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Abstract

A new concept of room temperature selective oxidation of ole®ns, alkyl substituted benzenes and alkanes by electron

transfer from the hydrocarbon to the oxygen molecule induced by irradiation with visible light is shown. The hydrocarbon

radical cation±O2 charge-transfer pair is generated inside the cavities of alkali or alkaline-earth ion-exchanged zeolites, in

which the large electrostatic ®eld stabilizes the highly polar charge-transfer states of hydrocarbon±O2 collisional pair and

allows to control the pathways of further transformation. High selectivities to useful products are obtained using this approach.
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1. Introduction and background

Partial oxidation of small alkanes, alkenes, and

aromatics is one of the most important processes in

chemical industry. The products serve as building

blocks for plastics and synthetic ®bers, or as industrial

intermediates in the manufacture of ®ne chemicals.

Oxidation of low alkanes plays a central role in the use

of natural gas and of volatile petroleum fractions as

new feedstocks for industrial chemicals [1±6]. For

these large scale processes, molecular oxygen is the

only economically viable oxidant. Direct oxidations

by O2 are very unselective for most small hydrocar-

bons, however. As a result, existing methods generate

large amounts of unwanted byproducts which require

energy-intensive separation processes. The main rea-

son for the lack of selectivity is the free radical nature

of the gas or liquid phase processes, the high exother-

micity of the reactions, and overoxidation. Unrest-

ricted mobility of the free radical intermediates results

in indiscriminate attack on starting hydrocarbon and

primary oxidation products. Overoxidation is due to

the fact that, under thermal conditions in liquid or gas

phase, oxygen attacks partially oxidized products

more easily than the starting hydrocarbon. The lack

of control gets worse as products accumulate, limiting

conversion to a few percent in most practical pro-

cesses.

Recent efforts towards improvement of the selec-

tivity of hydrocarbon oxidation by O2 encompass a

diverse spectrum of approaches. Low alkane oxida-

tions are mainly based on catalysis over metal and

mixed metal oxides [7±12], with some of these solids
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acting mainly as oxidative dehydrogenation catalysts

[13±16]. Mixed metal oxides play an important role in

oxidation of unsaturated hydrocarbons as well [17].

Some solid oxides have shown to be effective oxida-

tion catalysts under irradiation with UV light [18±24].

Electrochemical methods [25,26] and catalysis by

transition metal complexes [6,27,28] are being

explored. Although selectivities are dramatically

improved over plain autoxidation, all these methods

still generate substantial amounts of carbon oxides or

other carbon fragmentation products, some even at

low hydrocarbon conversion. Several groups have

focused on porphyrin analogs of nature's monooxy-

genase enzymes that are capable of low alkane and

ole®n oxidation by O2 to alcohols or epoxides [3,29].

Many porphyrin systems require sacri®cial reducing

agents [3], but some afford oxidation of even small

hydrocarbons without the need of a stoichiometric

reductant. These include perhalo iron porphyrins [30],

UV light-assisted oxidation of alkanes in the presence

of metalloporphyrins [31] and epoxidation of ole®ns

by Ru porphyrin [32]. A most recent approach is

oxidation in redox molecular sieves (metal alumino-

phosphates or metal silicates) [33±36]. Selectivities

are high, but typically only at a few percent conversion

of the hydrocarbon, a persistent problem in all existing

methods using O2 that is especially severe for low

alkanes and alkenes.

2. Concept

A possible way of activating dioxygen and hydro-

carbon is to induce electron transfer from the hydro-

carbon to the oxygen molecule to form a radical cation

and Oÿ2 (superoxide). Alkane or alkene radical cations

so produced are extremely acidic and, therefore, have

a strong tendency to transfer a proton to Oÿ2 to

yield allyl (alkyl) and HOO radicals. While these

are the same radicals produced in conventional liquid

or gas phase autoxidation, generating them at ambient

temperature in a restricted environment may offer

ways to tightly control their fate and, hence, accom-

plish high selectivity in terms of ®nal oxidation

products.

Charge-transfer from alkane (or alkene, arene) to

oxygen can be induced by absorption of a photon by a

hydrocarbon±O2 collisional complex or, in principle,

spontaneously in a thermal process if molecules were

occluded in a highly ionic environment. Light-induced

formation of hydrocarbon±O2 charge-transfer states

has ®rst been reported in the 1950s by the groups of

Evans and Mulliken [37,38]. Optical absorptions in

the UV region originating from transition to excited

charge-transfer states of alkane, alkene, or arene±O2

collisional pairs were observed in O2-saturated hydro-

carbon liquids and high-pressure O2 gas phase. They

appear typically as long, structureless absorption tails.

Upon irradiation with UV light, photooxidation was

observed and interpreted by a mechanism that features

proton transfer from the hydrocarbon radical cation to

Oÿ2 as the initial step [39±42]. However, these UV

light-driven gas or liquid phase oxidations resulted in a

multitude of products. The challenge of selective

activation via charge-transfer between hydrocarbon

and O2 is to ®nd a much milder way to generate

the radical cation±Oÿ2 pair and some means to control

the chemistry of the subsequently produced radicals

and primary oxidation products.

A solvent-free cation-exchanged zeolite is an envir-

onment for hydrocarbon-oxygen gas phase photo-

chemistry that offers a solution to both challenges.

Zeolites are crystalline alumino-silicates with a net-

work of molecular-size channels or cages [43]. These

present diffusional constraints that may prevent unde-

sired radical coupling reactions that dominate the

chemistry in conventional ¯uid media. In addition,

the poorly shielded extra-framework cations of alkali

or alkaline-earth zeolites create large electrostatic

®elds in their vicinity that would strongly stabilize

the highly polar charge-transfer states of hydrocar-

bon±O2 collisional pairs with their dipole aligned

parallel to the ®eld. Such stabilization of the radical

cation±Oÿ2 states may render them accessible to visi-

ble light at room temperature, or even to thermal

excitation at modestly elevated temperatures. Use of

long-wavelength visible instead of UV photons would

guarantee generation of the primary photoproducts

with the least amount of excess energy, thus minimiz-

ing homolytic bond rupture and random coupling

reactions. Moreover, secondary photolysis leading

to product decomposition and overoxidation would

be prevented. We describe below several examples

which demonstrate this new concept of selective

oxidation of alkenes, alkanes, and alkyl substituted

aromatic hydrocarbons.
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3. Examples

3.1. Olefin oxidations

Visible light-induced oxidations of small ole®ns by

O2 studied thus far are displayed in Fig. 1. Among

these, the reaction of 2,3-dimethyl-2-butene in alkali

or alkaline-earth zeolites occurs at the fastest rate.

Hence, this reaction served as a convenient system for

addressing spectroscopic and mechanistic questions,

which we will discuss in the form of an introductory

example.

We chose zeolite Y (Si:Al�2.4) in its Na� or Ba2�-

exchanged form as a matrix host for most of our work.

The structure of this material is in essence a 3-dimen-

sional network of 13 AÊ spherical cages (called super-

cages) interconnected by windows of 8 AÊ diameter.

Experiments were also conducted in some cases with

K or Ba forms of zeolite L, a 1-dimensional structure

of 7 AÊ diameter channels [43]. These are zeolites

which can readily be prepared free of BroÈnsted or

Lewis acid sites when dehydrated under mild condi-

tions [44]. Loading of a self-supporting pressed pellet

of 1 mm NaY crystallites (1 cm diameter, 50±100 mm

thick) with 0.5 Torr ole®n and 1 atm O2 gas at ambient

temperature resulted in 1±2 hydrocarbons per super-

cage and one O2 every 3±4 supercages on average.

Exposure of the zeolite to visible or near-infrared light

at wavelengths as long as 750 nm induced oxidation of

the ole®n as detected by in situ FT-infrared spectro-

scopy [45±48]. An infrared spectrum of the product

taken upon oxidation of >90% of the loaded 2,3-

dimethyl-2-butene by visible light at ÿ508C is shown

in Fig. 2 (for experiments below room temperature,

the miniature infrared gas cell holding the pellet was

mounted inside a variable-temperature vacuum sys-

tem). The spectrum is that of the corresponding allyl

hydroperoxide (2,3-dimethyl-3-hydroperoxy-1-

butene) plus a small amount of acetone (about 2%),

the established thermal decomposition product of

this alkene hydroperoxide. Rates were

5�10ÿ4 mol cmÿ3 hÿ1 for 1 W of green light which

corresponds to a space-time yield of

0.05 mol cmÿ3 hÿ1 for irradiation of the 1 cm2 pellet

area with 100 W visible light. The same photooxida-

tion was observed in zeolite BaY, KL, or BaL. Product

Fig. 1. Selective alkene photooxidations in cation-exchanged zeolite Y or L.
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and yield were independent of whether the visible

output of a conventional tungsten lamp or the mono-

chromatic emission of a continuous-wave visible laser

was used for photolysis. Use of the laser was espe-

cially convenient for wavelength dependence studies.

Recording of an optical spectrum of the 2,3-

dimethyl-2-butene and O2-loaded NaY pellet reveals

a weak continuous absorption tail in the visible

extending into the red spectral region (Fig. 3) [49].

The spectrum appears only when both ole®n and O2

are present in the zeolite, hence originates from a

hydrocarbon±O2 collisional complex. This absorption

is responsible for the light-induced oxidation of the

ole®n. The highly scattering nature of the pressed

zeolite pellet in the UV±VIS region required measure-

ment of the optical spectrum in the re¯ectance mode

with an integrating sphere. The steep increase of the

absorption towards shorter wavelengths, especially at

�<400 nm is attributed to a longer path of the light due

to increased scattering. While this effect is bene®cial

in terms of photochemical product yields, it obscures

the true shape of the visible ole®n±O2 absorption. We

have very recently succeeded in preparing optically

transparent monolayers of large (40 mm) NaY crystals

on a CaF2 support. The sharply reduced scattering of

these layers allowed us to record the true absorption

pro®le, which features a shallow maximum between

400 and 500 nm [50].

The zeolite (cation) dependence of the absorption

and the relationship between its onset and the ioniza-

tion potential of the hydrocarbon indicate that the

visible absorption is due to a hydrocarbon±O2 contact

charge-transfer transition [49]. On absorption of a

photon by an ole®n±O2 collisional complex, an elec-

tron is transferred from the hydrocarbon to oxygen,

resulting in the formation of alkene radical cation and

Oÿ2 . For 2,3-dimethyl-2-butene±O2 in the liquid

hydrocarbon or gas phase, the charge-transfer absorp-

tion tail starts around 400 nm [51,52]. According to

Fig. 3, this implies a very large red shift of 350 nm for

the ole®n±O2 absorption in NaY, indicating a strong

stabilization of the excited charge-transfer state by the

zeolite cage.

Such a strong stabilization of an alkene�±Oÿ2
charge-transfer pair inside a zeolite cage is expected

to arise from the interaction of its large dipole (about

15 Debye) with the high electrostatic ®eld in the

vicinity of alkali or alkaline-earth cations. In the case

of NaY and BaY, the zeolites most frequently used in

our experiments, there are 3±4 cations located in each

supercage [43]. The wall of the cage carries a formal

negative charge of 7 which resides on the framework

oxygens. The electric shielding of the cations in the

supercage by the framework oxygen is poor, resulting

in high electrostatic ®elds around the cations. There is

extensive experimental evidence for the existence of

such electrostatic ®elds in cation-exchanged zeolites

from infrared [53±56] and ESR spectroscopy [57,58]

of small guest molecules, from electron densities

Fig. 2. Infrared product spectrum on >90% conversion of 2,3-

dimethyl-2-butene and O2 in zeolite NaY under visible light at

ÿ508C. All absorptions originate from 2,3-dimethyl-3-hydro-

peroxy-1-butene except the band at 1708 cmÿ1, which is due to

acetone (2%).

Fig. 3. UV±VIS reflectance spectrum of 2,3-dimethyl-2-butene

and O2 gas-loaded zeolite NaY at room temperature showing the

alkene±O2 charge-transfer absorption tail.
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determined by X-ray measurements [59], and from

heat of adsorption measurements of rare gases [60].

Model and ab initio calculations con®rm these results

[61±63]. We have employed the infrared method for

estimating ®eld strengths in the zeolites used for

hydrocarbon oxidations. Fig. 4 shows the infrared

absorption of the fundamental vibration of N2 gas

occluded in zeolite NaY, BaY, KL and BaL. This

transition is infrared inactive for the free gas, but

gains intensity in the vicinity of a poorly shielded

cation because of the dipole induced by the electro-

static ®eld. Intensities are proportional to the square of

the ®eld strength experienced by the molecule, and

values of 0.3 and 0.9 V AÊ ÿ1 were derived from such

measurements for NaY and BaY, for example [64].

The interaction of the high electrostatic ®eld with the

large dipole generated upon excitation of the

ole®n±O2 pair to the charge-transfer state results in

a stabilization of the excited state by 1.5 eV for

orientation parallel to the ®eld (generally between 1

and 3 eV depending on hydrocarbon and exchanged

cation). The result is a very large red shift of the

absorption from the UV into the visible region.

Hence, it is this electrostatic ®eld effect of the

zeolite cage on the charge-transfer absorption that

allows us to access hydrocarbon oxidation by visible

light. This is an effect of the zeolite medium

with every cage capable of contributing to the photo-

reaction.

The initial step of the proposed mechanism is

proton transfer from the alkene radical cation, formed

by photoexcitation, to Oÿ2 (Fig. 5).

Fig. 4. Infrared absorption of N2 induced by the electrostatic field in the vicinity of cations in zeolites Y and L. (a) Zeolite Y. Large band, BaY;

small band, NaY. The spectra were recorded at 195 K, and the loading level corresponds to 1.3 N2 molecules per supercage. (b) Zeolite L.

Large signal, BaL (80% of K� exchanged by Ba2�); small signal, KL. The spectra were recorded at 123 K, and the N2 concentration was the

same in the two zeolites.
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Radical cations of small ole®ns are spectroscopi-

cally established transients, and some have been pre-

viously observed in zeolites [65]. Proton transfer from

the radical cation to Oÿ2 is expected to be very fast

because of the high acidity of the cations. Ef®cient

proton transfer quenching of the charge-transfer pair is

probably the main reason for the rather high quantum

yields to reaction of the hydrocarbon photooxidations

(typically between 0.1 and 0.3, de®ned as product

growth per absorbed photon) [49] because it furnishes

a path that is competitive with back electron transfer.

The allyl and hydroperoxy radical so produced lie

approximately 40 kcal molÿ1 above ole®n�O2 [66]

and are expected to undergo fast cage recombination

to yield the observed allyl hydroperoxide.

A partial ole®n oxidation of commercial impor-

tance is that of propylene. Selectivity is a particularly

tough challenge for this small alkene. Irradiation of

propylene and O2-loaded zeolite BaY at room tem-

perature with green or blue light induced partial

oxidation of the ole®n [67]. The need for shorter

wavelength photolysis light compared to 2,3-

dimethyl-2-butene oxidation re¯ects the higher ioni-

zation potential of propylene (9.7 versus 8.3 eV).

Readily identi®ed products were acrolein, allyl hydro-

peroxide, and propylene oxide (Fig. 1). The hydro-

peroxide was found to be stable when the zeolite was

kept at low temperature (ÿ1008C). Hence, photolysis

experiments at this temperature allowed us to eluci-

date the origin of aldehyde and epoxide product. Allyl

hydroperoxide was the main product at ÿ1008C, the

remaining 13% were propylene oxide. Warm-up of the

zeolite after photo-accumulation of the hydroperoxide

produced propylene oxide if excess propylene was

kept in the matrix, but only acrolein if the ole®n was

removed prior to warm-up. Therefore, allyl hydroper-

oxide is the primary photoproduct and acrolein origi-

nates from dehydration of the hydroperoxide.

Propylene oxide, on the other hand, is produced by

dark O transfer from allyl hydroperoxide to excess

ole®n (Fig. 1). We found that thermal rearrangement

of the hydroperoxide to acrolein exhibits a steep

temperature dependence while the epoxidation reac-

tion does not. Hence, the aldehyde is the preferred

®nal oxidation product of the visible light-driven

propylene oxidation at elevated zeolite temperature.

For example, when conducting the propylene�O2

photoreaction at 558C, the acrolein to propylene oxide

ratio is 2 to 1. Variation of the propylene loading level

gives an additional handle on the acrolein/propylene

oxide branching.

The most important result of propylene photoox-

idation by visible light in zeolite is the unprecedented

selectivity in terms of the allyl hydroperoxide inter-

mediate (>98% at ambient temperature). The selec-

tivity is undiminished even upon consumption of 20%

of the propylene loaded into the zeolite. On the basis

of spectroscopy of the visible propylene±O2 charge-

transfer absorption and the measured infrared product

growth, a rather high reaction quantum ef®ciency of

20% was estimated. Essentially identical results were

obtained with this reaction in zeolite BaL.

Fig. 5. Proposed mechanism for alkene photooxidation.
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3.2. Alkyl substituted benzenes

Partial oxidation of toluene to benzaldehyde by O2

is a long-standing challenge of commercial impor-

tance [1]. The aldehyde is an industrial intermediate

for the manufacture of agrochemicals, ¯avors, and

fragrances. Yet, there is currently no process that

would oxidize toluene by O2 to benzaldehyde selec-

tively.

Using the photochemical and infrared probing tech-

niques described above for the study of the visible

light-induced alkene oxidations, we found that toluene

reacts with O2 in zeolite BaY or CaY at �<600 nm to

form benzaldehyde (and H2O) without byproduct [68].

When we ran the photoreaction while the zeolite pellet

was held atÿ608C, benzyl hydroperoxide was trapped

[69]. Warm-up of the matrix to room temperature

resulted in spontaneous dehydration to benzaldehyde,

indicating that the hydroperoxide is a reaction inter-

mediate (Fig. 6). Complete selectivity was sustained

even upon conversion of as much as half of the toluene

loaded into the zeolite. An infrared difference spec-

trum recorded after 30% conversion of the loaded

toluene is shown in Fig. 7. In particular, no over-

oxidation to benzoic acid occurred, which is the main

problem in Co(III) catalyzed autoxidation of toluene

currently practiced [1]. Overoxidation of benzalde-

hyde in the case of the visible light-driven reaction in

the zeolite is prevented because the ionization poten-

tial of the aldehyde (9.5 eV) is higher than that of

toluene (8.8 eV). Therefore, the benzaldehyde±O2

charge-transfer absorption does not extend into the

visible region, making it inaccessible to photolysis

light. As a result, no further oxidation to benzoic acid

can occur. In a similar study, partial oxidation of ethyl

benzene to acetophenone was achieved in BaY with

complete selectivity [69].

While the selectivity of these partial oxidations by

O2 is unprecedented, the strong physisorption of the

polar carbonyl products inside the zeolite pores poses

a challenge. Conditions have to be found that would

allow product desorption from the zeolite at accep-

table rates. This may involve a gas ¯ow approach at

moderately elevated zeolite temperature. Zeolites with

Fig. 6. Selective oxidation of alkyl benzenes under visible light in alkaline-earth zeolite Y.

Fig. 7. Infrared difference spectrum upon 30% conversion of

toluene and O2 in zeolite BaY with visible light at ambient

temperature. Benzaldehyde and H2O are the only final oxidation

products.
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lower Al content (hence lower concentration of

exchangeable alkali or alkaline-earth cations) are

expected to desorb polar products more easily. On

the other hand, these cations are needed for generating

the electrostatic ®elds that shift the hydrocarbon±O2

absorption band into the visible. Hence, the task is to

seek an optimum Si/Al ratio that satis®es both the need

for charge-transfer stabilization and fast product

desorption.

3.3. Selective oxidation of alkanes

Visible light-induced oxidation: Comparison of

ionization potentials of alkanes with those of low

alkenes suggests that visible light-induced oxidation

through charge-transfer chemistry ought to be feasible

for alkanes as well. For example, the ionization

potential of cyclohexane (9.8 eV) is practically the

same as that of propylene (9.7 eV). Indeed, re¯ectance

spectroscopy of cyclohexane and O2-loaded zeolite

NaY revealed a continuous absorption tail with an

onset around 500 nm [70]. Green or blue light-induced

partial oxidation of this and other alkanes as small as

ethane were observed in zeolite BaY and CaY. Reac-

tions which were studied in detail are summarized in

Fig. 8 [70±72]. Alkyl hydroperoxides appeared as

primary photoproducts. Quantum ef®ciencies, where

they could be estimated, were found to be rather high,

of the order of 0.1. The dependence of photochemical

yields on alkane ionization potential and zeolite cation

®eld indicates that excitation of the alkane±O2 charge-

transfer state is responsible for these oxidations. Red

shifts of the absorption relative to the gas or liquid

phase are again on the order of 2±3 eV. Particularly

exciting is the ®nding that all these visible light-driven

partial oxidations proceed with complete selectivity

even at high (>50%) conversion of the alkane. Spe-

ci®cally, no carbon oxide byproducts were observed,

not even in the case of propane or ethane. All carbonyl

products are important organic building blocks or

industrial intermediates. The approach opens up the

possibility of using ethane and propane, both consti-

tuents of natural gas, as new feedstocks for acetal-

dehyde and acetone in place of petroleum-derived

ethylene and propylene currently used. In the case

of t-butyl hydroperoxide, an oxidizing reagent, we

Fig. 8. Selective photooxidation of small alkanes by O2 in alkali and alkaline-earth zeolite Y.
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have demonstrated its in situ use in the zeolite for

stereospeci®c dark epoxidation of cis or trans-2-

butene [71].

A representative example of low alkane oxidations

is that of propane [72]. When loading a room tem-

perature pellet of zeolite BaY with 150±300 Torr

propane and 1 atm of O2 gas and exposing it to blue

or green light from either a tungsten lamp or a con-

tinuous-wave laser, infrared product growth signaled

the formation of acetone and H2O as ®nal products. A

set of additional bands was identi®ed as isopropyl

hydroperoxide. The hydroperoxide spectrum

decreased in the dark under concurrent formation of

acetone and H2O, indicating that it is formed as the

primary photoproduct. Experiments with perdeuter-

ated propane con®rmed these conclusions.

The proposed mechanism for propane photooxida-

tion, shown in Fig. 9, is entirely analogous to that for

ole®n oxidation (Fig. 5). Alkane radical cations gen-

erated upon photo-excitation are spectroscopically

observed species that have a very high propensity

for deprotonation to form alkyl radicals [73]. The

alkyl hydroperoxide emerging from alkyl and HOO

radical recombination dehydrates spontaneously in the

ionic zeolite environment via a heterolytic mechanism

[74]. This heterolytic H2O elimination leads to carbo-

nyl product without side reaction, in sharp contrast to

homolytic peroxide bond rupture which is operative in

conventional gas or solution phase autoxidation [1].

The use of low-energy photons and a low temperature

environment precludes homolysis of the peroxide

bond in the zeolite. This is an important point because

the very reactive alkoxy and OH radicals formed upon

alkyl hydroperoxide homolysis degrade product selec-

tivity through indiscriminate attack on starting hydro-

carbon and primary oxidation products even at low

hydrocarbon conversion [1].

Thermal Oxidation: The charge-transfer mechan-

ism of the visible light-induced oxidations in zeolites

suggests that reactions could, in principle, be induced

in the dark if electrostatic ®elds and thermal energies

were suf®ciently high to render the hydrocarbon

radical cation± Oÿ2 state accessible in the absence

of light. We have observed such dark thermal oxida-

tion of 3 low alkanes, namely cyclohexane in NaY

[70], isobutane in BaY at T>308C, propane in BaY at

T>508C, and in CaY even at room temperature [72].

Oxidation products were cyclohexanone, t-butyl

Fig. 9. Proposed mechanism for alkane photooxidation.
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hydroperoxide, and acetone, respectively. As in the

case of the photo-induced oxidation, selectivity was

complete even at high conversion (>30%). Tempera-

tures in our experiments did not exceed 808C for

cyclohexane in NaY, or 1508C in the case of propane

in BaY. For illustration, the acetone growth kinetics

upon thermal oxidation of propane in BaY is shown in

Fig. 10 at three different temperatures. While the

reaction is very slow at 558C, rates increase sharply

at 90 and 1508C. At 1508C, one third of the loaded

propane is converted in 9 h, with acetone as the

exclusive product. Subsequent irradiation with blue

light for another 2 h continued to produce acetone,

reaching 52% conversion of the alkane without side

reaction. The steep slope of the growth curve clearly

shows that there is no sign of leveling off even at this

high conversion.

Several observations support explanation of the

dark oxidation by the charge-transfer path proposed

for the photo-induced reaction (Fig. 9) [72]. One such

observation is that only cyclohexane, but not propane,

is thermally oxidized in zeolite NaY. This is consistent

with the considerably lower ionization potential of

cyclohexane (9.8 eV) compared to propane (11.1 eV).

Another ®nding is that propane reacts faster in CaY

than in BaY, and not at all in NaY, consistent with the

increasing ®elds NaY<BaY<CaY. We also found that

increased concentration of residual H2O gradually

quenches the thermal reaction, which probably re¯ects

shielding of the Coulombic interactions by water

molecules adsorbed on the cations. All these observa-

tions support charge transfer from alkane to O2 as the

initial reaction step. It is possible that, at elevated

temperatures, the familiar chain propagation (alkyl

radical adding to O2 to form peroxy radical, followed

by H abstraction from alkane to yield alkyl hydroper-

oxide plus another alkyl radical) plays a role because

suf®cient energy is available to overcome the activa-

tion energy for H abstraction from the alkane [75].

It is interesting that unsaturated hydrocarbons such

as low ole®ns or toluene do not exhibit thermal

oxidation despite the fact that ionization potentials

and C±H bond energies are appreciably smaller than

for low alkanes. We attribute this to the strong inter-

action of ole®ns and benzenes with exchanged cations

in the supercage. As a result, the hydrocarbons reside

at these cations, especially those which are most

poorly shielded by the framework oxygens [76,77].

Hydrocarbons adsorbed on cations are unable to

undergo charge transfer with O2 since the dipole of

the contact complex is antiparallel to the electrostatic

®eld. The diminished electrostatic ®elds of the ole®n

or benzene-shielded cations experienced by other

collisional pairs may be too weak to promote thermal

charge transfer between these hydrocarbon and O2

molecules. By contrast, trajectories of diffusing alkane

molecules are not following the cation sites [78,79];

hence, the alkane±O2 collisional pairs experience the

full electrostatic ®eld of the unshielded cations.

There are two reports by other research groups on

thermal alkane oxidation by O2 gas in cation

exchanged zeolite Y. Ukharskii et al. noted infrared

product absorptions in the 1700±1800 cmÿ1 region

upon oxidation of cyclohexane in NaYat temperatures

as low as 60±808C, indicating ketone and other pro-

ducts (possibly anhydride) [80]. Jacobs' group con-

ducted very recently a systematic study of

cyclohexane autoxidation in alkali and alkaline-earth

zeolite Y (NaY, BaY, SrY, CaY) at 808C [81].

Increased reactivity was observed in that order, and

in situ monitoring by diffuse re¯ectance FT-IR

revealed cyclohexanone and H2O as initial products.

Continued reaction resulted in growth at 1580 cmÿ1

assigned to a carboxylate product. While we have not

observed any loss of product selectivity at the mod-

erate temperatures used in our work, increase of the

Fig. 10. Thermal propane oxidation by O2. Curve 1 shows the

acetone growth at 558C, curve 2 at 908C. Curve 3 represents

thermal growth at 1508C (filled circles), followed by blue light-

induced oxidation (open circles).
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zeolite temperature or use of cations with larger ®elds

(e.g., Mg2�) to achieve higher reaction rates may lead

to steady-state concentrations of alkyl peroxy radicals

that are suf®ciently high to cause self-coupling of

these intermediates. This might result in loss of pro-

duct selectivity by concurrent formation of alcohols

along with carbonyl products.

4. Possible extensions of the concept

In a broader context, the charge-transfer photo-

chemistry of hydrocarbon±O2 collisional pairs in

alkali or alkaline-earth zeolite cages constitutes an

example of supramolecular photochemistry [82,83].

The crucial functions of the supramolecular host

(zeolite) in this case are (i) strong adsorption of the

reactant gases leading to a high steady-state concen-

tration of hydrocarbon±O2 collisional pairs; (ii) high

electrostatic ®elds exerted on these pairs in the vicinity

of exchangeable cations, which strongly affects the

energy of excited charge-transfer states and thereby

opens up a low-energy oxidation path accessible by

visible photons; (iii) motional constraints imposed on

the proposed primary radical products (alkyl (allyl,

benzyl) radical, HOO radical). This suppresses ran-

dom radical coupling reactions which otherwise

would destroy product selectivity.

With these key factors for selective hydro-

carbon�O2 charge-transfer photochemistry identi®ed,

it is clear that not just cation-exchanged zeolites, but

any solid matrix host with microporous structure and

sites of high electrostatic ®elds may be suitable for

partial hydrocarbon oxidation. This may include

organic polymeric materials with ions or ionic func-

tional groups inside nanometer-size cavities, or non-

zeolite inorganic microporous frameworks featuring

exchangeable cations. The motivation for expanding

the scope of microporous solid hosts is the improve-

ment of desorption rates of the polar oxidation pro-

ducts (carbonyls, H2O), as already alluded to in

Section 3.2. Desorption properties can be in¯uenced

by the chemical make-up of the cage walls. Pore sizes

should, however, remain on the nanometer scale

because diffusional restriction on reaction intermedi-

ates is essential for high product selectivity.

Selection of new microporous materials for visible

light-driven partial oxidations would be greatly aided

by detailed knowledge about elementary reaction

steps and their kinetics. Speci®cally, what is the life-

time of the proposed allyl (alkyl, benzyl) and HOO

radicals? What structural features of the zeolite in¯u-

ence the lifetime and mobility of these intermediates?

While there is a fast growing body of data on the

diffusional properties of closed shell molecules based

on pulsed ®eld gradient NMR measurements [78],

there is a paucity of information on diffusional beha-

vior and lifetimes of radical intermediates in micro-

porous solids. We are currently trying to monitor such

transients on the nanosecond to millisecond time scale

using step-scan and rapid scan FT-infrared spectro-

scopy [84]. There is a need for studies with comple-

mentary techniques, such as time-resolved EPR

spectroscopy to broaden the scope of our understand-

ing of key elementary processes in microporous

solids.

Charge-transfer photochemistry of collisional com-

plexes in zeolites need not be limited to hydrocarbon±

O2 systems. One can envision, for example, similar

light-induced reactions in high electrostatic ®eld

environments involving hydrocarbon±CO2 or hydro-

carbon±N2 contact complexes, reactions of obvious

relevance to the activation of these inert molecules.

5. Conclusions

Chemo and regioselectivity in partial oxidation of

small hydrocarbons by O2 is a formidable challenge.

Charge-transfer photochemistry with visible light in

zeolites described in this paper has several ingredients

that render the process selective. The most important

aspect is the stabilization of the hydrocarbon radical

cation±Oÿ2 charge-transfer pair by electrostatic inter-

action with the zeolite, which lowers substantially the

energy needed to activate dioxygen and hydrocarbon.

A second feature is the low (ambient) temperature at

which the oxidation is conducted, thus avoiding

homolytic OO bond rupture of the primary hydroper-

oxide product. As a result, no highly reactive radicals

are generated that would destroy the selectivity. In the

case of unsaturated hydrocarbons, overoxidation of

primary products is blocked because the ionization

potential of partially oxidized alkenes or alkyl ben-

zenes (and therefore their charge-transfer state with

O2) is higher than that of the starting hydrocarbon.
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Constraints of the zeolite environment on the

mobility of the reaction intermediates contribute, no

doubt, in a signi®cant way to the high selectivity of

these oxidations. Time-resolved spectroscopic studies

are needed to elucidate the precise role of these

constraints.
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