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Photoinduced reactions in zeolites: kinetic motion,
environment, and charge stabilization
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Abstract. Photophysical and photochemical methods are used to examine the interior surfaces of zeolite X
and Y. Thesemethods are also used to examine the effect of co-adsorbed solvent molecules on photo-induced
processes in these zeolites. In particular, the effect of solvent on the diffusive motion in and between the
zeolite cages is illustrated. Finally, the unique charge trapping and charge stabilization of the zeolite is
shown.

1. INTRODUCTION

Microporous zeolites are one of themost importantma-
terials used in industry for catalysis, adsorption, and
ion exchange [1–4]. The use of this type of materials is
expanding, and attempts have been made on many as-
pects of their applications [5–21]. Studies on the trap-
ping of electrons by charge-balancing cation clusters
and by guest species in the zeolite cavities has been
active in recent years due to interest in the confinement
of zeolite cavities, metal-to-insulator transitions [8, 9,
14]. charge transfer and stabilization [5, 18], solar en-
ergy conversion [6], and base-catalyzed reactions [7].

In the field of photochemistry, the previous two
decades have seen extensive use of zeolites, as media
for producingmolecular photochemistry [22] and other
photo-induced molecular processes including phos-
phorescence [23], electron transfer [16, 19, 25], and en-
ergy transfer [27, 28]. The advantage of using zeolites
as a photochemical medium lies in the development
of theories of reactivity leading to more predictable
chemistry and molecular behavior in zeolites, and of-
ten reactions can be carried out with high product
selectivity. This is important for the application of zeo-
lites in fine chemical synthesis, where high-temperature
activation can lead to thermal decomposition of reac-
tants and products. The photochemical approach also
provides a means to examine the kinetics of early
events in the reaction mechanism, by use of pulsed
excitation sources and rapid detection electronics.
Thus, a detailed description of the reaction mechanism
is possible.

A popular tool used in studies of photophysics
and photochemistry in zeolites has been fluorescence
spectroscopy. Here, the approach involves adsorb-
ing a molecular probe to the internal surface of the
zeolite and monitoring its fluorescence emission by
steady-state and time-resolved approaches. From the
characterization of emission spectra and quenching
dynamics, the polarity [29, 30] and heterogeneity [31]
of the zeolite medium has been characterized as well

as molecular processes including dimerization [32–34],
access to probes by molecular oxygen (O2), and the for-
mation of charge-transfer complexes [16, 35].

At this stage it is important to consider the structure
of a zeolite.

2. ZEOLITE STRUCTURE

Figure 1 shows a schematic drawing of the zeolite
framework structures together with the possible cation
sites. The building block of zeolites A, X, and Y is the
sodalite cage, pictured as one of the small cages in Fig-
ure 1. The sodalite cage has a structure of a truncated
octahedral with Si4+ and Al3+ at the tetrahedral sites
and possesses eight hexagonal windows and six square
windows. Zeolite A (Si/Al ratio = 1.0), a synthetic ma-
terial with no natural counterpart [1], is a simple cu-
bic array of sodalite cages connected by the square
double-four-membered rings (D4R) of SiO4−

4 and AlO5−
4 .

There are three different types of cages in zeolite A,
i.e., D4R, sodalite cage, and α-cage. The cation loca-
tions are found to be on the site A in the center of the
six-membered ring of sodalite cage and the site E on
the window of the eight-membered ring. ZK-4 is also
a synthetic zeolite formed in the presence of tetram-
ethylammonium ion and isostructural to zeolite A but
of higher framework Si/Al ratio (Kerr, 1966). Both ze-
olites X and Y, having different framework Si/Al ra-
tios (> 1.5 for zeolite Y and < 1.5 for zeolite X), are
isostructural to the natural mineral, faujasite (Breck,
1974). The structure is essentially a diamond lattice of
sodalite cages connected via the double-six-membered
rings (D6R) of SiO4−

4 and AlO5−
4 . By this connection,

three cages are present: D6R, sodalite cage, and su-
percage. Alkali cations, which compensate the negative
charges of the framework due to isomorphous substi-
tution of Si by Al, are distributed among at least four
kinds of sites: site I in the center of the D6R cage, site
I´ inside the sodalite cage, site II on the wall of su-
percage, and site III above the four-membered ring in
the supercage [36, 37]. The occupation of the cation
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Figure 1. Structures of zeolites Y and A.

sites depends on the nature of the cations and on the
conditions under which the samples are treated. In de-
hydrated zeolites X and Y, each sodalite cage contains
four Na− ions in the type-I´ sites, and each supercage
also contains Na− in the type-II sites. Foreign cations
present in NaY occupy preferentially the cation sites;
for example, Cu2+ and Cd2+ prefer the site I´ [38, 39],
while Tl− prefers the site III [40]. On complete hydra-
tion, water molecules fill the spaces of the cages, gen-
erally on average a total of ∼ 4 water molecules in the
sodalite cage, ∼ 24 in the α-cage of NaA, and 34 ∼ 37 in
the supercage of NaY and NaX [1]. The water molecules
are randomly located in the supercage of NaX and NaY
but structured (pentagonal dodecahedron in theα-cage
of NaA.

For all the chemistry cited above the following
events and situations in zeolites need to be known.

(1) What is it like “inside” a zeolite, i.e., environment.

(2) How do guestmoleculesmove in zeolites, i.e., dif-
fusion and factors controlling diffusion.

(3) What special reactions can you create in zeolites.
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Figure 2. (A) Fluorescence spectra of 2mM pyrene in ze-

olite Y, with and without water. λ excitation = 337nm,

band pass 10nm. Insert top to bottom shows spectra left

to right. (B) Decay of pyrene fluorescences in zeolite Y,

with and without added water and methanol. λ excitation =

337.1nm, 0.4ns pulses. Insert shows decays top to bottom.

(4) Can the microstructure of the zeolite be used to
create nano-clusters?

3. EXPERIMENTAL PROCEDURES

All experimental procedure for zeolite handling and
photochemical and spectroscopic techniques have been
published in the appropriate references given.

3.1. Environment and Cage to Cage Diffusion of
Guest Molecules. Figure 2(A) shows the fluorescence
spectra of pyrene in zeolite Y with and without added
water. It was previously shown [41] that the pyrene flu-
orescence fine structure depends on its environment.
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In dry zeolite KY, the fine structure (III/I ratio) is low,
and is indicative of a very polar environment. Addition
of water increases this ratio to that exhibited in bulk
water. The fluorescence lifetime (Figure 2(B)) shows a
similar effect on addition of water, namely τ increases.
Methanol also alters the pyrene fluorescence, and data
indicative ofmethanol are observed. These experiments
faithfully monitor the environment of pyrene in the mi-
croenvironment of the zeolite. Additional experiments
where fluorescence quenchers are also present mon-
itors the movement of the quenchers in the zeolite.
Movement of many quenchers is slow and it is best to
monitor the triplet state of the arene in order to mea-
sure cage to cage diffusion.

4. CAGE TO CAGE DIFFUSION

Laser flash photolysis of arenes adsorbed in zeolites
give rise, following intersystem crossing, to the triplet
state of the arene. This exhibits long life-times in ze-
olites (>ms). Hence, the slow diffusion of quenchers
and/or arenes in the system can be monitored [42]. Fig-
ure 3(A) shows the decay of triplet pyrene with and
without the quencher ferrocene, and with and without
water. This figure shows a great increase in the rate
with co-adsorbed ferrocene and a marked effect of wa-
ter. Figure 3(B) shows the unusual effect of water on the
rate of quenching of the pyrene triplet by ferrocene. Ad-
dition of up to 4 water molcules markedly enhances the
rate, while further addition of water reduces it to a low
level. Addition of C6H12 has little effect.

The reasons for these events are:

(a) Pyrene adsorbs to site II of the zeolite, at the in-
terface of the sodalite cage with the supercage. A
strong polar interaction is observed (see fluores-
cence section).

(b) Initial addition of water is to the Na+ ions in the
sodalite cage (up to 4 water). This weakens the
arene interaction with the cage, and higher mo-
bility is observed.

(c) Further addition of water is to the supercage,
where motion is blocked.

(d) C6H12 only locates in the supercage where a
small blocking effect is observed.

Table 1 summarizes the data. The use of qua-
ternary ammonium derivatives of quencher or probe
arene, leads to immobiliation of the molecules due to
ionic interaction with the negative centers of the ze-
olite. The table shows that small arenes diffuse more
rapidly in the zeolite, due to hindrance in the necks
connecting the supercages. Water has a marked effect
on all systems.

The diffusion constants of the various species
may be calculated using the Smouluchowski equation.
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Figure 3. (A) Decay of pyrene (2mM) triplet in zeolite Y

without and without 1mM ferrocene, and with and with-

out water. λ excitation = 337.1nm, 04ns pulses. Insert

shows decays bottom to top. (B) Effect of H2O and cyclo-

hexane on the decay rate of pyrene triplet in the above sys-

tem, pyrene 2mM. Also pyrene butyl trimethyl ammomium

choride (PBN),

Table 1. Rate of triplet quenching by Fc or FcMN in Zeolite

KY and its dependence on added H2O.

reaction
quenching rate (s−1M−1)a

dehydrated 4 H2O/sc 13 H2O/sc
3Py∗ +Fc 6×105(1.3) 1.4×107(1.6) 1.5×106(5.5)
3Py∗ +FcMN 102(8000) 2.2×105(105) 6.2×104(134)
3Ph∗ +FcMN 1× 105(8) 6.1× 106(3.8) 2.0×106(4.2)
3Np∗+FcMN 8× 105(1) 2.3× 107(1) 8.3× 106(1)
a Numbers in parentheses refer to the quenching rate of
the reaction 3Np∗ + FcMN divided by the quenching rate
of the given reaction.

Hence, a k of 102 M−1 s−1 leads to a cage to cage move-
ment torr of ∼ 0.1sec, while a k of 107 gives a torr of
10−6 sec.

These are relatively long time scales, and it is perti-
nent to inquire regarding dynamic motion in the actual
supercages themselves.
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5. DYNAMICS IN SUPERCAGES

A view of the dynamics of guest molecules in the su-
percages can be obtained by studying the isomeriza-
tion of trans-stilbene. The fluorescence lifetime of this
molecules is short, ∼ 70ps in common solvents, but
increases in viscous media. Two main processes oc-
cur, the excited state fluoreses in competition with the
isomerization. Typical data as shown in Figure 4 for
the fluorescence decay of trans-stilbene in various sol-
vents. The response of the system is of the order of
the fluorescence lifetime (70psec) and a special phase
shift method is used to measure the fluorescence life-
times [43]. Table 2 gave the fluorescence lifetime of
t-stilbene in various solvents, a comparison with litera-
ture values, and values in zeolites under different con-
ditions.

These data show that a narrow channel zeolite such
as ZSM-5 gives long fluorescence lifetimes (2 > 500ps)
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Figure 4. (A) Decay of trans-stilbene fluorescence in ZSM-5.

λ excitation = 355nm, 20psec pulses. Insert indicates traces

bottom to top. (B) Decay of trans-stilbene fluorescence in

NaY.

as the t-stilbene is restricted in these media. Lowering
the temperature of the zeolite-stilbene system to 77 ◦K
also produces long τ . All these data show restrictedmo-
tion of stilbene in the zeolites and in other zeolites at
77 ◦K. At room temperature, zeolite NaY and KY give τ
which are similar to those seen in low viscosity liquids
such as cyclohexane. This indicates considerable mo-
tion in the sub-nanosecond time regime. Co-absorption
of solvents causes restricted motion, i.e., long τ . Such
data are invaluable in discussing photo-induced reac-
tion in zeolites.

6. PHOTOIONIZATION IN ZEOLITES

Transient absorption methods show that trapped ions,
radical cations, radical anions, and other exotic trapped
species, e.g., Na3+4 etc., and solvated electrons can be
created in zeolites X, Y, and A [18]. The lifetime of the
ions are long, and can be minutes. This is a unique fea-
ture of the zeolite where it stabilizes photo-induced
charged species. It is also pertinent to note that many
of the events are one photon (photon energy ∼ 3.5ev)
and occur at energies well below the gas phase ioniza-
tion threshold. One of the most important and unique
species produced is the electron trapped in alkali metal
cations. These species are most conveniently studied
by pulse radiolysis methods, where the electron is pro-
duced by excitation of the zeolite framework itself.

Table 2. Room-temperature fluorescence lifetimes of

trans-stilbene. Pre-determined literature values are given

in parenthesis.

Medium Fluorescence lifetime (ps)
Hexane 66 (70± 8) [13]
Methylcyclohexane 62
Hexadecane 127(157) [14]
Glycerin 580†
ZSM-5 590†
ZSM-5 (77K) 1.5ns†
NaY (5mM trans-Stilbene)
solvent-free 52
4 H2O/sc 53
13 H2O/sc 22
H2O bath 210, 195†
1cyclohexane/sc 71
2.5 cyclohexane/sc 105
cyclohexane bath 275, 258†
solvent-free (77K) 1.4ns†

NaY (100mM trans-Stilbene)
solvent-free 28
2.5 cyclohexane/sc 54
cyclohexane bath 165

KY (5mM trans-Stilbene)
solvent-free 54
4 H2O/sc 57
13 H2O/sc 30
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The positive hole which is also produced has no spec-
tral absorption in the near U.V.-visible region. Hence,
the trapped electron species are studied to great ad-
vantage.

7. ALKALI METAL ION-ELECTRON SPECIES

Electrons trapped by ion clusters in zeolite cavities nor-
mally have characteristic absorption in the UV-visible
range (400 ∼ 800nm) [18]. The stability of Na3+4 in
Na55Y even at room temperature made it possible to
measure its absorpton spectrum in the early studies.
The transient nature of other ion cluster trapped elec-
trons requires measurements taken either at low tem-
perature (as the above ESR spectra show) or at a fast
time scale right after their production but before its
decay. Identification of visible absorption bands and as-
signment to specific ion clusters are facilitated in com-
bination with ESR measurements. Spectroscopic prop-
erties of some commonly observed ion clusters trapped
electrons are given in Table 2. These species have been
reproducibly identified in separate experiments where
they are produced by different excitation schemes.

ESR data suggests that the ion cluster trapped elec-
tron in Na80X is attributed to Na3−4 . Diffuse reflectance
measurements at 77K found a broad absorption band
centered at 550nm which is shown in Figure 5(A) to-
gether with its characteristic 13-line ESR spectrum. The
same absorption spectrum was also observed in the
time resolved mode when a Na80X sample is excited by
the nanosecond electron beam.

Thermal annealing induced transformation of
trapped electron spcies in Na12A as revealed in the
above ESR studies is also reflected from the change
in the absorption spectra. A broad near IR absorption
peaked around 750nm in a NaA sample irradiated and
measured at 77K was attributed to Na+2 . After anneal-
ing at 196K, the near IR spectrum is replaced by a new
spectrum with its maximum at 640nm. Corresponding
change in the ESR spectra were also recorded under
the same condition, which clearly shows that a new
band centered at 640nm is due to Na2+3 and that the
transformation from Na+2 to Na2+3 leads to the spectral
shift. Both absorption spectra and corresponding ESR
spectra are presented in Figure 5(B) at the two different
temperatures.

8. SOLVENT TRAPPED ELECTRONS IN ZEOLITES

Water adsorbed into zeolites interacts strongly with
both framework and alkali cations and significantly
modifies the system. On the one hand, the solvation and
redistribution of the charge balancing cations results
in destruction of those ion cluster trapping sites iden-
tified in dehydrated zeolites. On the other hand, water
confined by the rigid framework gives rise to chemistry
similar to that observed in aqueous solutions but in a
nanometer dimension.
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Figure 5. (A) Absorption spectrum of Na3+4 and in NaY. In-

sert EPR spectrum of Na3+4 . The curves from top to bottom

and, 77K; room temperature; excess cyclohexane; IRF. (B)

Absorption spectrum of Na2+3 and Na+2 in sodalite. Inserts

show EPR spectra of these species.

The formation of hydrated electrons (denoted as e−S
to distinguish it from e−aq in bulk water) in the zeolites
X and Y has been identified by their absorption spec-
tra, their short lifetimes distinct from the long lived
cation cluster trapped electrons, and their characteris-
tic reactions with electron quenchers such as O2, N2O,
and MV2+ [18]. The results given below provide more
detailed information about the nature of electron sol-
vation in zeolite confined water clusters.

Figure 6 shows the transient absorption spectra of
hydrated zeolites Y(2.5) and X(1.4) recorded at ∼ 20ns
after the electron pulse. For each of the zeolite sam-
ples, a series of spectra are measured upon removal
of water by vacuum pumping. The spectral scan starts
with zeolite samples equilibrated under 12mbar water
vapor where the supercage is completely filled with wa-
ter. For convenience, the number of water molecules in
a pseudo unit cell (a sodalite cage plus a supercage)
will be used to denote the water content in a zeolite
sample, which is 38 for zeolite Y, and 41 for zeolite X,
as illustrated in the figure. The spectra of 38 H2O hy-
drated NaY and 41 H2O hydrated NaX (i.e., at the high-
est water content) exhibit nearly the same absorption



32 J. K. Thomas Vol. 4

1.0 1.5 2.0 2.5 3.0
0

0.1

0.2

0.3

0.4
(a) 38 NaY

35

31

29

25

Photon Energy (eV)

O
.D

.

spectral red shift with water content

e− + (H2O)n −→ (H2O)−n

Electron Captured by Water clusters: (H2O)−n

Figure 6. Absorption spectra of hydrated electrons e−eq in
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peak around 2.0 eV with a full width of ∼ 0.8eV at
half maximum. On successive removal of water from
the zeolites, a gradual spectral shift toward the longer
wavelengths (i.e., lower transition energies) is observed,
which is accompanied by a reduction in the intensity
of the absorption bands. The half band widths at the
high energy wing are around 0.5 eV and correspond
for all the spectra in zeolites X and Y. No spectral
broadening is observed, indicating that the water clus-
ters have a uniform size in zeolites at different water
contents.

The spectral red shift with the decreasing water con-
tent in zeolites exhibits some similarity with the water
cluster anions in the gas phase.

Comparison of what is observed in hydrated zeo-
lites with the gas phase results, shows that the water
exists in the form of clusters in the cage structures of
zeolites. The red shift of the transient absorption spec-
tra of the water cluster trapped electrons in the zeolite
supercage is a consequence of the decrease in cluster
size upon dehydration. This exactly parallels that ob-
served for (H2O)−n in the gas phase. The similarity in
the spectral shape and the oscillator strength among
water cluster trapped electrons in zeolites, e−aq in the
liquid water, and in (H2O)−n the gas phase is indicative
of the same origin of the involved electronic transition
in the absorption spectra. Similar data have been ob-
served for alcohol clusters in zeolites.

9. CONCLUSION

Zeolites provide unique well organised systems for the
study of catalysed photochemical reactions, and to con-
fined discrete nm dimension solvent pools. The var-
ious effects of zeolites on the photochemistry of ad-
sorbed molecules is interpreted in the light of what is
established for these photo systems in the bulk liquid
phase. Zeolites also create unique alkali-metal cation
clusters which markedly modify the photo-chemistry
of molecules in their vicinity.
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