 4-methylcumyl cation in dry LiY, NaY, and KY is
considerably shorter than lifetime of the 4-methoxycumyl cation in these zeolites. For
instance, in dry NaY, the 4-methylcumyl! cation decays with a rate constant of 3.2 x 10°
s'l, which is approximately 15 times faster than the 4-methoxycumyl cation. This
observation is consistent with the relative reactivities of these carbocations observed in
solution,?34 and the carbocation stabilizing abilities of the 4-methy! and 4-methoxy
phenyl substituents in general.226.235 Furthermore, the absolute reactivity of the 4-
methylcumyl cation is dependent on counterion, Figure 3-31. The rate constant for
carbocation decay increases as the size of the alkali metal counterion increases from Li*
to K*, Table 3-13. This is consistent with the trends observed in the absolute reactivity of
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the 4-methoxycumyl cation in alkali metal cation zeolites, although the overall magnitude
of the effect is somewhat reduced for the more reactive 4-methylcumyl cation. No
absorption due to the 4-methylcumyl cation is observed following laser irradiation of
DMeB in either RbY or CsY. Considering the very short lifetime of the 4-methylcumy!
cation in LiY, NaY and KY and the progressive decrease in lifetime with alkali cation
size it is not surprising that the carbocation is not observed in either RbY and CsY. A
likely explanation for the inability to detect the 4-methylcumyl cation in RbY and CsY is
that the carbocation decays within the laser pulse in these two zeolites. It is also possible
that photoionization to generate the DMeB radical cation does not take place, or is
considerably less efficient in these zeolites (vide infra).

Table 3-13. Decay rate constants for the 4-methylcumyl cation in alkali metal cation

zeolites.
Zeolite knpy / 10857
LiY (2.2x0.1)
NaY (3.2+£0.2)
KY 4.5+0.2)
RbY not observed
CsY not observed

As noted above, although static quenching of the 4-methylcumyl cation by
nucleophiles is observed in alkali metal cation zeolites, it is difficult to detect dynamic
quenching of this carbocation by coadsorbed methanol. This is likely due to the
relatively high absolute reactivity of the 4-methylcumyl cation in alkali metal cation
zeolites. Dynamic quenching would be manifested as an increase in the decay rate
constant of the carbocation with increasing methanol content. However, due to the rapid
decay rate constant of the 4-methylcumyl cation in dry zeolites, any increase in rate
constant upon coinclusion of nucleophiles would be difficult to detect with the
nanosecond system. This is due to the fact that a high concentration of methanol would
be necessary in order for bimolecular addition to compete with rapid carbocation decay,
and under these conditions the yield of carbocation would be very low as a consequence
of static quenching. Interestingly, however, although it is difficult to observe dynamic
quenching by added nucleophiles, the opposite effect can be observed. By coinclusion of
the relatively non-nucleophilic adsorbate, HFIP, it is possible to enhance the lifetime of
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the reactive 4-methylcumyl cation in alkali metal cation zeolites. As shown in Figure 3-
32, coadsorption of small amounts of HFIP leads to a progressive decrease in the rate
constant for decay of the 4-methylcumyl cation in NaY.

The reactivity of the 4-methylcumyl cation in alkali metal cation zeolites suggests
that direct detection of even more reactive cumy] cations in these zeolites will be limited.
In an attempt to observe the 4-fluorocumyl cation, 4,4’-difluorobicumene (DFB) was
photolyzed in dry LiY. This yields a very weak, rapidly decaying signal at 330 nm along
with a weak, longer lived signal near 300 nm. These transients are tentatively assigned to
the 4-fluorocumyl cation and 4-fluorocumyl radical, respectively. Estimation of the
decay rate constant for the very weak transient signal observed at 330 nm in oxygen-
saturated LiY gives a value of (5.0 £ 0.8) x 10%s™". Further evidence suggesting that this
transient signal is due to the 4-fluorocumyl! cation is obtained from experiments with
coadsorbed HFIP. Inclusion of HFIP in LiY leads to a steady increase in the intensity
and lifetime of the transient at 330 nm, Figure 3-33. Thus, the influence of HFIP on this
transient is similar to that observed for the 4-methylcumyl cation. The transient spectrum
of the 4-fluorocumyl in LiY can be obtained readily in the presence of relatively small
amounts of coadsorbed HFIP, Figure 3-34. Attempts to observe the 4-fluorocumyl cation
in the other alkali metal cation zeolites were unsuccessful, presumably because the 4-
fluorocumy! cation decays too rapidly to be observed under these conditions with the
nanosecond laser system.

Fragmentation of the radical cations of bicumene and 3,3’-dimethoxybicumene
(3-DMB) yields the cumyl cation and the 3-methoxycumyl cation, respectively. These
carbocations are even more reactive than the 4-fluorocumy! cation and direct detection of
these cumyl cations is not expected within any of the cation-exchanged Y zeolites.
Consistent with these expectations, laser irradiation of bicumene in dry LiY and NaY
yields only very weak signals in the transient diffuse reflectance spectrum. A weak,
sharp absorption band at 320 nm which is quenched by oxygen suggests the presence of
the cumyl radical,?93 while broad, ill-defined absorption at wavelengths greater than ca.
500 nm may be due trapped electrons.80 No other transient is observed near 325 nm, the
known absorption maximum of the cumyl cation.234 In combination, these observations
suggest that bicumene photoionizes within LiY and NaY to generate the bicumene radical
cation which subsequently fragments to the corresponding cumyl cation and cumyl
radical. The failure to observe the cumyl cation is therefore most likely due to the fact
that the lifetime of the carbocation in these zeolites is too short for detection with the
nanosecond system. Notably, however the intensity of both the radical absorption and
the electron bands is quite low (AJ/J, < 0.02) suggesting that the efficiency of
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photoionization of the parent bicumene is considerably less than the 4-methoxy
substituted derivative. Thus, in addition to the short lifetime of the cumyl cation, the low
yield for photochemical formation likely also contributes to the inability to detect this
carbocation in alkali metal cation Y zeolites.

Similarly, laser photolysis of 3-DMB in dry LiY or NaY generates no absorption
bands which can be assigned to the 3-methoxycumyl cation (Ay.« = 330 nm, vide supra).
Photolysis of this substrate under vacuum conditions does however yield relatively
intense broad absorption bands between 400 and 700 nm which are completely quenched
by oxygen, Figure 3-35, and are indicative of trapped electrons.80 This suggests that
photoionization of 3-DMB does indeed take place with reasonable efficiency in these
zeolites. The fact that no evidence for the carbocation is obtained is thus again mostly
likely due to the short lifetime of this transient within LiY and NaY.

For bicumene, coinclusion of HFIP within the zeolite leads to modest increases in
the transient yield observed at 325 nm immediately following laser photolysis, Figure 3-
36, inset. Furthermore, the lifetimes of this transient increases upon adsorption of HFIP,
consistent with the behaviour of the 4-methylcumyl and 4-fluorocumyl cations reported
above. The enhanced yield observed at 325 nm likely is due to detection of the cumyl
cation following the laser pulse as a consequence of the increased lifetimes of this
carbocations in zeolites containing coadsorbed HFIP. Using this concept it is possible to
obtain the transient diffuse reflectance spectrum of the cumyl cation (A, = 325 nm) by
laser photolysis of bicumene in LiY containing 1| M HFIP (~ 1 molecule HFIP per
cavity), Figure 3-36. An attempt was also made to detect the 3-methoxycumyl cation in
LiY and NaY containing coadsorbed HFIP. In this case, the intensity of adsorption at
330 nm, the maximum of the 3-methoxycumyl cation, also increases slightly with
increasing concentrations of HFIP. However, the signals obtained in the transient diffuse
reflectance spectrum are too weak and ill-defined to identify the transient as the 3-
methoxycumyl cation.

In order to directly observe each of these reactive cumyl cations within zeolites it
is necessary to chose a zeolite environment which is more stabilizing than the alkali metal
cation Y zeolites. Based on previous experiments with the 4-methoxycumyl cation, Naf3
emerges as a good candidate for enhancing the lifetimes of these reactive species. In this
zeolite, the 4-methoxycumyl cation has a lifetime of approximately 3000 pus, which is
more than 650 times longer than the lifetime of the same carbocation in NaY. As shown
in Figure 3-37, laser photolysis of DMeB in Naf under either vacuum or oxygen
conditions leads to symmetrical absorption bands with a maximum at 335 nm which is
readily assigned to the 4-methylcumyl cation. Similar results are obtained using DFB,
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bicumene and 3-DMB, and it is possible to observe the 4-fluorocumyl cation, Figure 3-
38, the cumyl cation, Figure 3-39, and the 3-methoxycumyl cation, Figure 3-40, in
evacuated and oxygen-saturated Naf. Thus, by employing Nap it is possible to directly
observe each of the reactive cumyl cations within a single zeolite environment using

nanosecond laser flash photolysis, eq. 3-25.

3-25

R = 4-MeO, 4-Me, 4-F, H, 3-MeO

Although the transient spectra of each cumyl cation exhibits similar features, the lifetimes
of the carbocations in Naf depend significantly on substituent in a manner consistent
with the known abilities of these groups to influence carbocation reactivity,225-226.235
Table 3-14.

Table 3-14. First order decay rate constants and lifetimes of cumyl! cations in dry Naf.

Substituent Kgecay / s! T/us
4-methoxy ~3x10° 3000
4-methyl (3.4+0.1)x 10° 3
4-fluoro (1.0 £0.1) x 10° 1
H (1.9 +0.1) x 10° 0.5
3-methoxy (2.6 +0.1) x 10° 0.4

3.2.1.7 Preliminary Experiments with 4,4’-(N-N-Dimethylamino)bicumene in Alkali
Metal Cation Zeolites

The experimental results described thus far have examined the reactivity of cumyl
cations in alkali metal cation zeolites. Although these carbocations arise from
photogenerated bicumene radical cations, direct observation of the cleavage reaction
leading to carbocation formation has been prohibited by the short lifetime of the radical
cation precursors. Thus in each case the bicumene radical cations fragment within the
laser pulse such that only the cleavage “products”, the cumyl cations and the cumyl
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radicals, can be directly observed. In order to probe the influence of zeolite
encapsulation on carbocation formation via this cleavage reaction it is necessary to
choose a substrate whose radical cation undergoes bond fragmentation in the
microsecond time regime. Previously reported studies suggest that 4,4’-(N,N-
dimethylamino)bicumene (DMAB) may be an appropriate candidate.235.282 [n 2:1
water:acetonitrile, this radical cation cleaves with a rate constant of ca. 1 x 10° s to
yield the 4-dimethylaminocumyl cation.?35 The following section presents results
derived from preliminary experimental studies of DMAB in alkali metal cation Y
zeolites.

Laser photolysis of DMAB (308 nm, < 20 ns, < 100 mJ) in evacuated NaY leads
to the observation of two absorption bands, A,,, = 375 nm and A_,, = 485 nm,
immediately following the laser pulse. At subsequent times, the 485 nm band decays
while the transient at 375 nm continues to grow in over times as long as 1 ms, Figure 3-
41. In this time regime, the transient diffuse reflectance spectrum looks very similar to
the transient absorption spectra recently reported by Cozens er al.235 upon
photoexcitation of DMAB in solution where the broad, symmetrical absorption bands
with maxima near 500 nm and 380 nm were assigned to the DMARB radical cation and the
4-dimethylaminocumyl cation, respectively. Based on these considerations, the transients
observed at 485 nm and 375 nm in NaY are reasonably identified as the DMAB radical

cation and the 4-dimethylaminocumyl cation, respectively, eq. 3-26.

3-26

NMCZ NMe?_

Amax =375nm A, <320 nm
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The growth traces monitored at 375 nm match well with the decay trace
monitored at 485 nm, Figure 3-41 inset, as would be expected for the formation of the
carbocation by slow fragmentation of the radical cation, eq. 3-36. Both traces fit nicely
to a single first-order kinetic expression, yielding rate constants of (2.45 £ 0.08 ) x 10°s™
and (2.62 £0.05) x 10° s! at 485 nm and 375 nm, respectively. Interestingly, the rate
constant measured for the growth of the 4-dimethylaminocumyl cation observed in NaY
is almost 2 orders of magnitude smaller than reported for formation of the 4-
dimethylaminocumyl cation via cleavage of the DMAB radical cation in solution.?35

It is also clear from Figure 3-41 that not all of the carbocation is formed by this
slow fragmentation reaction. Instead, significant absorption at 375 nm is already present
immediately after the laser pulse, indicating that some of the carbocation is formed
promptly within the laser pulse. This suggests that some rapid process must also be
available leading to prompt formation of the carbocation within the laser pulse.

Laser photolysis of DMAB in other alkali metal cation Y zeolites (LiY, KY, RbY
and CsY) gives results qualitatively similar to those described for NaY, Figure 3-42.
Thus, the DMAB radical cation and the 4-dimethylaminocumyl cation are observed in
each zeolite, eq. 3-26. However, the specific features of the transient spectra and kinetics
vary as a function of alkali counterion. One trend observed is that the total yield of
carbocation relative to the yield of radical cation decreases significantly as the counterion
is varied from Li* to Cs*, Table 3-15. In addition, the proportion of prompt carbocation
formation relative to time-resolved carbocation formation significantly increases with
alkali counterion size, Table 3-15. Thus, slow carbocation formation becomes a less
significant pathway for carbocation generation in the larger cation zeolites. In fact, in
CsY almost no time-resolved growth due to carbocation formation is observed. This can
be seen in a plot of the relative yield of carbocation from prompt formation as a function
of metal cation ionic radius, Figure 3-43. A third trend presented in Table 3-15 concerns
the growth rate constant for time-resolved carbocation formation which increases

monotonically with counterion size, Figure 3-44.
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Table 3-15. Yield of 4-dimethylaminocumyl cation relative to the DMAB radical cation,
fraction of prompt formation of the 4-dimethylaminocumyl cation and growth rate
constant for the 4-dimethyaminocumyl cation observed following laser photolysis of
DMARB in alkali metal cation Y zeolites.

Zeolite Total Relative Yield % Prompt Kgrowtn 380/
Carbocation/Radical Cation Carbocation Formation 10° s
LiY 1.6 50 .82 £0.07
NaY 1.5 54 2.62 £0.07
KY 0.47 71 7.1+0.2
RbY 0.43 92 7.2+0.1

CsY 0.45 96 9.7 +0.7
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Wavelength / nm

Figure 3-1. Transient diffuse reflectance spectrum generated 400 ns (closed circles),
2.56 us (open circles), 7.00 us (closed squares) and 14.0 us (open squares) after 266 nm
laser irradiation of DMB in evacuated (10'4 torr) NaY. Inset shows the decay monitored

at 360 nm under vacuum (closed circles) and oxygen (open circles) conditions.
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Figure 3-2. Decay traces monitored at 360 nm following 266 nm laser irradiation of
DMB in NaY containing 0.03 M (closed circles), 0.10 M (open circles), 0.21 M (closed
squares) and 0.31 M (open squares) methanol. Inset shows the observed decay rate
constant measured at 360 nm as a function of methanol concentration in NaY.
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Figure 3-3. Transient diffuse reflectance spectrum generated 480 ns (closed circles),
1.84 ps (open circles), 4.80 us (closed squares) and 14.4 us (open squares) after 266 nm
laser irradiation of 4-methylanisole in evacuated NaY. Inset shows the observed decay
rate constant (closed circles) and change in diffuse reflectance (open circles) monitored at

440 nm as a function of methanol concentration in NaY.
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Figure 3-4. Transient diffuse reflectance spectrum generated 400 ns (closed circles), 880
ns (open circles), 3.32 us (closed squares) and 13.6 us (open squares) after 308 nm laser
photolysis of chloranil in evacuated NaY with coadsorbed DMB. Inset shows decay
traces monitored at 360 nm following direct excitation of DMB with 266 nm laser light
(closed circles) and 308 nm excitation of chloranil in the presence of DMB (open circles).



88

300 400 500 600 700 300 400 500 600 700
Wavelength / nm

300 400 500 600 700 300 400 500 600 700

Wavelength / nm Wavelength / nm

Figure 3-5. Transient diffuse reflectance spectra obtained 320 ns after 266 nm laser
photolysis of DMB in evacuated (closed circles) and oxygen-saturated (open circles) LiY
(a) and RbY (b). Transient diffuse reflectance spectra obtained 200 ns (closed circles)
800 ns (open circles), 2.16 us (closed squares) and 14.8 us (open squares) after 266 nm
laser irradiation of DMB in evacuated NaX (c). Transient diffuse reflectance spectrum
obtained 14.0 us (closed circles) 156 us (open circles), 384 us (closed squares) and 744
us (open squares) after 266 nm laser irradiation of DMB in evacuated Naf} (d).



89

0.3

0.2
':C
4
0.1
0.0 -
10-7 10-6 10-5 10-4 10-3
Time /s

Figure 3-6. Stretched kinetic decay traces of the 4-methoxycumyl cation monitored at

360 nm in evacuated alkali metal cation Y zeolites.
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Figure 3-7. Stretched kinetic decay traces of the 4-methoxycumyl cation monitored at
360 nm in evacuated Na"* zeolites.
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Figure 3-8. Distribution of lifetimes of the 4-methoxycumyl cation in evacuated LiY
(a), NaY (b), KY (c), RbY (d), and CsY (e) obtained by fitting the stretched decay traces
observed at 360 nm to the function, f(t) = Z a; exp(-t / T), with 100 terms according to

the ESM method (see text, section 2.3).
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Figure 3-9. Transient diffuse reflectance spectrum observed 400 ns (closed circles), 1.92
us (open circles), 6.12 ps (closed squares) and 14.8 us (open squares) after 266 nm laser
irradiation of DMB-d;, in evacuated NaY (a) and oxygen-saturated LiY (b). Inset
compares the transient spectra obtained 400 ns after photolysis in evacuated and oxygen-
saturated NaY.
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Figure 3-10. Decay traces monitored at 360 nm following 266 nm laser photolysis of
DMB (closed circles) and DMB-d,, (open circles) in oxygen-saturated LiY (a), NaY (b),

KY (c), RbY (d) and CsY (e).
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Figure 3-11. Decay traces observed at 360 nm following 266 laser irradiation of DMB in
dry (closed circles) and hydrated (open circles) LiY (a), NaY (b), KY (c), RbY (d) and
CsY (e). The water content is 12.5 %, 10 %, 6 %, 3 %, and 2 % by weight in LiY
through CsY, respectively.
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Figure 3-12. Decay traces observed at 360 nm following 266 laser irradiation of DMB in
dry (closed circles) and hydrated (open circles) Naf (a), NaMor (b), and NaX (c). The
samples contain 3 %, 4 %, and 5 %, water by weight in Naf, NaMor, and NaX,

respectively.
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Figure 3-13. Decay rate constant of the 4-methoxycumyl cation in LiY (closed circles),
NaY (open circles), KY (closed squares) and RbY (open squares) as a function of

methanol concentration.
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Figure 3-14. Normalized initial reflectance density due to the 4-methoxycumyl cation at
360 nm observed in LiY (closed circles), NaY (open circles), KY (closed squares), RbY
(open squares) and CsY (closed diamonds) as a function of methanol concentration.
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Figure 3-15. Decay rate constant of the 4-methoxycumyl cation in NaY as a function of

methanol (closed circles), ethanol (open circles), isopropanol (closed squares) and rert-

butanol (open squares) concentration.
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Figure 3-16. Initial reflectance density due to the 4-methoxycumyl cation observed at
360 nm in NaY as a function of methanol (closed circles), ethanol (open circles),

isopropanol (closed squares), isobutanol (open squares), terz-butanol (closed diamonds),
and 2,2,2-trifluoroethanol (open diamonds) concentration.
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Figure 3-17. Initial reflectance density due to the 4-methoxycumyl cation observed at
360 nm in NaY as a function of ethyl vinyl ether (closed circles), propyl vinyl ether (open
circles), butyl vinyl ether (closed squares), zert-butyl vinyl ether (open squares), isopropy!
methyl ether (closed diamonds), and ethyl propyl ether (open diamonds) concentration.
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Figure 3-18. Decay rate constant of the 4-methoxycumyl cation in NaY as a function of
ethyl vinyl ether (closed circles), propyl vinyl ether (open circles), and zert-butyl vinyl
ether (closed squares) concentration.
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Figure 3-19. Decay rate constant of the 4-methoxycumyl cation in NaY as a function of
ethyl vinyl ether (closed circles), isopropenyl methyl ether (open circles), and ethyl
propenyl ether (closed squares) concentration.
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Figure 3-20. Transient absorption spectrum generated 120 ns (closed circles), 370 ns
(open circles), 820 ns (closed squares) and 3.72 us (open squares) after 308 nm laser
irradiation of chloranil in nitrogen-saturated HFIP containing 0.16 mM 4,4’-
dimethylbicumene. Inset shows growth traces at 335 nm for DMeB concentrations of
0.16 mM (closed circles) and 0.47 mM (open circles).
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Figure 3-21. Transient absorption spectrum generated 440 ns (closed circles), 2.88 us
(open circles), 6.80 us (closed squares) and 14.8 us (open squares) after 308 nm laser
irradiation of chloranil in nitrogen-saturated HFIP containing 0.16 mM DMeB. Inset
shows decay traces monitored at 330 nm in the presence of 0 mM (closed circles), 0.10
mM (open circles), and 0.40 mM (closed squares) bromide ion.
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Figure 3-22. Growth rate constant measured at 335 nm following 308 nm laser
photolysis of chloranil in oxygen-saturated HFIP as a function of DMeB concentration.
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Figure 3-23. Transient absorption spectrum generated 80 ns (closed circles), 530 ns
(open circles), 1.60 us (closed squares) and 3.70 us (open squares) after 308 nm laser
irradiation of chloranil in nitrogen-saturated HFIP containing 0.16 mM DFB.
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Figure 3-24. Transient absorption spectrum generated 80 ns (closed circles), 360 ns
(open circles), 770 ns (closed squares) and 1.85 us (open squares) after 308 nm laser
irradiation of chloranil in nitrogen-saturated HFIP containing 0.16 mM bicumene.
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Figure 3-25. Transient absorption spectrum generated 80 ns (closed circles), 430 ns
(open circles), 1.57 us (closed squares) and 3.70 us (open squares) after 308 nm laser
irradiation of chloranil in nitrogen-saturated HFIP containing 7.6 mM 3-DMB.
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Figure 3-26. Transient diffuse reflectance spectrum generated 200 ns (closed circles),
480 ns (open circles), 1.80 us (closed squares) and 7.44 us (open squares) after 266 nm
laser irradiation of DMeB in evacuated (lO'4 torr) LiY.
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Figure 3-27. Transient diffuse reflectance spectrum generated 80 ns (closed circles), 140
ns (open circles), 480 ns (closed squares) and 3.20 us (open squares) after 266 nm laser
irradiation of DMeB in oxygen-saturated LiY. The inset compares the transient diffuse
reflectance spectra observed 360 ns following laser irradiation of DMeB in LiY under
vacuum (closed circles) and oxygen (open circles) conditions.
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Figure 3-28. Transient diffuse reflectance spectrum generated 80 ns (closed circles), 190
ns (open circles), 360 ns (closed squares) and 3.20 ps (open squares) after 266 nm laser
irradiation of DMeB in oxygen-saturated NaY. The inset compares the transient diffuse
reflectance spectra observed 200 ns following laser irradiation of DMeB in NaY under
vacuum (closed circles) and oxygen (open circles) conditions.
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Figure 3-29. Transient diffuse reflectance spectrum generated 80 ns (closed circles), 190

ns (open circles), 360 ns (closed squares) and 3.20 us (open squares) after 266 nm laser

irradiation of DMeB in oxygen-saturated XY. The inset compares the transient diffuse

reflectance spectra observed 200 ns following laser irradiation of DMeB in KY under

vacuum (closed circles) and oxygen (open circles) conditions.
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Figure 3-30. Transient diffuse reflectance spectra observed immediately after 266 nm

laser photolysis of DMeB in dry (closed circles) and hydrated (open circles) NaY (ca. 10

wt % water). The influence of methanol on the change in diffuse reflectance observed at

335 nm immediately following laser photolysis of DMeB in dry NaY is shown in the

inset.
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Figure 3-31. Decay traces of the 4-methycumyl cation observed at 335 nm in oxygen-
saturated LiY (closed circles), NaY (open circles) and KY (closed squares).
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Figure 3-32. Observed decay rate constant for the 4-methylcumyl cation in NaY as a
function of HFIP concentration. Inset shows decay kinetics of the 4-methylcumyl cation
observed at 335 nm in NaY (closed circles) and NaY containing 1.9 M HFIP (open

circles).
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Figure 3-33. Decay traces of the 4-fluorocumyl cation observed at 330 nm in oxygen-
saturated LiY (closed circles), and oxygen-saturated LiY containing 0.3 M HFIP (open
circles). The variation in decay rate constant of the 4-fluorocumyl cation in LiY with

HFIP concentration is shown in the inset.
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Figure 3-34. Transient diffuse reflectance spectrum generated 2.88 us (closed circles),
3.48 us (open circles), 4.72 us (closed squares) and 15.4 us (open squares) after 266 nm
laser photolysis of DFB in LiY containing 0.8 M HFIP.
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Figure 3-35. Transient diffuse reflectance spectrum observed immediately following
266 nm laser irradiation of 3-DMB in evacuated (closed circles) and oxygen-saturated

(open circles) LiY.
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Figure 3-36. Transient diffuse reflectance spectrum generated 3.04 us (closed circles),
3.52 us (open circles), 4.72 us (closed squares) and 15.4 us (open squares) after 266 nm
laser photolysis of bicumene in LiY containing 1 M HFIP. Inset shows the initial
reflectance density monitored at 320 nm as a function of HFIP concentration.
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Figure 3-37. Transient diffuse reflectance spectrum generated 160 ns (closed circles),
1.44 us (open circles), 5.60 us (closed squares) and 14.8 pus (open squares) after 266 nm
laser photolysis of DMeB in oxygen-saturated Naf}. The decay traces of the 4-
methylcumyl cation monitored at 340 nm under vacuum (closed circles) and oxygen

(open circles) conditions are shown in the inset.
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Figure 3-38. Transient diffuse reflectance spectrum generated 160 ns (closed circles),
1.44 us (open circles), 5.60 ps (closed squares) and 14.8 us (open squares) after 266 nm
laser photolysis of DFB in oxygen-saturated Nap.
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Figure 3-39. Transient diffuse reflectance spectrum generated 400 ns (closed circles),
1.32 us (open circles), 4.20 us (closed squares) and 14.8 us (open squares) after 266 nm
laser photolysis of bicumene in oxygen-saturated Naf.
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Figure 3-40. Transient diffuse reflectance spectrum generated 400 ns (closed circles),
1.32 us (open circles), 4.20 us (closed squares) and 14.8 us (open squares) after 266 nm
laser photolysis of 3-DMB in evacuated (10'4 torr) Naf.
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Figure 3-41. Transient diffuse reflectance spectrum generated 4.80 pus (closed circles),
26.0 us (open circles), 72.8 us (closed squares) and 149 us (open squares) after 308 nm
laser photolysis of DMAB in evacuated NaY. Inset shows the growth kinetics monitored
at 380 nm (closed circles) and the decay kinetics monitored at 485 nm (open circles).
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Figure 3-42. Transient diffuse reflectance spectrum generated 8.00 us (closed circles),
70.0 us (open circles), 198 us (closed squares) and 744 us (open squares) after 308 nm
laser photolysis of DMAB in evacuated KY. Inset shows the growth kinetics monitored
at 380 nm (closed circles) and the decay kinetics monitored at 485 nm (open circles).
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Figure 3-43. Plot of the fraction of prompt formation of the 4-methylaminocumy! cation
(i.e. within the 10 ns laser pulse) in alkali metal cation Y zeolites versus metal cation

radius.
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Figure 3-44 . Plot of the growth rate constant of the 4-dimethyaminocumy! cation in
alkali metal cation Y zeolites versus metal cation radius.
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3.2.2 Discussion

3.2.2.1 Mechanism for Formation of Cumyl Cations in Non-Acidic Zeolites

Formation of the reactive 4-methoxycumyl cation upon laser photolysis of DMB
within alkali metal cation zeolites is proposed to involve rapid fragmentation of the
initially photogenerated DMB radical cation, eq. 3-6. This proposal is completely
consistent with the observed reactivity of photoexcited DMB in solution.>79.280.283
Further support for the proposed mechanism is the formation of 4-methoxycumy! cation
following both direct excitation of DMB and ET between DMB and photoexcited
chloranil. These observations strongly suggest that the DMB radical cation is the
common intermediate and fragmentation of this radical cation is responsible for
carbocation formation in each case.

In agreement with the proposed mechanism for carbocation formation is the direct
detection of the 4-methoxycumyl radical upon laser irradiation of DMB in alkali metal
cation zeolites, and the observation of products derived from this radical following
steady-state irradiation of DMB in NaY. Since fragmentation of the DMB radical cation
must generate the 4-methoxycumyl radical in addition to the carbocation, the direct
observation of the radical and products derived from this intermediate reinforces the
proposed mechanism.

According to the proposed mechanism for carbocation formation, every DMB
radical cation formed will fragment to yield one 4-methoxycumyl! cation and one 4-
methoxycumyl radical. If this mechanism is operative in all alkali metal cation zeolites it
is expected that the ratio of absorption bands corresponding to each transient species
should be independent of the zeolite environment. However, in alkali metal cation Y
zeolites the ratio of the intensity of the radical band at 290 nm to the intensity of the
carbocation band at 360 nm does not remain constant but increases significantly as the
alkali metal cation size increases. An examination of the transient spectra indicates that
the overall intensity of the 4-methoxycumyl radical remains fairly constant throughout
the alkali metal cation series, and it is a decrease in the intensity of the 4-methoxycumyl
cation with counterion size that leads to the observed variation in band ratio. Thus, the
yield of the 4-methoxycumyl cation as represented by the intensity of absorption at 360
nm immediately following the laser pulse is significantly lower in zeolites containing
larger alkali metal cations such as Rb* and Cs* compared to Y zeolites containing

. .+ +
smaller cations such as Li and Na .
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Given the increased reactivity of the carbocation in the larger alkali metal cation
zeolites, the reduced carbocation yield in these zeolites is likely a consequence of partial
fast quenching of the initially formed carbocation within the laser pulse. As a result,
these carbocations would not be detected on the experimental time scale. Such fast
quenching of the carbocation is indeed consistent with the dramatic increase in the
reactivity of the 4-methoxycumyl cation in CsY compared to LiY. Furthermore, the
results obtained in NaX provide additional evidence that fast quenching is responsible for
the variation in radical to carbocation absorption ratios. The 4-methoxycumyl cation is
significantly more reactive in NaX than in NaY, and has a lifetime similar to that
observed in CsY. The ratio of the intensity of the 4-methoxycumyl radical to the 4-
methoxycumyl cation in NaX is likewise significantly larger than in NaY and is quite
comparable to CsY. Thus, as observed in the alkali metal cation Y zeolites, an increase
in carbocation reactivity results in a decrease in the relative intensity of carbocation
detected following the 10 ns laser pulse. This is consistent with a partial fast quenching
which becomes progressively more important as the reactivity of the carbocation
increases and leads to a decrease in the detected yield of the 4-methoxycumyl cation
relative to the 4-methoxycumyl radical. In addition, it is expected that the lifetime of the
4-methoxycumyl radical should be relatively long in all alkali metal cation zeolites such
that any differences in radical reactivity due to radical mobility will have little impact on
the observed intensity ratio of the radical to carbocation bands. The current experimental
results are consistent with these expectations as the lifetime of the 4-methoxycumyl
radical is several orders of magnitude longer than that of the 4-methoxycumyl cation in
alkali metal cation Y zeolites.

Similarly, the generation of the 4-methyl, 4-fluoro, 3-methoxy, and unsubstituted
cumyl cations, involves rapid fragmentation of the initially photogenerated bicumene
radical cations within alkali metal cation zeolites. In each case this mechanism is
consistent with the experiments carried out in solution where the corresponding radical

. . 8 -1
cation is found to cleave with rate constants greater than 10" s .

3.2.2.2 Mechanism for Intrazeolite Decay of Cumyl Cations

A significant consequence of the current study of zeolite encapsulated 4-
methoxycumyl cations is the unambiguous demonstration that this carbocation is a
reactive intermediate in dry alkali metal cation zeolites. Even under conditions where
coadsorbed nucleophiles are rigorously excluded, the lifetimes of the 4-methoxycumyl
cation are in the nanosecond to pus time regime. These relatively short lifetimes must
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therefore be attributed to a direct interaction between the carbocation and the zeolite host
in which it is encapsulated. Furthermore, the reactivity of the 4-methoxycumyl cation is
influenced dramatically by the precise nature of the zeolite microenvironment as
demonstrated by the variation in lifetime with the alkali metal cation, framework
aluminum content and morphology. These observations reinforce the notion that the
zeolite framework is a dynamic participant in the mechanism of carbocation decay.

By analogy to the reactivity of carbocations in solution, the mechanism for
carbocation decay within zeolites may be envisioned as taking place via either addition or
deprotonation pathways. For instance, the zeolite could act as a nucleophile, adding to
the carbocation to generate a framework-bound adduct, eq. 3-27.
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Alternatively, it is possible that the role of the zeolite is as a base, deprotonating the

carbocation to yield the corresponding styrene, eq. 3-28.
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As described below, both the carbocation derived products and the kinetic isotope effects
on carbocation decay reveal that the intrazeolite decay of the 4-methoxycumyl cation
proceeds via nucleophilic addition of the zeolite framework.

The carbocation derived products observed upon steady-state irradiation studies
of DMB within NaY can be rationalized with a mechanism dominated by nucleophilic
addition (90 %), rather than deprotonation (10 %). In particular, since the relative yield
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of at-methyl-4-methoxystyrene is low, it can be concluded that deprotonation of the 4-
methoxycumyl cation by the NaY framework is not a significant mechanistic pathway
leading to products. Furthermore, the 4-methoxycumyl methyl ether could only be
produced via a mechanism that necessarily involves nucleophilic addition of the NaY
framework to the carbocation. This mechanism is required since methanol is introduced
to the NaY composite only after the irradiation period (ca. 80 hours) is complete. Since
time-resolved experiments firmly establish that the majority of the carbocations live for
only about 5 pus in NaY, the generation of the 4-methoxycumyl methyl ether cannot be
attributed to addition of methanol to the free carbocation. Instead, the initially generated
carbocation must first decay to a second, longer-lived intermediate which subsequently
reactions with methanol to yield the observed ether product. A reasonable mechanism for
carbocation decay involves attack of nucleophilic [Si-O-Al] framework sites on the free
carbocation resulting in the formation of a framework-bound alkoxy species, Scheme 3-6.

Scheme 3-6
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Formation of the methyl ether can then be attributed to a solvolysis type reaction of the

intermediate alkoxy species in the presence of methanol, eq. 3-29.
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A similar mechanistic scheme can also explain the formation of 4-methoxycumy]
alcohol, whereby the framework-bound alkoxy intermediate undergoes a solvolysis
reaction with water adsorbed by the zeolite framework during the extraction procedure
which is conducted in an ambient atmosphere after the photolysis is complete. It is also
possible that a small amount of water was present in the zeolite during photolysis to trap
a fraction of the framework-bound alkoxy species, or a fraction of the free carbocation.
Such water may have been adsorbed by the zeolite during the lengthy photolysis, even
under a continuous flow of dry nitrogen or argon. However the precautions taken to
avoid hydration during photolysis render it unlikely that enough water was adsorbed to
completely account for the relatively high yield of alcohol by direct addition.

The observed kinetic isotope effects are completely consistent with the proposed
mechanism for carbocation decay in alkali metal cation zeolites. These isotope effects
verify that intrazeolite decay of the 4-methoxycumyl cation does not depend significantly
on deprotonation. The measured kinetic isotope effects of ky/kp ~ 1.4 in all alkali metal
cation Y zeolites are very close to unity and thus considerably less than expected for a
reaction in which the zeolite acts as a base to remove a proton from the carbon f to the
carbocation center, eq. 3-28.309 In fact, studies of deprotonation reactions of cumyl
cations by various bases in solution have found kinetic isotope effects in the range of
ky/kp ~ 4-5.310.311 The isotope effects measured in Y zeolites closely match values
expected for a mechanism that is dominated by nucleophilic addition.310.311
Furthermore, the similarity of the measured isotope effects in all alkali metal cation Y
zeolites indicates that the mechanism for carbocation decay is consistently nucleophilic
addition and that there is not an increasing degree of deprotonation as the counterion size
increases. This is significant as it confirms that the variation in carbocation lifetime with
alkali metal counterion is not a result of changes in the mechanism for carbocation decay.

The suggested formation of a framework bound alkoxy intermediate within the

zeolite is certainly not without literature precedent. Among the numerous studies of
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carbocation-mediated reactions and catalysis in acid zeolites, framework-bound alkoxy
species have been both proposed and directly observed. For instance, there is
considerable evidence from infrared,3!2-3!5 and solid-state NMR
studies?49.253.255.256.259,316-318 of reactive carbocations in Brgnsted acid zeolites and even
in some uni- and divalent metal exchanged zeolites319-322 for the existence of framework-
bound alkoxy species. In addition, there have been several theoretical studies which
suggest that these intermediates are significant in mechanistic pathways of carbocation-
mediated reactions in zeolites.263.323.324 Thus, the notion that the pus decay of cumyl
cations observed in alkali metal cation zeolites proceeds via direct nucleophilic addition
of the zeolite to yield framework-bound alkoxy intermediates is consistent with many
current views of carbocation behaviour in acid zeolites. In fact, within acidic zeolites,
such framework-bound alkoxy species have recently been proposed as mechanistic
alternatives to long-lived free carbocations, achieving considerable stabilization through
covalent attachment to nucleophilic framework sites. Thus, with the exception of a few
highly stabilized carbocations that exist as persistent free species within Brgnsted acidic
zeolites, carbocations are trapped by the nucleophilic lattice oxygen atoms after some
finite time as a transient intermediate (i.e. via an Sy1-like mechanism), or do not actually
form, and reaction involves one step addition of the framework oxygen atom to the
electrophilic carbon center without proceeding through a carbocation intermediate (i.e.
via an Sy2-like mechanism). Similar types of reaction dynamics have been proposed to
occur within non-protic zeolites. For instance, the conversion of methyl iodide to
ethylene within metal ion zeolites has been described as ‘“acid-base bifunctional
catalysis”319.320 which can be formally envisioned as an Sy2-like process whereby the
zeolite framework acts as a nucleophile while the metal cation promotes loss of the
leaving group.

As a result, the emerging picture of carbocations in acidic zeolite is a continuum
of intermediates, from free carbocations stabilized by intermolecular interactions and
electrostatic fields within the zeolite, to covalently bound intermediates deriving
stabilization from the attachment to electron rich framework sites. Ultimately the
transition from one extreme to the other will be a function of the inherent stability of the
carbocation within the zeolite microenvironment, and the nature of the zeolite
framework. By extending these general concepts to non-acidic zeolites, the results
described herein confirm the notion that the role of zeolites in carbocation chemistry far
surpasses proton donation and involves dynamic participation of the zeolite framework.
Significantly these results, obtained using non-acidic zeolites, provide direct evidence for
this continuum of intermediates by detecting the transition from one to another, that is
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from free carbocation to framework-bound intermediate, in real time, and provide new
insight concerning specific factors about the zeolite microenvironment which regulate the

rates of this transition.

3.2.2.3 Reactivity of Cumyl Cations in Dry Alkali Metal Cation Zeolites: Zeolite
Nucleophilicity

The experimental results discussed thus far establish that the mechanism for
decay of the 4-methoxycumyl cation within alkali metal cation zeolites involves
nucleophilic addition of the zeolite framework to the carbocation center. The lifetime of
the carbocation varies dramatically with zeolite microenvironment and can be readily
modulated by changing the alkali metal counterion, Si/Al ratio and framework
morphology. According to the mechanistic proposal for carbocation decay, it should be
possible to correlate these parameters and their influence on carbocation reactivity with
zeolite nucleophilicity.

In the alkali metal cation Y zeolites, the identity of the metal counterion plays a
pivotal role in defining the lifetime of encapsulated 4-methoxycumyl cations. For
instance, it is possible to observe this carbocation over several hundred us in LiY, while
in CsY it completely disappears in less than 10 pus. As shown in Table 3-4, the lifetime
of the 4-methoxycumyl cation decreases dramatically and systematically as the alkali
counterion is varied from Li* to Cs*. Based on the decay mechanism, this 65-fold
decrease in the lifetime of the 4-methoxycumyl! cation should be associated with an
increase in the nucleophilicity of the zeolite framework as the alkali cation size is
increased. Several recent studies have emphasized that one effect of cation exchange in
Y zeolites is modification of the electron donating ability, or Lewis basicity of the [Si-O-
AI] active sites within the framework.88.89.95:97.102,103.325 [n particular, Cs"-exchanged
zeolites are considerably stronger Lewis bases than Li*-exchanged zeolites. This effect
can be rationalized by a progressive decrease in interaction strength between the zeolite
counterion and the electron rich framework oxygen sites as the counterion becomes larger
and more charge diffuse. Similarly, the tight interaction of a small, charge dense cation
such as Li* with [Si-O-Al] framework sites will render these sites considerably less
nucleophilic than similar framework sites interacting more loosely with a large, charge
diffuse cation such as Cs*. Variations in cation-framework interactions are thus
manifested as significant increases in the framework nucleophilicity, and result in large
increases in the rate constant for nucleophilic addition to encapsulated carbocations as the
counterion is varied from Li* to Cs™.
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In addition to being affected by the counterion, the kinetic behaviour of the 4-
methoxycumy! cation is also strongly influenced by the amount of framework aluminum.
For instance, the lifetime of the carbocation in NaX is almost an order of magnitude
smaller than in NaY. These zeolites possess identical framework morphologies and
counterbalancing cations, but can be distinguished by that fact that NaX has
approximately twice the concentration of framework aluminum as NaY. The enhanced
reactivity of the carbocation in NaX is consistent with a decay mechanism involving
framework addition and can also be correlated to the relative nucleophilicities of NaX
and NaY zeolites. Considerable research has shown that the Lewis basicity of zeolites
increases as the Si/Al ratio decreases.88.90.91.96.97  An increase in Lewis base strength
would result in an increase in the nucleophilicity of each site which should enhance the
reactivity of these sites towards carbocation addition. The increased reactivity of the 4-
methoxycumyl cation in NaX as compared to NaY correlates nicely with this expectation.
It must also be recognized that NaX possesses a significantly larger number of [Si-O-Al]
bridges than NaY. NMR investigations249.253.255.256.259.316-322 of alkoxy intermediates
indicate that framework-bound carbocations covalently attach to [Si-O-Al] sites and
theoretical investigations324.326 indicate that the oxygen atoms within [Si-O-Al] bridges
bind carbocations more tightly than oxygen atoms within [Si-O-Si] bridges. Such
observations confirm that the [Si-O-Al]" bridges are the dominant nucleophilic sites
within the zeolite lattice. As a result, the fact that NaX has a smaller Si/Al ratio than
NaY translates into an increase in the number of potential nucleophiles available for
attack on encapsulated carbocations in NaX. Thus, in addition to the enhanced
nucleophilicity associated with individual sites, the increased concentration of such sites
likely also contributes to the higher reactivity of the carbocation in NaX compared to
NaY.

The most dramatic variation in carbocation lifetime is observed when the zeolite
environment of the Na* faujasites, NaX or NaY, is exchanged for the zeolite
environments of NaMor or Naf3. Within these host materials, the 4-methoxycumyl cation
is quite unreactive, having estimated lifetimes of ca. 1000 us and 3000 ps in NaMor and
Naf, respectively. Although these zeolites contain Na* as the counterbalancing cation,
they are characterized by particularly high Si/Al ratios (NaMor, Si/Al = 6.5, Naf3, Si/Al =
18). This suggests that the low reactivity of the carbocation within these zeolites is due
to a combination of reduced nucleophilicity of active framework sites and a lower
concentration of the nucleophilic [Si-O-Al] bridges relative to the essentially non-
nucleophilic [Si-O-Si] bridges. In addition, the framework topology of each of these
zeolites is considerably different from the faujasite topology, Table 3-3. Thus, another
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important consideration is the more rigorous confinement imposed upon the carbocation
by these zeolites. This is particularly important within the one dimensional channel
morphology of NaMor. The tighter molecular confinement will inhibit the diffusion of
the carbocation towards active nucleophilic sites and may make it more difficult for the
carbocation to achieve an orientation which satisfies the electronic and steric
requirements associated with formation of the framework bound alkoxy intermediate.
Certainly these factors must play a role in defining the observed carbocation lifetime.
Notably, however, the 4-methoxycumyl cation is shorter lived in NaMor than Naf,
although NaMor is characterized by a significantly more topologically restrictive
environment. This suggests that the Si/Al ratio, which is much higher in Naf than in
NaMor, continues to play a pivotal role in defining the carbocation lifetime even within
zeolites of varied structure.

Since nucleophilicity is an important parameter which defines the lifetime of
carbocations within these solid state hosts, a correlation between the observed lifetime
trends with a more quantitative measure of zeolite nucleophilicity should exist.
According to the proposed mechanism, nucleophilic addition proceeds via attack of the
framework oxygen within [Si-O-Al] bridges. Therefore, the nucleophilicity of the
zeolite should be proportional to the magnitude of partial negative charge associated with
these lattice oxygen atoms. Evaluation of the charge density on individual framework
oxygen atoms is certainly not a trivial problem. For instance, not only will the charge
density at oxygen atoms of [Si-O-Si] bridges be different from [Si-O-Al] bridges, but
due to the heterogeneous nature of the zeolite environment, the charge density is also
expected to vary from one [Si-O-Al] site to another. As a result of such considerations, a
common approach is to assess various physical and chemical properties of zeolites in
terms of average values. This approach is not meant to suggest that such homogeneity
exists, but is used to envision a global environment within a particular zeolite. Thus, the
average charge on the lattice oxygen atoms can provide a picture of the overall
nucleophilicity of a zeolite and can be used to compare various zeolite types.

The simplest method for determining the average charge on the oxygen atoms
within a zeolite lattice employs Sanderson concepts of electronegativity.327-330
According to Sanderson’s theory of electronegativity equalization, when atoms combine
to form a molecule, the individual electronegativities become equal to the geometric
mean of the electronegativities of the atomic constituents. Based on this principle, it is
possible to determine the equalized electronegativity of a molecule and the partial charge
on any atom within the molecule from the electronegativities of the atomic constituents
and the molecular formula. As shown in eq. 3-30, the intermediate electronegativity of
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any zeolite, S,.,jie- Can be determined from the unit cell formula where M represents a
metal cation and the values of S are the Sanderson electronegativities of the individual

atoms given in Table 3-16.

For MyNa (x-y)Alei(l92-x)O384 (x 2 Y):
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Table 3-16. Sanderson electronegativities of atomic constituents of alkali metal cation

zeolites.
Atom Sanderson Electronegativity =~ Atom Sanderson Electronegativity

Li 0.670 Si 2.138
Na 0.560 Al 1.714
K 0.445 O 3.654
Rb 0.312
Cs 0.220

From the intermediate electronegativity of the zeolite and the electronegativities
of the constituent elements, the partial charge, § on any framework atom can be
evaluated. The partial charge on an atom within a molecule is defined as the ratio of the
change in electronegativity induced upon compound formation to the change in
electronegativity induced upon acquiring a full unit charge. For instance, the partial
charge on the oxygen atoms within a zeolite framework can be represented by eq. 3-31,

where ASg;onic i the change in electronegativity associated with an oxygen atom

acquiring a full negative charge.

8O = (Szeolite = SO)/(ASOionli/cz
= (S,eolite — So)/(1.57Sg ) 3-31

Table 3-17 presents the unit cell composition of each zeolite used in this study of
carbocation reactivity, along with the calculated equalized electronegativity and partial
charge on the framework oxygen atoms. A plot of the lifetime of the 4-methoxycumyl
cation as a function of the charge on the framework oxygen is shown in Figure 3-45. For
all the zeolites examined in the present work a clear trend emerges where the lifetime of
the encapsulated carbocation increases as the charge on the framework oxygen atom
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decreases, which is consistent with the notion of a decrease in the overall nucleophilicity
of the zeolite.

Table 3-17. Unit cell composition, equalized electronegativity and partial charge on the
framework oxygen atoms for zeolites examined.

Zeolite Unit Cell Composition Seolite dg
Zeolite Y  LisgNa3gAlsgSi 360384 2.60 -0.350
NasgAls56Si1360384 2.58 -0.358
Ks4Na,AlsgSi 360384 2.53 -0.375
Rb,sNaz; AlsgSi 360384 2.52 -0.378
CsogNazgAlseSi 360354 2.48 -0.391
Zeolite X NaggAlgsSi 060384 2.38 -0.413
Mordenite  NagAlgSi;,Og6 2.82 -0.278
B Na,Al,SigoO g 2.93 -0.240

log lifetime
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Figure 3-45. Relationship between the lifetime of the 4-methoxycumyl cation in alkali
metal cation zeolites and the charge on the zeolite framework oxygen as calculated from

Sanderson electronegativity principles.

Interestingly, an analogous trend was recently observed in an NMR study which
correlated the isotropic 13C chemical shifts of framework-bound methoxy groups to the
partial charges on the framework oxygen atoms determined by Sanderson
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electronegativity principles.321.322 The observed chemical shift trend was explained in
terms of zeolite nucleophilicity and the formation of the framework-bound methoxy
groups was attributed to direct nucleophilic attack on the electrophilic guest molecules.
In addition, the NMR data also suggested the existence of two distinct framework oxygen
atoms, each associated with a unique nucleophilicity. It was proposed that of the four
crystallographically non-equivalent oxygen atoms present within the faujasite framework,
only the two situated in the a-cage (supercage) would be accessible to guest molecules
and thus have an influence on the observed alkoxy formation. While this is likely an
oversimplification of the true heterogeneous nature of the zeolite environment and
framework nucleophilicity, the current observations of a narrow range of carbocation
lifetimes distributed about one or two central values suggests that at least the primary
sites involved in forming framework-bound alkoxy species exhibit relatively small
variations in nucleophilicity.

Other reactive cumyl cations examined in this study, the 4-methylcumyl, 4-
fluorocumyl, cumyl and 3-methoxycumyl cations, exhibit similar intrazeolite reactivity
trends as a function of zeolite nucleophilicity. As a result, these cumyl cations are also
predicted to decay via nucleophilic addition of [Si-O-Al] sites within the zeolite to
generate framework bound alkoxy intermediates. Within the alkali metal cation series,
the 4-fluorocumy! cation is detected only in LiY. From detailed studies of the 4-
methoxycumyl cation, LiY is predicted to be the least nucleophilic alkali metal cation Y
zeolite. In fact, based on the current assessment of zeolite nucleophilicity and the short
lifetime of the 4-fluorocumyl cation in LiY, expecting to observe this carbocation in the
other Y zeolites would be unreasonable. The more reactive carbocations, the
unsubstituted cumyl cation and the 3-methoxycumyl cation are not observed in any alkali
cation Y zeolites. In order to examine these carbocations within zeolites it is necessary to
employ the least nucleophilic zeolite in the series, Naf3. Consistent with the significant
reduction in nucleophilicity of this zeolite, direct observation of each cumyl cation as a
reactive intermediate in Naf is possible.

The slightly less reactive 4-methylcumyl cation is observed in LiY, NaY and KY.
In these zeolites the lifetime of the 4-methylcumyl cation becomes progressively shorter
as the counterion size is increased, consistent with the proposed decay via framework
addition and the relative nucleophilicity of these zeolites. Since the 4-methylcumyl
cation is observed in three alkali metal cation zeolites, LiY, NaY and KY, it should be
possible to correlate the carbocation lifetime with the partial charge on the framework
oxygen atoms in these zeolites. As discussed, the existence of such a correlation is
consistent with carbocation decay proceeding through nucleophilic addition of the zeolite
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framework. Figure 3-46 presents the variation in lifetime of the 4-methylcumy! cation
with partial charge on the framework oxygen. As observed for the 4-methoxycumyl
cation, a reasonable linear correlation is obtained. Interestingly, the slope of the two
Sanderson plots are significantly different. Although the exact value of the slope has no
obvious physical meaning, the fact that it is significantly steeper for the 4-methoxycumyl
cation than the 4-methylcumyl cation suggests that the overall zeolite nucleophilicity has
less influence on the lifetime of the 4-methylcumyl cation than the 4-methoxycumyl
cation. Such a suggestion is consistent with the qualitative principles described by the
Hammond postulate. Thus, the inherently more reactive intermediate, the 4-methylcumyl
cation, is expected to be a less discriminating reactant and exhibit smaller variations in
reactivity towards nucleophilic addition as a function of the relative nucleophilic strength.

Naf
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Figure 3-46. Relationship between the lifetime of the 4-methylcumyl cation in alkali
metal cation zeolites and the charge on the zeolite framework oxygen as calculated from

Sanderson electronegativity principles.

Since the Sanderson plot represents the variation in lifetime of the 4-methylcumyl
cation with charge on the framework oxygen, the lifetimes of this carbocation in zeolites
where it is not detected can be estimated. Using the measured lifetimes of the 4-
methylcumyl cation in LiY, NaY and KY, and the slope of the Sanderson correlation, the
lifetime of the 4-methylcumyl cation can be estimated to be 180 ns and 120 ns in RbY
and CsY, respectively. These lifetimes correspond to rate constants of 5.5 x 10% s and
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8.3 x 10° s\, Although rapid, these rate constants are sufficiently small so that the
carbocation should be observable with the nanosecond diffuse reflectance apparatus.
These results suggest that the failure to detect the 4-methylcumyl cation in RbY and CsY
may be due, in part, to inefficient generation of this carbocation in RbY and CsY. A
decrease in photoionization efficiency of DMeB in RbY and CsY is consistent with the
decrease in Lewis acidity of alkali metal cation zeolites with increasing counterion
size.30.88.89 Most likely, then, the low yield of 4-methylcumyl cation in combination with
the short lifetime of this carbocation renders its detection in RbY and CsY difficult.

The concept of Sanderson electronegativity provides a tool to quantitatively
compare a large number of properties relevant to zeolite heterogeneous catalysis. It
facilitates an evaluation of the total effect induced by modification of a number of
inseparable variables such as the nature and number of counterbalancing cations, and the
amount of framework aluminum. As such, limited input, namely chemical composition,
is required to describe, rationalize and predict general properties and structure-property
relationships. While it is certainly an oversimplification which masks the heterogeneous
nature of the zeolite environment, it has proved successful in rationalizing a number of
physicochemical characteristics,*-33! including Brgnsted acidity and catalytic
efficiency,332 Lewis and Brgnsted basicity88.90.91.325 and redox properties.89 For the
purpose of the current work Sanderson electronegativity concepts simply provide an
additional, more quantitative rationale for the observed variation in zeolite
nucleophilicity as a function of counterion and Si/Al ratio. This rationale is consistent
with the proposed mechanism of carbocation decay involving nucleophilic addition and
predicts the trends observed in carbocation lifetime based on zeolite nucleophilicity.

The absolute nucleophilicity of zeolite active sites is likely not the only factor that
defines the intrazeolite lifetime of reactive carbocations. The number of potentially
nucleophilic sites available for interaction with the carbocation is also expected to be
relevant to the observed reactivity. The number of such sites can be varied by changing
the Si/Al ratio. Thus, the increased reactivity of the carbocation in NaX as compared to
NaY may also be due to the increased number of nucleophilic [Si-O-Al]" bridges with the
supercage. Similarly, the decreased reactivity of the carbocation in zeolites NaMor and
NaB may be partially attributed to the reduced number of nucleophilic sites accessible to
the carbocation in these zeolites. In this regard, the application of Sanderson
electronegativity principles are useful as the average framework charges reflect the
relative concentration of [Si-O-Si] sites and [Si-O-Al] sites in the overall zeolite

nucleophilicity.
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Although zeolite nucleophilicity is certainly pivotal to carbocation reactivity,
other factors may play a role in defining the intrazeolite lifetime of encapsulated
carbocation intermediates. Of particular relevance in this regard is the ability of zeolites
to stabilize positively-charged species. Numerous studies have demonstrated the utility
of zeolites as hosts for generating radical cations37.58.62.64-66,69.71-73.75.333-335 and
carbocations62.63.65.66.101.106.110.176 and harnessing the chemistry of these intermediates.
In many cases, particularly those involving acidic zeolites, the zeolite host is considered
to be a largely non-nucleophilic counterion which can support positively charged species
as long-lived entities. The results of the current study clearly show that the framework is
much more than a counterion and is in fact an active reagent in the chemistry, in this case
participating as a nucleophile. This does not preclude the notion that the unique features
of the zeolite environment impart stability to such intermediates. For instance, the mere
fact that these reactive carbocations can be generated and observed in the us time regime
indicates that non-acidic zeolites provide an environment that is relatively hospitable to
carbocation intermediates.

The electrostatic fields associated with the metal cations within the zeolite
cavities are typically assumed to play a significant role in stabilizing charged organic
compounds such as carbocations. As shown in Table 1-2, the electrostatic fields within
zeolite cavities are strongly dependent on the nature and number of these cations. In
alkali metal cation Y zeolites, the electrostatic field in the zeolite cage decreases with
increasing alkali metal cation size.30 As a result, the observed decrease in carbocation
lifetime with counterion size parallels the decreases in electrostatic stabilization imparted
by the zeolite framework and may, in part, reflect a decreased inherent ability of alkali
metal cation zeolites to stabilize positively charged intermediates. Notably, however,
correlation of carbocation lifetime to electrostatic stabilization alone does not explain the
observed lifetime trends. Based solely on electrostatic considerations, the ability of
zeolites to stabilize positively charged intermediates should decrease as Si/Al ratio
increases. This is contrary to the observed lifetime trends where the carbocation becomes
progressively longer-lived as the Si/Al ratio increases. Thus, although the electrostatic
stabilization imparted to zeolite encapsulated carbocation intermediates is certainly an
important feature in these host-guest systems, the zeolite nucleophilicity must be a
dynamic factor governing carbocation reactivity. These concepts are reminiscent of the
previous discussion of intrazeolite carbocation chemistry involving a continuum of
intermediates and the interconversion of these intermediates. Within this theme, the
zeolite host has a continuum of roles, from interacting with a carbocation in a fully ionic
sense, providing stabilization by intermolecular interactions and electrostatic fields, to a
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fully covalent sense, providing stabilization through binding to electron rich framework

sites.

3.2.2.4 Substituent Effects on the Reactivity of Cumyl Cations in Alkali Metal Cation

Zeolites

The vast majority of the experimental studies concerning reactive cumyl cations
in alkali metal cation zeolites have focused on the 4-methoxycumyl cation. While the
specific information derived from studies of this carbocation generates a general picture
of intrazeolite reaction dynamics of these intermediates, much can also be learmed from
studies of other cumyl cations. In particular, the role of substituents in intrazeolite
reactivity and the magnitude of substituent effects in different zeolite environments
relative to homogeneous solution is not known. In the case of cumyl cations in alkali
metal cation zeolites, such studies are hampered by the inherently short lifetimes of
derivatives less stable than the 4-methoxycumyl! cation and perhaps, in some cases, by
less efficient photogeneration from the corresponding bicumene precursors. As a result,
an examination of cumyl cations more reactive than the 4-methoxycumyl cation is only
possible in zeolite environments with relatively low nucleophilicity. For instance, the 4-
methylcumyl cation can be observed directly in LiY, NaY, and KY, but is not detected in
larger alkali metal cation Y zeolites. This is due, at least in part, to the enhanced
nucleophilicity of these zeolites towards carbocation addition. Consistent with this
interpretation is the fact that the lifetime of the 4-methylcumyl cation decreases as the
counterion is varied from Li* to K. Cumyl cations more reactive than the 4-methyl
derivative are only detected in the least nucleophilic zeolites, LiY and NaB. The decay
rate constants of the three most stabilized cumy! cations, the 4-methoxy-, 4-methyl- and
4-fluorocumy! cations can be measured in LiY. These carbocations are also observed in
Nap along with the parent cumyl cation and the 3-methoxycumyl cation. As a result, the
influence of substituent on the reactivity of carbocations in these two zeolites can be
evaluated.

The influence of substituents on reactions involving carbocation intermediates is
often assessed using linear free energy relationships based on the o scale. This scale is
derived from the Sy1-solvolysis of cumyl chloride,336 a reaction in which an initially
neutral substrate proceeds through a partial positive transition state to generate a
carbocation which then reacts to give the solvent-substituted adducts. Richard ez al. and
McClelland ez al. have suggested225:230 that 6" is not the most appropriate parameter for
describing reactions initiated by carbocations, particularly since it does not account for



127

the powerful stabilizing ability of strong 1t-donating groups on a fully formed carbocation
intermediate. Consistent with this suggestion is the observation that strongly electron-
donating substituents such as the 4-methoxy or 4-dimethylamino, often fall below the
correlation line predicted by the 6" scale. As a result an alternative parameter, °", is
often applied to reactions of carbocations. The ¢°* scale337 is derived from the Bc NMR
chemical shifts of substituted cumyl cations in strongly acidic solutions and therefore
more accurately reflects the strong interactions between powerful electron donating

groups and a fully formed carbocation intermediate.
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Figure 3-47. Relationship between the observed rate constant for decay of substituted
cumyl cations in LiY (closed circles), Naf} (open circles) and HFIP (closed squares) and

the substituent constant ¢° .

As shown in Figure 3-47, the rate constants for decay of substituted cumyl cations
in both LiY and Naf correlate reasonably well with the i parameter. Also included in
Figure 3-47 is the correlation between " and the decay rate constants of the cumyl
cations measured in HFIP. The slope obtained from each linear free energy relationship,
T, represents the sensitivity of carbocation decay in LiY, Naf3 and HFIP to substituent
effects. The p°* values of 1.3, 1.9 and 2.2, respectively, Table 3-18, suggest that the
substituents have the greatest influence on carbocation decay in HFIP and the least
influence on carbocation decay in LiY. This is in accord with the reactivity-selectivity
principle, which simply states that if a reagent is more reactive, it will be less selective as
it reacts, and vice versa. The reactions currently being considered involve the
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transformation of a fully formed carbocation into a carbocation-nucleophile adduct, via
nucleophile addition. In HFIP, this involves addition of the relatively non-nucleophilic
HFIP solvent to the carbocation center generating the nucleophile adduct. In alkali metal
cation zeolites, such as LiY, an analogous addition reaction occurs where zeolite
framework sites act as the nucleophile and the nucleophile adduct is a framework-bound
alkoxy intermediate. The observed substituent effects on cumyl cation reactivity confirm
that LiY is a more reactive nucleophile towards carbocation addition than in HFIP. Thus,
since HFIP is the least reactive towards carbocation attack, that is, the least nucleophilic,
the variation of the cumyl substituents has a greater effect on the rate constants for decay
of the carbocation. In contrast, LiY is the most reactive towards carbocation attack, the
most nucleophilic, and as a result the p* value is the smallest. The substituent effects are
intermediate in Naf}, indicating that the nucleophilicity of this zeolite is less that LiY, but
somewhat greater the HFIP.

The linear free energy relationships can also be used to predict the reactivity of
other cumyl cations in these zeolite environments. For instance, using the 6°* correlation
observed in LiY, the decay rate constants of the cumyl cation and the 3-methoxycumyl
cation in this zeolite are estimated to be 1.8 x 10’ s™' and 2.3 x 10" 57!, respectively.
These values are smaller than the detection limit of our nanosecond laser photolysis
system to probe intermediates in the solid-state. Based on these extrapolations, the
inability to observe these carbocations within alkali metal cation Y zeolites is likely a
combination of the large decay rate constants and a relatively low yield from the less
easily photoionized bicumene precursor. For instance, the decay rate of 1.8 x 10’ 5!
estimated for the cumyl cation in LiY corresponds to a lifetime of 56 ns. This means that
68 % of all cumyl cations generated will have disappeared in 56 ns, a time which
represents less than 3 % of the shortest time window generally accessible with the
nanosecond diffuse reflectance detection system. At subsequent observable times the
remaining transient will be difficult to discern due to its rapid decay and low residual

concentration, particularly if the initial yield is small.338
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Table 3-18. Correlation of the substituent parameter, ", with the decay of substituted
cumyl cations in various environments.

Medium pc+

HFTP 2.2+0.1
Naf 1.9+0.1
LiY 1.3+£0.1

3.2.2.5 Bimolecular Addition Reactions of Cumyl Cations in Alkali Metal Cation Zeolites

Studies of carbocation reactivity in dry alkali metal cation zeolites under
conditions where other adsorbates are rigorously exciuded have been used to probe direct
zeolite-carbocation interactions and to establish the mechanisms for transformation of
carbocation intermediates into reaction products. To obtain further insight into the
influence of zeolite encapsulation on the chemistry of carbocations bimolecular reactions
of these intermediates have been investigated. Nucleophilic addition reactions constitute
an important class of reactions for carbocations in homogeneous solution and the
heterogeneous, confined environment of zeolites should provide a versatile medium for
modification of these reaction dynamics.

Intrazeolite Addition of Alcohols to the 4-Methoxycumyl Cation. In NaY, the
4-methoxycumyl cation reacts with coadsorbed methanol via two distinct types of
quenching processes. Dynamic quenching is observed as the rate constant for decay of
the 4-methoxycumyl cation increases linearly with increasing concentration of methanol.
Rapid static quenching (> 10® s'l) is also observed such that the initial yield of
carbocation detected immediately following the ca. 10 ns laser pulse decreases as the
concentration of methanol increases.

The observation of static quenching is significant because it indicates that under
certain conditions rapid addition of methanol to the 4-methoxycumyl cation takes place
within the NaY matrix. A likely scenario where such a rapid reaction may be possible is
presented in Scheme 3-7, path (a). In this scenario, a bicumene precursor is initially
present in the same zeolite cavity as a molecule of methanol. Upon photolysis, a
situation is created where the methanol is encapsulated in the same cavity as the
carbocation when it is formed. Under these conditions, rapid intracavity addition of the
nucleophilic methanol to the electrophilic carbocation center could take place, as
exemplified by the observation of static quenching. Furthermore, the observation of
dynamic quenching in addition to static quenching suggests that other conditions exist
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where the addition of methanol to the 4-methoxycumyl cation is slow. Since the static
quenching suggests rapid intracavity coupling, it is reasonable to assume that the
dynamic process involves slow diffusion of the alcohol into the cavity containing the
carbocation followed by the rapid intracavity addition reaction, Scheme 3-7, path (b). In
combination, then, the observation of both static and dynamic quenching suggests that
nucleophilic addition of methanol to the 4-methoxycumyl cation within NaY is diffusion-

controlled.

Scheme 3-7
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Bimolecular reactions of the 4-methoxycumyl cation with other small alcohols in
NaY provide additional evidence that these intrazeolite reactions are diffusion controlled.
The quenching plot shown in Figure 3-15, and the second-order rate constants for
bimolecular addition presented in Table 3-7, provide clear evidence that the efficiency of
dynamic quenching decreases dramatically with alcohol size. The magnitude of dynamic
quenching is reduced by almost 50 % upon changing the quencher from methanol to
ethanol. An even more drastic reduction in quenching efficiency is observed with
isopropanol, and quenching becomes essentially negligible for the bulky rerz-butanol. On
the other hand, the magnitude of static quenching exhibits little dependence on alcohol
size, Figure 3-16. This is significant as it indicates that the actual nucleophilic addition
step within the cavity remains rapid even as the steric bulk of the alcohol is increased
considerably. Thus the large decrease in dynamic quenching of the 4-methoxycumyl
cation within NaY reflects the increasingly hindered diffusion of the larger alcohols
through the framework to a cavity containing the carbocation. In combination, then, the

variation in dynamic quenching efficiency with increasing alcohol size accompanied by
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the invariant static quenching are completely consistent with the addition reaction being
controlled by intrazeolite diffusion of the alcohol quencher.

The counterbalancing cation is expected to exert significant control over the
mobility of nucleophiles within zeolite materials, particularly for small, polar molecules
such as water and alcohols, where intrazeolite diffusion is often dominated by
electrostatic interactions between the adsorbate and the zeolite counter cation and/or the
anionic framework.?> Therefore, further support for the importance of diffusion in the
intrazeolite addition of small alcohols to the 4-methoxycumyl cation is obtained by
considering these reactions in other alkali metal cation Y zeolites. Static quenching of
the 4-methoxycumyl cation by methanol is observed with similar efficiency in each of the
alkali metal cation Y zeolites, Figure 3-14. This is consistent with rapid intracavity
coupling of the nucleophile and the carbocation when these reactants are tightly confined
and nucleophile diffusion is unnecessary. Conversely, the rate constants for dynamic
quenching increase as the counterion increases in size from Li* to Rb", Figure 3-13,
suggesting that the rate of methanol diffusion also increases with alkali cation size. This
is not consistent with a simple model for alcohol diffusion within the microporous zeolite
network which assumes that mobility is regulated by steric factors and should therefore
decrease as the counterion size increases. Thus, if the interpretation of a diffusion
controlled reaction is indeed valid, these results suggest that other factors are important in
defining the intrazeolite mobility of alcohols.

Such a suggestion is, in fact, completely consistent with several recent studies.
27.339-342 In particular, these studies suggest that binding of polar adsorbates will be
pivotal to intrazeolite mobility, and reveal that the electrostatic interaction between
hydroxyl-containing molecules and the zeolite cations decrease considerably as
counterion size increases. For example, temperature-programmed desorption studies
have established that water molecules in Li*-containing zeolites require up to 20 kJ/mol
more energy for desorption than water molecules in zeolites containing larger cations
such as Rb".27.340 Consistent with this notion are very recent results341.342 based on
combined theoretical and experimental investigations of the interaction of methanol with
alkali metal cation zeolites. The results of this work demonstrate that adsorption of
methanol within alkali metal cation zeolites is dominated by interactions between the
methanol oxygen atom and the metal cation, while the interaction between the alcohol
hydrogen and the framework oxygen is less significant. As a result, the Lewis acidity of
the zeolite cation determines the adsorption site and energy of methanol adsorption, and
the adsorption energy thus decreases with increasing alkali cation size. Such findings are
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consistent with earlier conclusions that the interactions of methanol in Na+-exchanged
zeolites are predominantly those between methanol and the Na® cations.339-343

In combination, the available information indicates that inhibition of alcohol
migration due to electrostatic interactions will become less significant as the counterion
size is increased. This will lead to an increase in the diffusion of methanol molecules and
correspondingly to the observed increase in the rate of dynamic quenching as the
counterion is varied from Li* to Rb". In the case of CsY, where little dynamic quenching
is observed, unfavorable steric factors must dominate over electrostatic binding
interactions, with the Cs* counterion being sufficiently large to severely inhibit the
approach of methanol into the cavity containing the carbocation. Thus, diffusion of
methanol around the large Cs" is simply too slow to complete with intracavity trapping of
the carbocation by nucleophilic addition of the framework, a reaction which is faster in
CsY than all other alkali metal cation Y zeolites.

Similar arguments can be used to rationalize the lack of both static and dynamic
quenching of the 4-methoxycumyl cation by methanol in NaX. The activation energies
for intrazeolite diffusion will be correlated with the charge, concentration and nature of
these counterions.25 The significantly higher concentration of cations in NaX (~ 86 per
unit cell) compared to NaY (~ 56 per unit cell) will result in a higher activation barrier
for diffusion of more tightly bound polar adsorbates in NaX than in NaY leading to
corresponding smaller diffusivities in NaX. Consistent with this notion are recent results
which show that methanol adsorption in alkali metal cation zeolites is dominated by the
strong interaction with the Na' cations, and that methanol is more tightly bound in X type
zeolites as compared to Y type zeolites.136.339.341.342 Fyrthermore, the inherent reactivity
of the 4-methoxycumyl cation is higher in NaX due to rapid reaction with the more
nucleophilic NaX framework. Thus, as described for CsY, the hindered mobility of
methanol in NaX will render nucleophilic addition by methanol unable to compete with
the framework addition.

Rather than steric factors as proposed for CsY, inhibited methanol mobility in
NaX is largely attributed to the tight binding of methanol within the zeolite framework.
Studies of methanol adsorption verify that the interactions of methanol within NaX are
considerably different than within NaY.341.342 Methanol adsorbed in NaX is essentially
locked within the zeolite micropore due not only to enhanced interactions of the methanol
oxygen atom with the increased concentration of Na* cations, but also to hydrogen
bonding between the methanol hydroxy group and the zeolite lattice oxygen, as well as
hydrogen bonding between methanol molecules adsorbed on neighbouring cations within
a supercage. Adsorbed methanol in NaX is therefore characterized by strong zeolite-
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sorbate and sorbate-sorbate interactions which severely restrict freedom of motion. This
picture of methanol in NaX explains why methanol is also an ineffective nucleophile
towards static quenching. In addition to restricted intercavity mobility, the tight binding
of methanol in the cavities of NaX must also render intracavity mobility very minimal.
Furthermore, the extensive network of binding to the methanol oxygen by the metal
cation and by hydroxyl hydrogens of other methanol molecules will also significantly
reduce the nucleophilicity of the methanol oxygen. Thus, the combination of reduced
intracavity motion and reduced nucleophilicity will decrease the reactivity of methanol
towards carbocation addition in NaX even when the two are encapsulated within the
same cavity.

Since the nucleophilic addition reactions are diffusion-controlled within alkali
metal cation Y zeolites, the rate constants for dynamic quenching can be related to the
diffusion coefficients of the alcohols. This is done using the modified version of the

Smoluchowski equation, 168 eq. 3-32,
2
kq = PR, DgN,,/1000R 3-32

where kq is the measured second-order rate constant for alcohol addmon p=1,R.=35
X 10 cm, Ry is the radius of the quencher (estimated at 1.1 x 10® cm for methanol, 1.4 x
10 cm for ethanol, 2.0 x 10° cm for isopropanol, 2.4 x 108 cm for butanol, 2.8 x 108

cm for isobutanol, and 1.5 x 10 cm for TFE), Dq is the diffusion coefficient of the
quencher, and N,y is Avagadro’s number. As shown in Table 3-19, the calculated
diffusion coefficients are on the order of 10 cm” s™'. These values are within the range
expected for diffusion coefficients of small adsorbates in NaY!36 and therefore reinforce
the conclusion that the observed dynamic quenching represents a diffusion controlled
process. Furthermore, the diffusion coefficients are observed to decrease with quencher
size as predicted for movement of these alcohols through the confined zeolite network.
The relatively low diffusion coefficient of TFE may be a consequence of additional

binding interactions between the fluoro substitutents and the lattice atoms and interstitial

cations.!16
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Table 3-19. Diffusion coefficients of various alcohols in alkali metal cation Y zeolites
derived from second-order quenching rate constants for alcohol addition to the 4-
methoxycumyl cation.

Zeolite Alcohol D, /10° cm® s

NaY methanol 1.2
ethanol 0.91
isopropanol 0.95
butanol 0.93
isobutanol 0.67
trifluoroethanol 0.45

LiY methanol 0.71

KY methanol 1.7

RbY methanol 2.6

Interesting comparisons can be made nucleophilic addition of alcohols to the 4-
methoxycumyl cation in alkali metal cation zeolites to the same addition reaction in
homogeneous solution. For instance, methanol addition to the 4-methoxycumy!l cation in
TFE is activation controlled, characterized by a bimolecular rate constant of ca. 9 x 10°
M 57! 234 which is well below the diffusion limit. Modification of the dynamics of this
reaction such that it becomes diffusion controlled within zeolites can be linked with two
distinct influences of zeolite encapsulation. First, the zeolite enhances the reactivity of
the nucleophile towards static quenching. Thus, in NaY, the encounter complex formed
between the nucleophilic alcohol and the carbocation proceeds more rapidly to products
than in solution. Here the role of the zeolite may be largely passive, whereby the
enhanced reactivity can be associated with molecular confinement and favorable entropic
effects. However the zeolite may also be an active participant. For instance, the
electron-rich lattice oxygen atoms could assist nucleophilic attack by deprotonating the
nucleophile during the addition reaction, eq. 3-33,
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or by deprotonating the resultant oxonium ion adduct leading to product, eq. 3-34.
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Second, the zeolite attenuates the reactivity of the nucleophile towards dynamic
quenching. Thus, despite the rapid intracavity reaction of the alcohol and the
carbocation, the second-order rate constants for nucleophilic addition are quite small.
This effect is certainly associated with the structure and composition of the zeolite
interior which inhibits quencher mobility through strong electrostatic binding and
hindered diffusion within the restricted topology of channels and cavities. As such, it
exemplifies the capacity of zeolites to modify bimolecular reactions of incorporated
guests in a passive sense.

Evidence suggesting that alkali metal cation zeolites facilitate rapid intracavity
quenching, as proposed in eqs. 3-33 and 3-34 for example, is also provided by
considering the behaviour of the carbocation in the presence of less nucleophilic
quenchers. For instance, the lifetime of the 4-methoxycumyl cation is approximately an
order of magnitude longer in TFE than in NaY. This reactivity trend suggests that TFE is
less nucleophilic than NaY. Based on relative nucleophilicity alone, then, addition of
TFE to the carbocation within NaY is not expected to be very competitive with
framework addition, and intrazeolite quenching by TFE would not be predicted.
However, both static and dynamic quenching of the 4-methoxycumyl cation by
coadsorbed TFE is observed in NaY. These observations suggest that the reactivity of
TFE in addition reactions with the 4-methoxycumyl cation is enhanced through zeolite
encapsulation.

Methanol quenching experiments in other zeolite types provide additional
evidence for a mechanism involving framework-assisted nucleophilic attack of alcohols
on encapsulated carbocations. In contrast to the situation in NaY where both dynamic
and static quenching of the 4-methoxycumyl cation by methanol is observed, only
dynamic quenching is observed in Naf}. One possible explanatio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>