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Novel approaches towards the generation of excited triplets of organic guest
molecules with zeolites
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Alkali metal cation-exchanged zeolites (M+X or M+Y) can be
used as ‘microreactors’ in which to carry out photochemical
rearrangement reactions of organic guests.

Considering that a number of reactions originate from excited
states that are not efficiently reached by direct excitation, it is
important to establish strategies that generate molecules in their
excited triplet states within zeolites.1 We show below that three
approaches can be used to generate triplets of organic molecules
within zeolites. The ‘heavy and light atom effects’ employ the
cations present within zeolites to perturb the excited state
dynamics of the guest molecules; the sensitization technique
utilizes a second guest molecule (a sensitizer) to turn on triplet
reactivity.

Dibenzobarrelene 1a and benzobarrelene 1b and enones 1c
and 1d were chosen as probe molecules for the present study
because their photochemical behavior is known to be multip-
licity-dependent and relatively simple (Scheme 1).2 As shown
in Fig. 1, molecules such as 1a can easily be accommodated
within the supercages of a zeolite.

To conduct cation-dependent photochemistry, 1a–d were
introduced into the cavities of zeolites M+X by adsorption from

hexane solution and irradiated either as powders or as hexane
slurries. Experiments were also carried out with M+Y zeolites.
The approach involving the use of a triplet sensitizer employed
acetophenone, p-methoxyacetophenone, a-aminoacetophenone
hydrochloride and xanthone as the second component. These
were introduced into zeolite K+Y by adsorption from hexane
solution. The resulting vacuum-dried, sensitizer-containing
zeolite complexes were then transferred to hexane solutions of
1a–d to produce a series of ‘double-loaded’ complexes. The
mole ratio of sensitizer to reactant was maintained at 1 : 1 in
every case, but the amount of material loaded onto the zeolite,
the loading level, was varied from 13 to 85, a loading level of 13
referring to an average of one molecule of sensitizer and one
reactant molecule for every 13 zeolite supercages. The double
loaded zeolite complexes were photolyzed as hexane slurries or
as powders at l > 290 nm (Pyrex), where reactants do not
absorb significantly. Following photolysis, the organic materi-
als were extracted from the zeolites with diethyl ether or
tetrahydrofuran and analyzed by capillary gas chromatography.
Mass balances were excellent ( > 85%), indicating that the
photoproduct ratios were not skewed by selective inclusion of
one of the products. The results for cation dependent chemistry
are summarized in Table 1. Results from sensitization studies
(only a few sensitizers) are compiled in Table 2. Since the
behavior of enones 1c and 1d was identical to that of 1a and 1b
upon sensitization results are not shown.

Scheme 1

Fig. 1 Dibenzobarrelene included within a supercage; drawing generated by
Chem X program

Table 1 Photoproduct distribution from irradiation of compounds 1a and 1b
in M+X and M+Y zeolitesa

Slurryb

% COT % SBV
Medium Compound Conv. (%) 2 3

MeCN 1a 77 23
Acetone 1a 0 100
LiX 1a 4 (23)c 33 [80]d 67 [20]
NaX 1a 6 (20) 38 [72] 62 [28]
KX 1a 17 (30) 53 [57] 47 [43]
RbX 1a 16 (26) 25 [31] 75 [69]
CsX 1a 24 (41) 13 [17] 87 [83]
TlX 1a 98 (88) < 1 [+] > 99 [ > 99]
Hexane 1b 96 4
Sens.e 1b 0 100
NaX 1b 77 95 5
KX 1b 59 92 8
RbX 1b 63 86 14
CaX 1b 84 88 12
TlX 1b 90 8 92

a The product ratios were independent of % conversion within the estimated
error limits of ±2% and represent an average of at least 5 independent runs.
b Slurry irradiations were conducted in hexane for 2 h. Solid state
irradiations were carried out for 20 h. Conversions are comparable, since all
irradiations were conducted under identical conditions. c Numbers in
parentheses are for solid state irradiations. d Numbers in brackets are for
zeolites saturated with water. e Acetophenone sensitization in hexane
solution.
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Of the three techniques, the sensitization method was found
to be general. Triplet–triplet energy transfer occurred in every
case (1a–d) in the doubly loaded K+Y zeolites. In the presence
of an equimolar amount of sensitizer, triplet yields of well over
90% are readily attainable. p-Methoxyacetophenone is the
sensitizer of choice among those tested. Sensitization works
well even when there is only one sensitizer and one acceptor
molecule present in 40 or more zeolite cages.

The heavy atom response of compounds 1a and 1b is stronger
than that observed in the oxadi-p-methane rearrangement of 1c
and 1d. Essentially 100% triplet state behavior is observed with
1a and 1b. The triplet state product observed with 1c and 1d
never exceeded more than 30% even with Tl+ as the cation.3,4

Based on the observations made with the above four systems we
conclude that ‘El Sayed’s rule’ holds good within zeolites as
well: the degree of heavy atom effect on mixing the states of
different multiplicity depends on the electronic configuration
(np* and pp*).5

An unusual observation was made with light cations in the
case of 1a. For 1a, the Li+ and Na+ exchanged zeolites lead to
surprisingly large amounts of triplet photoproduct 3a (67 and
62%, respectively), but the reaction is relatively slow. This
‘light atom’ effect disappears, however, when the complexes
are equilibrated with water before use. The exact mechanism by
which Li+ and Na+ bring about triplet chemistry in the case of 1a
is not clear. We speculate that by binding strongly to the guest
molecule, the light atoms perturb its symmetry characteristics
and thus influence the intersystem crossing rates relative to an
unperturbed molecule. Consistent with this suggestion, the
effect falls off with N+ (62%) and K+ (47%), which are expected
to bind less strongly. Further where solvation of the cations by
water disrupts their strong binding to dibenzobarrelene, the
‘light atom’ effect of Li+ is completely eliminated (20% triplet),
and there is a normal progressive increase in perturbing power
for the others (Na+, 28%; K+, 43%; Rb+, 69%; Cs+, 83%; Tl+,
> 99%); the classical heavy atom effect becomes increasingly
important as the atomic number of the perturbing ion increases.

Interactions between light cations and included guest mole-
cules such as benzene and anthracene adsorbed on zeolites were
noted as early as 1963.6 The perturbations of electronic states as
well as the modifications of the vibrational modes are explained
by a lowering of the symmetry of aromatic molecules in the
adsorbed state. Our own observations with pyrene are consistent
with the above suggestions.7 Diffuse reflectance spectra
recorded for pyrene, at a low loading level (Fig. 2), within a
number of cation exchanged X and Y zeolites suggest that the
interaction between the cation and pyrene is strong and that the
strength of interaction depends on the polarizability of the
cation. In Fig. 2, the intensity of the 0–0 transition of the S0 to
S1 band is dependent on the charge density of the cation present
within supercages. Our working model is that the symmetry
reduction of the aromatic molecule occurs due to strong
interaction between the cation and the aromatic along the p face
resulting in slight bending of the aromatic plane. The example
provided here indicates that such symmetry reductions also may
influence the S1 to Tn intersystem crossing process as well.
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Table 2 Photoproduct distribution from irradiation of compounds 1a and 1b
in K+Y zeolite containing various triplet energy sensitizersa

Slurryc Solidc

% % % %
Loading COT SBV COT SBV

Compound (Sensitizer) levelb 2 3 2 3

(4-Methoxyacetophenone)
1a 25 < 1 > 99 < 1 > 99
1a 40 4 96 < 1 > 99
1a 85 13 87 < 1 > 99
(a-Aminoacetophenone HCl)
1a 25 8 92 5 95
1a 40 16 84 10 90
(4-Methoxyacetophenone)
1b 13 10 90 1 99
1b 25 34 66 2 98
1b 40 51 49 20 80
(a-Aminoacetophenone HCld)
1b 13 39 61 18 82
1b 25 54 46 63 37

a The product ratios were independent of % conversion within the estimated
error limits of ±2% and represent an average of at least 5 independent runs.
b Loading level refers to the average number of supercages per guest
molecule. For example, a value of 25 indicates one probe molecule and one
sensitizer molecule per 25 supercages. c Slurry irradiations were conducted
in hexane for 2 h. Solid state irradiations were carried out for 20 h.
Conversions are comparable since all irradiations were conducted under
identical conditions. d In this case, the sensitizer is anchored to the zeolite
via an ionic bond, which allows the photoproducts to be removed selectively
and the complex reused. No decrease in zeolite efficiency was seen after as
many as 6 runs.

Fig. 2 Diffuse reflectance spectra of pyrene within ‘dry’ M+Y zeolites. The
intensity of the S0 to S1 band is dependent on the cation.
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