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ABSTRACT: The cages and channels of aluminosilicate zeo-
lites provide a novel environment for molecular and nanopar-
ticle assembly for photochemical reactions. In their dehydrated
forms, zeolites can be active participants in reactions with
photoexcited entrapped molecules as electron donors and
acceptors. The charge-separated species thus formed are
stabilized for hours. With hydrated zeolites, the encapsulation
and the restricted mobility can result in long-lived charge-
separated species. In order to exploit intrazeolitic photoelec-
tron transfer, the role of structural defects, steric effects,
electrostatic polarizing fields, and extraframework cations in
formation and stabilization of charge-separated species needs
to be better elucidated. Such efforts will be facilitated with
better control of synthesis of molecular and nanoparticle
assemblies within the zeolite, rather than the random distribu-
tion mostly practiced to date. Artificial photosynthetic assem-
blies within zeolites aimed toward practical photolytic water
splitting have potential because of varied ways of charge transport, including via the framework or molecules, as well as the synthesis
of zeolite membranes that can propagate light, cations, and electrons over macroscopic distances. Assembly of catalysts capable of
multielectron/hole processes within and at zeolite interfaces needs to be coupled with photochemical systems. Better integration
strategies for combining efficient light collection, directed charge separation/propagation, and catalysis are necessary for practical
impact.

Solar-energy-driven chemistry is a potentially new way of
generating fuels and chemicals without the environmental

and geopolitical hazards currently facing society. However, these
chemistries, which in many cases involve redox reactions, for
example, formation of H2 from water, are complex, and suit-
able architectures will be necessary.1-3 Nature provides suit-
able models of such architecture, and biomimetic approaches are
being actively researched. Photosynthesis, which makes possible
life on earth, involves collection, conversion, and storage of solar
energy as chemical energy. Mediated by an enzyme, photosystem
II uses light energy to make oxygen, protons, and electrons from
water.4 The electrons are used by photosystem I along with light
to reduce nicotinamide adenine dinucleotide phosphate, whereas
the protons generate a transmembrane electrochemical potential
that drives ATP synthesis. The architecture necessary to accom-
plish this is a sophisticated assembly of pigments, enzymes, and
proteins in a membrane scaffold. For a practical artificial photo-
synthesis system, the efficiencies of the solar to chemicals process
have to exceed 10%. The successful assembly of superstructures
necessary to accomplish these goals requires both fundamental
and technological breakthroughs.

Microheterogeneous systems such as vesicles,5 clays,6 meso-
porous materials,7 and zeolites8 are being actively studied as host

systems for assembly of photoactive units. In this Perspective, we
focus on zeolites, with primary emphasis on light-driven electron
transfer and photocatalysis for H2 formation from water, the
fundamental ingredients for solar energy conversion.

Brief Primer on Zeolites. Zeolites are microporous, crystalline
aluminosilicates with the framework made up of T—O—T (T =
Si, Al) bonds and enclosed cages and channels of molecular
dimensions.9 Figure 1a-d shows the topology of several zeolites,
including zeolites L, Y, ZSM-5, and the titanosilicate ETS-4,
respectively (along with a 3-D perspective); these frameworks
have been the most examined for studies relevant to this
Perspective.

Zeolite synthesis typically takes place in an aqueous medium,
and over 140 frameworks are known.10 Because the aluminosi-
licate framework carries a negative charge, extraframework
cations are present as charge-balancing units within the porous
framework. Neutral molecules are typically introduced into the
empty zeolite after removal of intrazeolitic water, whereas
charged cations can be introduced via ion exchange in aqueous
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media. The three-dimensional architecture of zeolite imposes a
spatial distribution of the internalized molecules, modified by the
location and size of the extraframework cations. The Si/Al ratio
of the framework can be altered, thereby changing the hydro-
philicity of the zeolite. Dehydration of zeolite leads to cation
rearrangement, framework distortions, and polarizing electric
fields for aluminum-containing zeolites. The Si and Al can be
replaced with other atoms, including transition-metal ions, giving
rise to redox-active frameworks.

Zeolites have large optical band gaps and behave as insulators.
Though they exhibit no electronic conductivity, impedance
spectroscopy indicates that ionic conduction via the cations
undergoing intracage as well as longer-range intercage motions
is possible.11 Various zeolite morphologies are readily available,
ranging from nanometer-sized particles to macroscopic mem-
branes. The structure of zeolites is typically identified from their
X-ray powder diffraction patterns. These patterns do not typi-
cally provide information on the nature of crystalline or molec-
ular defects. Such defects would include dislocations, twinning,
intergrowths of different phases, and stacking faults.12 Implica-
tions for such defects are that the arrangement of encapsulated
molecules would be discontinuous as well as restricted access to
certain parts of the crystal.13 Crystalline defects are observed by
high-resolution transmission electron microscopy (HRTEM)
and atomic force microscopy. There are also framework defects
that intercept the local order. These have been categorized as
framework or structural defects (e.g., vacancy, peroxy bridges),
impurities (e.g., anion and cation substitutions on the frame-
work), and coordination defects involving altered coordination
(under- or overcoordination) of the framework atoms.14 Among
electronic defects are self-trapped localized/delocalized holes
arising from electron loss or paramagnetic centers from electron
gain. These defects are much harder to identify and can change
drastically depending on sample preparation and treatment,

including ion exchange, dehydration, and in the presence of
certain reactive extraframework cations, such as protons. The
role of molecular defects on light-activated processes discussed in
this Perspective can be profound and not easily recognized or
quantified.

Long-Lived Light-Driven Charge Separated Species: Involvement
of the Zeolite Framework.Novel effects involving the participation
of the zeolite framework and the extraframework cations upon
photoexcitation of encapsulated molecules are mostly realized in
dehydrated zeolites. A representative example is diphenylacety-
lene (DPA) in the zeolite ZSM-5.15 DPA at a loading level of∼1
molecule/unit cell penetrated through the channels over a period
of several months at 300 K. On the basis of the electronic
spectrum, it was concluded that encapsulation did not alter the
ground state, though Raman spectroscopy did indicate small
frequency shifts for Liþ and Naþ exchanged zeolites, whereas
with bulkier cations (Kþ, Rbþ, Csþ), new bands in the ring-
breathing and ring-stretching regions with weak intensity were
observed. This suggests that at some small fraction of sites, the
molecular geometry is altered (ideal D2h symmetry). Monte
Carlo simulations indicated that the DPA molecules are located

Figure 1. Stick and three-dimensional models of zeolites (a) L, (b) Y, (c) ZSM-5, and (d) titanosilcate ETS-4.

Novel effects involving the partici-
pation of the zeolite framework and
the extraframework cations upon
photoexcitation of encapsulated
molecules are mostly realized in

dehydrated zeolites.
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at the intersection of the straight channel (0.53� 0.56 nm) with
the sinusoidal channel (0.51 � 0.55 nm). The Liþ and Naþ

interact with the triple bond, whereas Kþ, Rbþ, and Csþ are
facially coordinated to the phenyl group. Figure 2A shows the
geometry of DPA in NaZSM-5.

Upon cw photoexcitation into the ∼300 nm band (266 nm
excitation, 15 s), photoelectron transfer from DPA occurred,
with resultant dynamics that lasted for days and was dependent
on the extraframework cations. Figure 2B shows the three
spectral components that were obtained by multivariate curve
resolution of the spectrum obtained upon photoexcitation of
DPA in LiZSM-5. Figure 2B(a) is indicative of the unreacted
DPA-LiZSM-5. The species with bands at 378, 417, and 795 nm
shown in Figure 2B(b) are characteristic of the DPA•þ radical
cation. In addition, there is a third species with a broad band
between 400 and 500 nm and bands at 495 and 535 nm shown
in Figure 2B(c). The spectral signature of this third species
has also been observed upon photoionization of biphenyl,16

naphthalene,17 t-stilbene,18 and p-terphenyl19 in zeolites and
assigned to a species formed by electron donation from the
zeolite framework toDPA•þ anddepicted asDPA-ZSM-5•-•þ. The
electronic band in Figure 2B(c) has been assigned to a charge
transfer from DPA to zeolite in the species DPA-ZSM-5•-•þ. The
cations have a profound influence on the dynamics of the two
charge-separated species, DPA•þ andDPA-ZSM-5•-•þ. Only in the
case of LiZSM-5, are both DPA•þ and the DPA-ZSM-5•-•þ

observed, whereas DPA-ZSM-5•-•þ is only observed for Na, K,

Rb, and Cs ZSM-5. Both species DPA•þ and the DPA-ZSM-5•-•þ

decay with time, and electronic and Raman spectroscopy indicate
that the initial DPA-ZSM-5 is eventually recovered. For LiZSM-
5, the decay rate constants for DPA•þand DPA- ZSM-5•-•þ are
∼0.055 and ∼0.0078 min-1, respectively. The decay of the
electron-hole pair in DPA-ZSM-5•-•þ to the initial state follows
the order Csþ > Rbþ ≈ Kþ > Naþ > Liþ and correlates with
increasing basicity of the framework with increasing cation size.
The initial electron acceptor from photoexcited DPA to form the
radical cation is unknown; a possibility is the Na4

3þ cluster,
though it was not identified spectroscopically in the
DPA-ZSM-5 sample.

In the case of p-terphenyl in ZSM-5, EPR measurements
showed that the electron and hole in ZSM-5•-•þ intermediate
species are located on the oxygen atoms of the Si—O—Al close
to the extraframework cation (Liþ).19 The formation of the
electron-hole pair (ZSM-5•-•þ) has been noted for p-terphenyl,
biphenyl, t-stilbene, and naphthalene with Eovalues (vs SCE) of
1.78, 1.9, 1.75, and 1.54 V, respectively for the corresponding
radical cation. Similar electron abstraction from the framework
was not observed for the anthracene radical cation (1.1 V),
indicating a threshold for the electron-donating species on the
zeolite.20

The reasons for the long-lived charge separation (hours) in
these systems is not well understood, and confinement of the
organic molecules, electron-hole migration, as well as strong
polarizing fields from the cation-framework interactions are
implied as responsible for the long-lived charge separation. No
photoionization was observed in the completely siliceous form of
ZSM-5, silicalite for the DPA system. Without ultrafast spectros-
copy, it is unclear if the photoionization phenomena do not occur
or if the back electron transfer dynamics is rapid.

Another novel role of the zeolite framework is its ability to
transfer photochemically generated electrons and holes from
donor to acceptor molecules through empty cages.21,22 Such
effects have been demonstrated in zeolite NaY using trans-
anethole as the electron donor (photoexcitation 308 nm) and

1,4-dicyanobenzene as the electron acceptor. Electron migration
took place over ∼11 Å (approximately a supercage). The
electron injection into the zeolite upon photoexcitation of
trans-anethole is very fast (g108 s-1), with spectroscopic
evidence that the electron is accommodated on Na4

3þ clusters
(a transient band at 400-700 nm). However, the Na4

3þ clusters
disappeared rapidly (μs), whereas the anethole radical cation was

Figure 2. (A) The predicted sorption sites for DPA in the straight
channels of NaZSM-5. The purple sphere represents the Naþ cation.
(B) Resolved spectrum of species using multivariate curve resolution of
data obtained upon photolysis of (a) unreacted DPA-LiZSM-5, (b)
DPA•þ-LiZSM-5, and (c) DPA-LiZSM-5•-•þ (taken from ref 15 with
permission).

The reasons for the long-lived
charge separation (hours) in these
systems is not well understood, and
confinement of the organic mole-
cules, electron-hole migration, as
well as strong polarizing fields from
the cation-framework interactions
are implied as responsible for the
long-lived charge separation.
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stable (decay rate constant of 3.3 � 104 s-1). For high loading
levels of 1,4-dicyanobenzene (DCB, 1 molecule per supercage),
direct electron transfer from photoexcited anethole to dicyano-
benzene occurred, but the back electron transfer was also very
rapid in this geminate arrangement. With lower loadings of
dicyanobenzene, both the anethole radical cation (380, 600 nm)
and the dicyanobenzene radical anion (340, 430 nm) are formed
and are long-lived with comparable decay rate constants of
∼103 and 104 s-1 for both species. These studies concluded
that the zeolite is actively involved in the charge-transfer process,
first as an electron acceptor from anethole and second as serving
to move this electron across intrazeolitic space to the DCB.
Optimal charge separation was noted for Naþ-exchanged zeolite
Y. With the larger cations (Kþ, Rbþ, Csþ), only direct electron
transfer between anethole and DCB was noted; the zeolite
framework became increasingly basic with larger cations and
therefore not as good of an electron acceptor from photoexcited
anethole, leading to the shorter lifetimes of the anethole radical
cation. Hydration of the zeolite completely impedes long-range
electron transfer.

Photoexciting chloranil in Na-zeolite Y led to abstraction of an
electron from the zeolite and hole migration via the framework to
4,40-dimethoxybicumene over through-space distances of 18 Å.
Photoexcitation of chloranil leads to the formation of the triplet
state and is the likely reactant with the framework (singlet
reactivity is possible, but less likely because of rapid intersystem
crossing). Transient diffuse reflectance studies show that a
fraction of the triplet species participates in the electron transfer,
indicating heterogeneity in zeolite donor sites.

Figure 3 shows the proposed models for electron and hole
migration. The exact mechanism of electron transport is not
known, and the role of electron-deficient sites such as cations,
cation clusters, and aluminum centers was considered. Also, the
migration along the framework possibly involves much longer
distances than the average 11 Å calculated for through-space
transfer. The dominant electron-donation sites for creation of

holes in the chloranil system were proposed to be lattice oxygens
(Si—O—Al) and also as conduits for hole transfer. Excitation
within the band gap of microporous germanosilicates at 266 nm
leads to electron-hole separation, and in the presence of
encapsulated molecules, radical cations or anions are formed
with long lifetimes.23 Evidence for migration of the holes/
electrons along the framework as with zeolites was also noted
in the germanosilicates.23

Electron donation from zeolite to methylviologen24 and
1,2,4,5-tetracyanobenezene25 resulting in long-lived charge-se-
parated species has also been reported. Both the role of the
polarizing electrostatic fields and the possibility that the frame-
work can promote charge migration have been considered for
explaining the long-lived charge transfer.

There are several consistent themes that emerge from these
light-driven charge-transfer processes in dehydrated zeolites.
• The zeolite framework/extraframework cations can be
involved in electron-hole transfer to photoexcited mole-
cules encapsulated in its pores.

• The zeolite backbone and cations can facilitate electron-
hole transfer over nanometer distances.

• The charge-separated species are created very fast but can
survive on the time scale of hours/days.

• Electron-hole transfer between molecules can be mediated
through the zeolite framework.

• Extraframework cations and framework composition (Si/Al
ratio) influence the charge separation process.

• Intrazeolitic water and completely siliceous forms of the
zeolite completely inhibit the long-lived charge separation
phenomena.

Photochemical Charge Transfer in Hydrated Zeolites. Several
studies have focused on intermolecular light-driven photoelec-
tron-transfer reactions in hydrated zeolites. In these cases, the
role of the framework is to constrain the molecules, as well as
position them in three-dimensional arrangements consistent
with the zeolite topology.

Many of these studies have focused on polypyridyl complexes
of ruthenium, in particular, Ru(bpy)3

2þ, which because of its
∼12-13 Å size can be securely trapped within the supercage of
the faujasitic framework (∼13 Å). Deuterium NMR studies of
Ru(bpy)3

2þ with deuterated bpy ligands encapsulated in the
zeolite have shown that the molecule has no rotational motion at
room temperature and only slight motion at 373 K.26 However,
the spectroscopic features, including absorption, emission spec-
tra, and lifetimes are comparable to solution as long as the
loading is kept low so that the population of neighboring cages
with Ru(bpy)3

2þ is insignificant.27

Electron transfer from photoexcited encapsulated Ru(bpy)3
2þ

to bipyridinium ions with varying reduction potentials in neighbor-
ing zeolite Y cages has been extensively studied.28 The major
conclusionwas that the back electron transfer from the bipyridinium
radical cation to Ru(bpy)3

3þ is slowed down by several orders of
magnitude (∼104 s-1) as compared to that in solution. Immobiliza-
tion of the Ru(bpy)3

2þ in the supercage was proposed as the
primary reason for slowing of the back electron transfer to Ru3þ,
though forward electron transfer via the bpy•- localized on the
photoexcited ligand-to-metal charge-transfer state to the viologen-
like ions in the neighboring supercage can readily occur (>107 s-1).

This concept of inflexibility of the ruthenium unit was
extended by use of a ligand LDQ (1-[4-(40-methyl)-2,20-
bipyridyl]-2-[4-(4-N,N0-tetramethylene)-2,20-bipyridyl]ethane);

Figure 3. Schematic of proposed (a) hole migration from photoexcited
chloranil (Chl) to 4,40-dimethoxybicumene (DMB) and (b) electron
migration from photoexcited anethole (An) to 1,4-dicyanobenzene
(DCB). (Taken from ref 21.)
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the (bpy)2RuLDQ ligand was attached to the surface of zeolite
crystals, and the electron-transfer dynamics to bipyridinium ions
within the zeolite was monitored.29 Figure 4a shows that the
inflexibility in LDQ arises from the double bond, and Figure 4b
shows a schematic of the (bpy)2RuLDQ held in a zeolite cage
surrounded by methylviologen (MV2þ) in neighboring cages.
Upon photoexcitation, the characteristic band due to the methyl-
viologen radical cation (390 nm) in the zeolite is observed, and
the time dependence of the decay of the 390 nm band is shown
in Figure 4c. About 40% of the radical cation is stabilized on
the millisecond time scale. The back electron transfer rate of 3�
105 s-1 from the methylviologen radical cation to Ru(III) (kb in
Figure 4b) is significantly slower as compared to the forward
electron transfer (107 s-1) .

Electron transfer between Ru(bpy)3
2þ and other electron

acceptors in hydrated zeolite has also been examined. These
include the 2,4,6-triphenylpyrilum ion, which is also synthesized
within the zeolite by a ship-in-a-bottle approach.30 Much like the
Ru(bpy)3

2þ-bipyridinium studies, transient spectroscopy indi-
cates the formation of Ru(bpy)3

3þ, and its lifetime is longer than
hundreds of microseconds, indicating that back electron transfer
from the neutral triphenylpyrilum to Ru(bpy)3

3þ is slowed down
in the zeolite. It is also important to note that Ru(bpy)3

3þ is
completely formed within the laser pulse duration (10 ns),
indicating rapid forward electron transfer.

The theme that emerges from these studies is that in hydrated
zeolites, the dynamics of electron transfer is influenced strongly
by encapsulation since the rigidity of the framework inhibits
motion of the molecules. The slow back electron transfer within

zeolites has been exploited to create charge-separated species on
a permanent time scale by steady-state photolysis. One of the first
studies was to use the zeolite-encapsulated Ru(bpy)3

2þ-bipyr-
idinium system (DQ2þ,N,N0-tetramethylene-2,20-bipyridinium)
with propylviologen sulfonate (PVS is a zwitterionic neutral
molecule) in solution surrounding the zeolite.31 Upon visible
light illumination, PVS•- was formed in the solution. The
proposed model involved electron transfer from photoexcited
Ru(bpy)3

2þ* to bipyridinium ion DQ2þ within the zeolite and
electron hopping across the DQ2þ to the zeolite-water inter-
face, where vectorial electron transfer (driving force ≈ 240 mV)
to PVS took place. The quantum yield (457 nm) of charge
separation was estimated to be 0.05%.

The theme that emerges from these
studies is that in hydrated zeolites,
the dynamics of electron transfer is
influenced strongly by encapsula-
tion since the rigidity of the frame-

work inhibits motion of the
molecules.

Figure 4. (a,b) Schematic of (bpy)2RuLDQ held on the zeolite surface. (c) Plot of the intensity of the 390 nm band of the methylviologen radical
obtained from the transient diffuse reflectance spectrum of (bpy)2RuLDQ/MV2þ/zeolite (as shown schematically in b). (Taken from ref 29.)

http://pubs.acs.org/action/showImage?doi=10.1021/jz101500z&iName=master.img-004.jpg&w=301&h=318
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The (bpy)2RuLDQ was also incorporated on the surface of a
zeolite membrane, with the zeolite cages being occupied byN,N0-
trimethyl-2,20-bipyridinium ion. Visible light illumination of the
Ru complex side of the membrane in the presence of a sacrificial
electron donor led to formation of PVS•- on the other side of the
membrane, indicating charge propagation through the mem-
brane over macroscopic distances.32

A novel adaptation of this strategy was accomplished
by incorporating two complexes, Ru(bpy)2(bpz)

2þ and Ru-
(mmb)3

2þ, in neighboring supercages of zeolite Y by design
(mmb in 5-monomethyl-2,20-bipyridine, bpz in 2,20-bipyrazine),
as shown in Figure 5.33 This is the only known example where
two molecules in neighboring cages are uniformly made in the
zeolite; in most cases, the incorporation method ensures that
the molecular distribution is random. Upon photoexcitation of
Ru(bpy)2(bpz)

2þ (473 nm), electron transfer to DQ2þ takes
place. The presence of neighboring Ru(mmb)3

2þ sets up a com-
petition between back electron transfer from the DQ•þ radical to
Ru(bpy)3

3þ and Ru(mmb)3
2þ to Ru(bpy)3

3þ. The presence of
Ru(mmb)3

2þ results in a 4-fold increase in the efficiency of
PVS•- generation in solution.

As charge transfer from the zeolite to PVS occurs across the
zeolite-solution interface, a cation also has to be released into
solution to maintain charge neutrality. By using a Kþ-entrapping
crown ether in solution (the solvent was acetonitrile), the yield of
the bipyridinium ion radical in solution was increased by a factor
of ∼10 upon illumination of a Kþ-exchanged Ru(bpy)3

2þ-
encapsulated zeolite Y.34 Thus, the complexation of the migrat-
ing ion is another way to improve steady-state charge separation
yields.

In these steady-state experiments, the photogenerated elec-
tron appears on the bipyridinium ion in solution, suggesting that
a Ru3þ state must be present in the zeolite. However, attempts at
obtaining spectroscopic evidence for the Ru3þ state have been

unsuccessful; only the Ru2þ is observed. Thus, there are sugges-
tions that in the aqueous systems, water may act as the donor, and
in nonaqueous systems, this role is played by the zeolite, in both
cases reducing Ru3þ.

The themes emerging from the steady-state experiments are as
follows:
• The zeolite architecture, by virtue of arrangement of mole-
cules, makes it possible to transport charge across macro-
scopic distances.

• The zeolite-solution interface allows for photogenerated
charge within the zeolite to be moved into solution, thus
providing opportunities for further chemistry.

• Extraframework cation motions influence charge transport
• Quantum yields of permanent charge separation are low
(∼10-3-10-4).

Besides molecular assembles, the microporous space in zeo-
lites has also been used as a host for semiconductors and metals.
In the dehydrated state of the zeolite, the framework has a major
influence on the optical properties of the nanometer-sized
encapsulated solids. Upon hydration, these clusters typically

Figure 6. (a) Schematic of the zeolite Y membrane-based H2 evolution
system. Solution A on the left of the membrane contains 0.5 mM
Ru(bpy)3

2þ, 40mMEDTA, and 25mMDQ2þ. Solution B contains 141
mM PVS and is on the right side of the zeolite membrane. The Al2O3

support used for the zeolitemembrane contains RuO2 as the catalyst. (b)
H2 evolution data with the membrane assembly shown in (a); (•, O)
represent two different zeolite Y membranes extensively ion-exchanged
with DQ2þ and solutions A and B, as identified in (a). These data show
the reproducibility of different membrane preparations. The inset shows
typical GC traces used measuring H2. (Δ) represents a control experi-
ment without any DQ2þ in solution A or in the zeolite membrane. (1)
represents a similar experiment as that in (O, •) but with the zeolite
membrane without any DQ2þ. The delay in the onset of H2 evolution
corresponds to the time taken for DQ2þ to exchange into the zeolite.
(Taken from ref 36).

Figure 5. (a) Schematic representation of the assembly of donor Ru
(mmb)3

2þ and sensitizer Ru(bpy)2(bpz)
2þ in neighboring cages and

then the zeolite ion-exchanged with DQ2þ. (b) Electron-transfer
process taking place in the zeolite and at the zeolite-solution interface;
the neighboring donor-acceptor assembly by design leads to improved
charge transfer. (Taken from ref 33 with permission.)

http://pubs.acs.org/action/showImage?doi=10.1021/jz101500z&iName=master.img-005.jpg&w=229&h=287
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are forced out of the zeolite framework, especially in hydrophilic
aluminum-containing zeolites. However, the hydrated semicon-
ductor zeolites are finding applications in artificial photosynth-
esis assemblies and are therefore of practical relevance.

Zeolite-Based Artificial Photosynthetic Systems: Water to H2

Formation. We primarily focus on artificial photosynthetic mod-
els based on zeolites involving the light-driven splitting of water
to hydrogen. Both molecular assemblies and semiconductor-
based systems have been investigated.

Molecular-Based Assemblies. The formation of hydrogen
from water necessitates the use of a catalyst. The internal
architecture of the zeolite makes this possible. One of the first
reports of a zeolite-based assembly for evolution of H2 from
water was a Ru(bpy)3

2þ/MV2þ/Pt assembly in mordenite.35

The mechanism proposed involved electron transfer from
Ru(bpy)3

2þ* to TiO2, with MV2þ mediating electron transfer
from the TiO2 to Pt; sacrificial electron donors (TEOA, EDTA)
were used, and the quantum yield for H2 evolution was ∼1%
(450( 5 nm excitation). Hydrogen evolution was also observed
with Ru(bpy)3

2þ/Nb2O5/Pt, and quantum yields of 1% were
observed with sacrificial donors, and about 0.01% was observed
with nonsacrificial donors.

The Ru(bpy)3
2þ-based sensitizer and bipyridinium system

(DQ2þ) discussed earlier was incorporated into a zeolite mem-
brane, as shown in Figure 6a. Insertion of a RuO2 catalyst into
this architecture led to a photochemical water to H2 conversion,

as shown in Figure 6b.36 Several unique properties of the zeolites
as well as the membrane/support architecture were exploited.
These include the charge propagation through the zeolite
membrane by electron hopping via the bipyridinium ions that
occupy the supercages. The porous alumina that acts as the
support for the zeolite film was also used as the support for the
RuO2 catalyst as well as the PVS necessary for hydrogen
formation. The yields of this process were comparable to that
for a mixture of Ru(bpy)3

2þ bipyridinium ions and catalyst,
indicating that the zeolite membrane is serving to spatially
separate the electron and hole. The relevance of this study
demonstrates that photogenerated electrons can traverse
through the zeolite membrane, be spatially separated, and be
used for the reduction of water.

Evidence for charge hopping via zeolite-encapsulated bipyr-
idinium ions was demonstrated in an earlier chemical experi-
ment.37 Addition of a sodium salt of carbonylmanganate donors
(Mn(CO)4L

-, L = CO, P(OPh)3, an anion that cannot pene-
trate into the zeolite) to a methylviologen-loaded zeolite Y
quantitatively reduced all of the intrazeolitic methylviologen to
the cation radical. This is only possible if the initial reduced
methylviologen near the surface of the zeolite particle can
transmit electrons into the interior of the zeolite and needs to
occur by a self-exchange process.

Semiconductor Assemblies. The other type of architecture
that has resulted in light-driven activation of molecules to
produce hydrogen is semiconductor-zeolite composites, in
particular, CdS. For synthesis of CdS in zeolites, the common
procedures are ion exchange of Cd2þ in the zeolite, followed by
reaction with H2S or Na2S. For the H2S-based procedure, the
experiments can be carried out with dehydrated zeolites. Several
studies have reported the synthesis of CdS in zeolites and
examined H2 generation with visible light.38 The exact location
of the CdS and its mobility have only been recently confirmed.
Careful experiments have shown that intrazeolitic CdS clusters
can be assembled only under strict anhydrous conditions.39

Humidity forces the CdS clusters out of the zeolite and also
leads to partial zeolite degradation. Recently, synthesis of CdS in
hydrophobic zeolites (silicalite) has been reported, and in this
case, the intrazeolitic clusters are stable because water is repelled
by the zeolite.40

Combining CdS and TiO2 is known to improve the H2

generation efficiency because the electon-hole recombination
is minimized due to electron transfer to TiO2 from photoexcited
CdS. Thus, several strategies have been reported for using zeolite
hosts to make the compound semiconductor system. One of
these strategies was to use titanosilicate zeolites as the host. The
titanosilicates (ETS series) contain chains of corner-linked TiO6

octahedra and can be considered to be Ti—O—Ti—O nano-
wires of 0.67 nm diameter and spanning the length of the crystal
(Figure 7a). Upon visible light photoexcitation of CdS em-
bedded in/on ETS-4, H2 evolution was observed in the presence
of S2-/SO3

2- as a sacrificial electron donor.41 Figure 7b shows
the comparison of the H2 evolution between bulk CdS and
CdS/ETS-4, demonstrating marked improvement with the
ETS sample. Electron transfer from photoexcited CdS to the
Ti—O—Ti nanowire was proposed as the key step, followed
by water reduction by titania. The quantum yields of the CdS/
ETS-4 and CdS/ETS-10 (420 nm) for H2 production were
determined to be 0.42 and 0.31%, respectively. It was also
reported that incorporation of CdS into the zeolite slows
down its photocorrosion.

Figure 7. (a) ETS-4 pore openings as well as a view of the Ti—O—Ti
nanowire arrangement in ETS-4. (b) Comparison of H2 evolution over
the CdS/ETS-4 (•) and bulk CdS (0) under visible light irradiation
(catalyst 0.1 g in 60 mL of 0.1 MNa2S, 0.5MNa2SO3, and 1.0MNaOH
solution). (Taken from ref 41 with permission.)

http://pubs.acs.org/action/showImage?doi=10.1021/jz101500z&iName=master.img-007.jpg&w=240&h=320
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Critical Analysis. It should be apparent from the discussion
above that light-driven electron-transfer reactions of species in
zeolites are influenced by several characteristic properties of this
host.
• Topological spatial arrangement of molecules controlled by
the zeolite structure and their restricted motions.

• In dehydrated zeolites, molecules experience strong electro-
static fields and interact with barely solvated cations and are
therefore subject to strong polarization.

• In dehydrated zeolites, the framework can mediate electron
and hole transfer over tens of Angstroms.

• Constrained motion of encapsulated molecules slows gemi-
nate charge recombination rates in hydrated zeolites.

• Long-range charge motion can occur within zeolites by
charge hopping between adjacent encapsulated molecules.

• Semiconductor and other nanoparticles can be assembled
within dehydrated zeolite cages. In aluminous hydrophilic
zeolites, water will displace the nanoparticles and promote
aggregation on the zeolite surface.

The advantage of supramolecular chemistry arises because
placement of specific molecules in a particular geometry gives
rise to novel behavior. This is best illustrated in photosynthetic
systems, where light collection occurs by an antenna complex,
with chlorophyll molecules arranged in a particular geometry.4

Efficient electron transfer occurs in the reaction center by specific
arrangement of proteins in a membrane.

Because the zeolite cages/channels have an organized three-
dimensional structure, molecules in these cages will follow this
topology. The best match between the topology and molecular
arrangement is realized with saturation loading. Thus, at a
loading of ∼1.5 molecules of methylviologen per supercage,
the MV2þ molecules are arranged in a tetrahedral diamond-like
extended lattice. Electron exchange takes place across the zeolite
crystal,31,33 or even a zeolite membrane.32,36 Dye molecules such
as thionine packed in zeolite L one-dimensional channels can
transport energy by Forster energy transfer over the entire length
of the crystallite.8

However, as soon as loading levels are below the saturation
limit, then there is a random distribution of the molecules, and
their spatial relationship is not uniquely identified by the zeolite
topology. Statistical analysis provides probabilistic information
on the number of neighboringmolecules as a function of distance
and has been used for investigating energy/electron transfer of
molecules.21,22,27

Synthesis strategies for creating species in specific neighboring
positions such as A 3 3 3A, A 3 3 3B, and A 3 3 3B 3 3 3C at controlled
loadings will facilitate a more quantitative understanding of the
influence of zeolite on photochemical processes. The only
published example of a molecular assembly by design is the
A 3 3 3B complex with A and B in neighboring supercages, as
shown in Figure 5.33 All other reported attempts of binary and
ternary systems in zeolite are essentially a statistical distribution
and thus not optimized. For example, charge separation yields
were lower for Ru(bpy)3

2þ-triphenylpyrilium with TiO2 in the
zeolite, but it is impossible to estimate the true mechanism
without knowing the relative placements.30 Hydrogen evolution
yields were improved with Co-polyoxometalate-TiO2 in zeolite,
but again, it is unclear how the sequence of charge separation
occurs.42 A directed nanoparticle arrangement in zeolite has only
been recently realized using a novel two-photon photochemical
reduction of Agþ in zeolite to generate Ag nanoparticles.43 Very

complex patterns were drawn in zeolite A single crystals with
250 nm resolution in the x-y plane and 1 μm resolution in the
z plane.

In summary, better synthetic strategies are required to place
molecules and nanoparticles in zeolites in a directed fashion.

Many studies, as indicated above, show that in the dehydrated
form, the zeolite framework can act as an electron donor or
acceptor. In a few cases, there is spectroscopic evidence that the
electron acceptor is a Na4

3þ species. However, in other cation-
exchanged zeolites and even with some Na-zeolites, the acceptor
species has not been definitely identified. The nature of the
donor species is even murkier and is often proposed as the O
atom of the Si—O—Al framework. A major difficulty in asses-
sing the mechanisms of photoinduced electron transfer in
zeolites is also the lack of quantum yield information of the
initial charge-separated states; therefore, it is unclear how many
of the encapsulated molecules are participating. With low charge
separation efficiencies, other factors need to be taken into
consideration. Zeolites often have trace redox-active metal im-
purities as part of the framework. There can also be different
types of molecular defects, such as broken T—O—T bonds or T
—OH groups which can participate in redox reactions. It has
been shown that broken Ti—O—Ti bonds lead to lower
coordinated titanium (penta or tetra), and Ti—OH groups in
ETS-10 can oxidize the dye molecule 30-(p-aminophenyl)-
fluorescein.44 If impurity/defect chemistry is involved in the
electron-hole transfer reactions with photoexcited molecules,
then the extent of reaction would be highly sample dependent.
Hydration usually inhibits the framework-mediated charge-trans-
fer reactions because it can minimize polarizing fields and can
satisfy the coordinative unsaturation.

In summary, to better understand the role of the zeolite
framework as electron/hole donor and for facilitating charge
transport, the following are needed.
• Better quantitative information regarding the photoeffi-
ciency of the charge separation process needs to be
established.

• The role of defect chemistry in the charge-transfer process
needs to be determined. Quantitative measurement of

Research in the past three decades
has clearly demonstrated that zeo-
lites have a significant potential as
an active host for novel light-driven
chemistry, including providing im-
portant fundamental information
on photochemistry in constrained
charged spaces. Whether it will be a
goodhost for practical solar-energy-
driven processes depends on ad-

dressing some of the issues raised in
this Perspective.
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defects and/or intentional creation of defects and correla-
tion with the photochemistry are essential.

For practical utilization of solar energy, zeolite-based systems
provide several attractive features. As a host system, it can be
manipulated under harsh chemical/environmental conditions.
Zeolites exist over large length scales, from nanoparticles to
macroscopic membranes. Zeolites can accommodate molecules,
polymers, and solids. This diversity makes them a novel host for
assembling complex superstructures. With improved synthetic
skills of well-defined molecular assemblies in defined spatial
geometry, improved charge separation yields are expected. This
also holds true for nanoparticle assemblies. With controlled
defect structures, the zeolite framework can play an active role
in trapping photogenerated electrons and holes. Strategies for
directional migration of charge along the framework, either due
to zeolite framework composition (Ti—O—Ti nanowires) or by
defect chemistry or via molecular species, are possible. Coupling
the charge-separated species to catalysts, either homogeneous or
heterogeneous, for chemical reactions can take advantage of the
extensive body of work on zeolite-based catalysis. Large-scale
assemblies can be built by aligning zeolite crystals or by using
zeolite membranes. Research in the past three decades has clearly
demonstrated that zeolites have a significant potential as an active
host for novel light-driven chemistry, including providing im-
portant fundamental information on photochemistry in con-
strained charged spaces. Whether it will be a good host for
practical solar-energy-driven processes depends on addressing
some of the issues raised in this Perspective.
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