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Organized media allow one to design a system and then carry 
out photochemical and photophysical studies within these as
semblies in a more temporally and structurally quantifiable fashion 
than is possible in an isotropic medium.1'2 We report in this 
communication that within zeolites the aggregation properties of 
dyes can be controlled. Although inclusion of dyes within zeolites 
was reported earlier,3 control of dye aggregation within a zeolite 
has not been achieved thus far. The findings on dye aggregation 
reported below are general with respect to both dyes and zeolites, 
comprehensive, and far-reaching. The nature of aggregation of 
thionin and other related dyes (methylene blue, oxazine 170, 
Nile blue A, acridine orange, pyronin-Y, and cresyl violet) within 
zeolites is controlled by a number of factors, chief among them 
being the presence of coadsorbed water. Earlier, alteration in 
the optical properties of thionin within Na+Y at very low 
temperatures brought forth by inclusion of water was attributed 
to conformational changes in the dye molecule.3b Results 
presented below point out that monomer-dimer equilibrium, a 
factor not considered so far, as opposed to conformational changes 
within zeolites, may be responsible for the changes in spectral 
characteristics. 

The substitution of trivalent aluminum ions for a fraction (50.5) 
of the tetravalent silicon ions at lattice positions of zeolites results 
in a network that bears a net negative charge which must be 
compensated by counterions.4 These counterions, which are 
normally proton or alkaline metal ions, can be replaced, and in 
this study <5% of these ions are replaced with organic cationic 
dyes. While the study has been conducted with a large number 
of dyes within a number of zeolites, results obtained with thionin 
within Y and L zeolites alone are highlighted below. Thionin 
(l)-exchanged Y and L zeolites were prepared by stirring known 
amounts of thionin and the unactivated zeolites (Na+Y or K+L) 
in aqueous solution at room temperature for about 3 h.5 Thionin-
exchanged zeolites were washed with excess water and mildly 
dried at ~50 0C with a flow of nitrogen to yield blue-colored L 
and pink-colored Y zeolites. Comparison of the diffuse reflectance 
spectra of these zeolites (as prepared) shown in Figure 1 with 
solution spectra6 indicated that thionin is present within the 
channels of L in the monomeric form33 and within the supercages 
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Figure 1. Diffuse reflectance spectra of thionin included within K + L and 
N a + Y . (•••) N a + Y , hydrated; (—) N a + Y , anhydrous; and (- - -) K + L , 
hydrated or anhydrous. 

of Y in the H-aggregated dimeric form 1? Consistent with the 
proposed state of aggregation, thionin included within L showed 
intense fluorescence ( \ m a i 638 nm; T « 1.3 ns, multiexponential 
decay was fitted into a single exponential function), and 
fluorescence was distinctly absent from thionin included within 
Y zeolites.8-9 
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Most surprisingly, when thionin-included Y was dried (~ 18% 
by weight of water removed as per thermogravimetric analysis)10 

in an air oven (~ 100 0C), the color changed from pink to blue, 
and the sample became highly fluorescent (Xmax 635 nm; T « 1.5 
ns; multiexponential decay was fitted into a single exponential 
function); the sample could be maintained in this state if it was 
kept protected from moisture. No such color change was observed 
upon dehydrating zeolite L. Based on diffuse reflectance spectra, 
we conclude that thionin exists within the channels of L, 
independent of whether the zeolite is "wet" or "dry", as 
monomers.3a However, within the supercages of Y, thionin is 
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was centrifuged, and the transparent aqueous solution was decanted. The 
colored residue was washed about five times with 20 mL of water each time. 
During this process, no dye was extracted from the zeolite into the aqueous 
layer at low loading levels. However, at higher levels of loading, the dye was 
leached into the aqueous layer, and the washings were continued until no 
leaching occurred. Colored zeolite was collected into a Petri dish and dried 
in an air oven. 
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Figure 2. Diffuse reflectance spectra of thionin included within Ca2+Y: 
(...) hydrated; (—) partially dehydrated (still contains 3% by weight of 
water); and (—) anhydrous. 

present as monomers when the zeolite is "dry" and as H-aggregated 
dimers when it is "wet". Such differences in behavior are in 
accord with the free volume available for the guests within the 
channels of L and the supercages of Y. Supercages of Na+Y are 
approximately spherical in nature, with a diameter of ~ 12 A 
and a free volume of 827 A3, and are large enough to accommodate 
H-aggregated thionin molecules.4 L zeolite (d =* 7.5 A), having 
a cylindrical free volume along the long channel axis, does not 
accommodate H-aggregates, since spherical free volume is needed 
to include stacked thionin molecules (the stacked dimer can be 
approximated to a cube of size 15 X 7.2 X 8 A3). Water is unique 
in controlling this aggregation process since we find that addition 
of no other solvent (hexane, methanol, diethyl ether, acetonitrile, 
and dimethylformamide) to dry zeolites results in aggregation of 
the dye. This process resembles that in isotropic solution media; 
aggregation of dyes occurs only in aqueous solvents.'' The unique 
behavior in water is attributed to the high dielectric constant of 
water in comparison to other organic solvents. This alone cannot 
be the reason for aggregation of dyes within zeolites, as "dry" 
supercages are inferred to possess higher micropolarity than the 
supercages filled with water.12 

Yet another remarkable observation was made when thionin 
was exchanged (~ 5%) into M2+Y (M = Mg, Ca, and Sr). Diffuse 
reflectance spectra revealed that within hydrated Ca2+Y zeolites 
the thionin molecules exist as dimers. When this sample was 
partially dehydrated (~ 15% by weight of water removed) on a 
vacuum line at room temperature, the color changed from pink 
to blue and the diffuse reflectance spectrum was that of the 
monomer. When the last traces (~ 3%) of water were removed 
by degassing (10-5 mm) at ~ 100 0C, the anhydrous sample was 
green. Diffuse reflecance spectra of these three forms are shown 
in Figure 2. The red-shifted spectrum (Xmax 672 nm) is identified 
to be that of the protonated thionin 3.13 It is known that the 
dehydration of divalent ion-exchanged X and Y zeolites results 
in dissociation of water molecules to generate free protons.14 It 
has also been established that the generation of a proton is related 
to the polarizing power of the cation; the larger cation Ba2+ has 
no ability to dissociate water. Indeed, thionin was protonated, 
as evidenced by spectral changes, only in Mg2+Y, Ca2+Y, and 
Sr2+Y and not in Ba2+Y. The aggregation and protonation and 
the accompanying color changes in M+Y and M2+Y zeolites are 
reversible by the hydration-dehydration process, and therefore 
the above process can serve as a sensor for the hydration status 
of zeolites X and Y. 
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The presence of a free volume large enough to accommodate 
the dimeric structure, the loading level of the dye, and the inherent 
tendency of the dye to dimerize in aqueous media are factors 
essential for observing the monomer-dimer aggregation process 
within zeolites. Such conclusions result from the following 
observations, (a) Within hydrated Cs+X, where the large cation 
reduces the supercage free volume4 (Cs+X = 732 vs Na+Y = 827 
A3), no dimers of thionin were evident from the diffuse reflectance 
spectrum, (b) Independent of the presence or absence of water, 
thionin is included only in the monomeric form within the narrow-
channel zeolites L, omega-5, mordenite-5, ZSM-5, and Na+-/S (d 
« 6-7.5 A), (c) The ratio of the monomer to the dimer within 
hydrated NaY is directly related to the loading level. At low 
loading levels ((S) less than 0.0005; (S) defined as average 
number of molecules per supercage), all thionin molecules within 
NaY existed only as monomers, (d) Oxazine-1, which has a very 
low equilibrium constant for dimer formation in water (K =3 50),8c 

does not show any tendency to exist as H-aggregated dimers 
within hydrated Y zeolites, although other dyes of approximately 
similar size (methylene blue, oxazine 170, Nile blue A, acridine 
orange, pyronin-Y, and cresyl violet) with much higher equilibrium 
constants (K> 5000),6a'Sc'15 exist as H-aggregated dimers within 
the supercages of hydrated Y zeolites. 

A monomer-dimer equilibrium within zeolites can be visualized 
to occur either through an intercavity or via an intracavity process. 
With the use of a second guest molecule (e.g., anthracene, 
phenanthrene, or pyrene), we were able to establish that the 
monomer-dimer equilibrium process is an intercavity phenom
enon. Dry Y zeolite samples containing both thionin and 
phenanthrene as guests were, as expected, blue in color and showed 
diffuse reflectance spectra of monomeric thionin.16 Surprisingly, 
when the samples were hydrated, the extent of H-aggregated 
dimer formed depended on the loading level of phenanthrene. 
Loading levels of phenanthrene comparable to or higher than 
that of thionin (for, e.g., (S) for both 0.04) did not lead to 
H-aggregates. When the amount of phenanthrene was much 
smaller than that of the dye, the aggregation process was not 
completely inhibited. Preliminary results based on diffuse 
reflectance spectra, emission, and energy-transfer studies suggest 
that H-aggregate formation is inhibited due to the formation of 
an intermolecular ground-state complex between thionin and 
phenanthrene.17'18 Mechanistic details of dye aggregation within 
zeolites and attempts to assemble dye molecules with other guest 
molecules within zeolites in a controlled fashion to carry out 
photochemical and photophysical studies are underway. 

Supplementary Material Available: Experimental details (5 
pages). Ordering information is given on any current masthead 
page. 
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