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A series of four symmetrical squaraines (ditoylyl, di-m-xylyl, dianisyl, and diresorcinyl) incorporated
inside zeolites Y, mordenite, and ZSM-5 have been obtained by treating squaric acid and the
corresponding arene in the presence of acid zeolites. Acid sites and high reaction temperatures
(150 °C) were found to be crucial for the success of the preparation procedure. Surprisingly, this
method failed for the preparation of the squaraine derived from N,N-dimethylaniline, which is
known to be readily formed from squaric acid in homogeneous phase without a catalyst. The solid
samples containing squaraines were characterized by diffuse reflectance and Raman spectroscopies
and by thermogravimetry-differential scanning calorimetry. Among the hosts, mordenite was found
to be the most general and convenient zeolite for the preparation of the squaraines, while in the
other solids either the organic content adsorbed was comparatively smaller (ZSM-5) or some
squaraines were not very stable (Y zeolite for ditolyl and dixylyl squaraines). The absorption spectra
of the samples correspond to the J-aggregation state of the squaraines, except for some ZSM-5
samples, where simultaneous observation of the bands due to both monomers and aggregates occurs.
Aggregation also changes with the water content of the samples. Treatment of the zeolite-bound
diresorcinyl squaraine with basic aqueous solutions leads to remarkable variations in the diffuse
reflectance and Raman spectra. These changes in the Raman spectrum of the diresorcinyl squaraine
were found to be reversible by basic or acid washings. Laser flash photolysis using the 355- or
532-nm output of a Nd-YAG laser (<10 ns pulses; e20 mJ/pulse) allowed the detection of two
different types of long-lived intermediates which depended on the zeolite host. On the basis of the
similarity of the UV-vis absorption spectra obtained in solution, these transients have been
identified as the radical cation (HY) and the triplet excited state (HMor) of the incorporated
squaraine.

Introduction

N,N-Dialkylamino-substituted diaryl squaraines are
among the most important dyes for photolithography and
photoprinting processes.1 They can be obtained by treat-
ing squaric acid and N,N-dialkylanilines at reflux tem-
perature using a mixture of toluene and n-butanol as the
solvent.2-5 No catalysis is required in this case. How-
ever, preparation of other diaryl squaraines of less
activated arenes requires, in general, the use of highly
unstable squaryl dichloride and a Brönsted or Lewis acid
catalyst (Scheme 1). This reaction is also complicated
by the fact that the 3,4-diarylcyclobutene-1,2-dione iso-
mer is also formed, sometimes as the predominant
product.6
Indirect routes based on the formation of the cyclobu-

tanedione ring in the last step of the synthesis have been
devised to overcome the drastic reaction conditions

required in the direct Friedel-Crafts alkylation of simple
arenes by squaric acid derivatives. Thus, 1,3-diani-
sylsquaraine has been obtained by reaction of 4-meth-
oxyphenylacetyl chloride in the presence of Lewis acid
catalysts followed by a final oxidation step (Scheme 2).
For this compound, it has been established that butanol
and other alcohols can add to the strained four-member
ring, interrupting the delocalization resulting in the
disappearance of the color.7

Due to the formal dipositive charge of the cyclobutene
ring, the resulting squaraines are prone to nucleophilic
attack, especially when the substituents present on the
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aromatic ring are not powerful electron-donating groups.
Thus, 1,3-diphenyl squaraine is highly unstable in the
presence of alcohols and other nucleophilic solvents
(Scheme 3).7 It is therefore not surprising that the
preparation of other squaraines derived of simple ben-
zene derivatives, like toluene and xylene, has not been
reported previously.8-11

The aim of this work is to report that diarylsquaraines
(Sq) containing no powerful electron-donating groups can
be conveniently prepared as persistent compounds by
reacting directly squaric acid and the corresponding
aromatic compound in the presence of acid zeolites.
Zeolites are aluminosilicates whose structure is formed
by channels and cavities of strictly regular dimensions.12-14

Previous work from our laboratory15-19 as well as from
other groups20-26 has shown that zeolites are very
convenient host materials to incorporate and stabilize

positively charged carbocations. The photophysical and
-chemical properties of the organic guests largely depends
on the characteristics and dimensions of the host.27-29

Herein we have found that this procedure can also be
applied to the synthesis of neutral, but highly reactive,
dyes such as some squaraines. This straightforward
procedure has been found to be general for non-amino-
substituted squaraines. As far as we are aware, this is
the first synthesis of Sq-1,2.8 Monodirectional morden-
ite, whose structure is formed by an array of parallel
channels,30 was found to be the most appropriate zeolite
for this synthesis.

Results and Discussion

Squaraine Preparation and Characterization. In
the first stage of our work, neat suspensions of simple
aromatic compounds such as toluene, m-xylene, and
anisole were treated at reflux temperature with squaric
acid in the presence of thermally dehydrated zeolites. In
the case of resorcinol andN,N-dimethylaniline, a solution
of these benzene derivatives in toluene was used. Be-
cause of the need for acid catalysis to prepare simple
squaraine derivatives, under no circumstances were we
able to detect the formation of Sq-1-5 using the neutral,
Na+-form of mordenite. In contrast, when the acid H+-
form of the zeolites was used, all the solids developed
some color. This indicates that acid sites are intervening
in the reaction as indicated in Scheme 1.
Squaraines find a wide application as dyes and pig-

ments, and they possess very characteristic absorption
spectra which show strong absorption in the 500-600 nm
region.1,31 Since none of the starting materials absorbs
above 300 nm, the presence of visible bands in the diffuse
reflectance (DR) of the solids can be used for the
identification of the squaraines. The DR spectra of some
of the zeolites after the reaction showed the presence of
the corresponding squaraine dyes where the results
obtained depended both on the arene substitution and
on the topology of the zeolite. In the case of anisole
(Figure 1), formation of the corresponding squaraine (Sq-
3) readily occurs in the three zeolites (HY, HMor, and
HZSM-5). In contrast, we failed to obtain Sq-1 from
toluene. Thus, treating a suspension of squaric acid in
toluene at reflux temperature (110 °C) in the presence
of dehydrated zeolites did not lead to any significant
formation of Sq-1, as assessed by the weak absorption
band in the visible region of the DR spectra of the
resulting zeolites. A reasonable explanation to account
for the different behavior of anisole and toluene can be
based on the well-documented different ability of these
two arenes to undergo electrophilic attacks. We note that
the reaction temperatures of the corresponding experi-
ments were also notably different. Therefore, we re-
peated the preparation of the ditolyl squaraine Sq-1 in
an autoclave at 150 °C. Under these conditions (see
Figure 2), Sq-1 was indeed successfully formed. Like-
wise, samples of the squaraine Sq-2 incorporated within

(7) Farnum, D. G.; Webster, B.; Wolf, A. D. Tetrahedron Lett. 1968,
48, 5003-6.

(8) Preparation of 1,3-diphenyl, 1,3-ditolyl, and 1,3-di-m-xylyl
squaraines (named in general as bis inner salts of 1,3-diaryl-2,4-
dihydroxycyclobutenediylium) have never been reported according to
our search through Vols. 55-125 of the Chemical Abstract Chemical
Substance Index.

(9) For theoretical calculations about the predicted negative third-
order optical susceptibility of 1,3-diphenyl squaraine (not prepared)
see the following two references.

(10) Shi, R. F.; Zhon, Q. L.; Garito, A. F. Mater. Res. Soc. Symp.
Proc. 1994, 328, 643-8.

(11) Shi, R. F.; Yu, Y. Z.; Wu, M. H.; Zhon, Q. L.; Garito, A. F.MCLC
S&T Sect. B: Nonlinear Opt. 1995, 13 (1-3), 41-55.

(12) Breck, D. W. Zeolite Molecular Sieves: Structure, Chemistry
and Use; John Wiley and Sons: New York, 1974.

(13) Barrer, R. M. Zeolites and Clay Minerals as Sorbents and
Molecular Sieves; Academic Press: London, 1978.

(14) Introduction to Zeolite Science and Practice; van Bekkum, H.,
Flanigen, E. M., Jansen, J. C., Ed.; Elsevier: Amsterdam, 1991.

(15) Corma, A.; Fornés, V.; Garcı́a, H.; Miranda, M. A.; Primo, J.;
Sabater, M. J. J. Am. Chem. Soc. 1994, 116, 2276-2280.

(16) Corma, A.; Fornés, V.; Garcı́a, H.; Miranda, M. A.; Sabater, M.
J. J. Am. Chem. Soc. 1994, 116, 9767-9768.

(17) Cano, M. L.; Corma, A.; Fornés, V.; Garcı́a, H.; Miranda, M.
A.; Baerlocher, C.; Lengauer, C. J. Am. Chem. Soc. 1996, 118, 11006-
13.

(18) Cano, M. L.; Cozens, F. L.; Fornés, V.; Garcı́a, H.; Scaiano, J.
C. J. Phys. Chem. 1996, 100, 18145-18151.
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zeolites that were not appreciably formed at m-xylene
reflux temperature could be prepared working in an
autoclave at 150 °C.
Among the unexpected results was the lack of forma-

tion of Sq-5 arising from the reaction of N,N-dimethyl-
aniline and squaric acid in the presence of acid zeolites.
Since no acid catalysis is even required for the prepara-
tion of this squaraine according to the reported procedure
for its formation under homogeneous conditions, we
attempted the same reaction procedure using the neutral,
Na+-form of mordenite. However, the experiments were
again unsuccessful. Notably, for the other arenes the
organic phase did not contain appreciable amounts of any
side products, while in the case of the N,N-dimethyla-
niline the liquid phase contained a complex reaction
mixture. Although its origin is not yet clear, we were
able to identify bis(4-(N,N-dimethylamino)phenyl)methane
among other reaction products. This may indicate that
Sq-5 decomposes during the preparation procedure.
Raman spectroscopy has become a powerful technique

to assess the identity and purity of the organic guests
incorporated within zeolite cavities and channels.32 In
fact, the zeolite framework and coadsorbed water do not

exhibit intense absorption bands in Raman spectroscopy.
This allows the Raman spectrum of embedded organic
material to be recorded without any pretreatment or
interference from the host. Figure 3 provides a compari-
son of the Raman spectrum corresponding to Sq-4
embedded within the zeolite with the spectrum of an
authentic sample of Sq-4 prepared according to reported
procedures.33 As shown, there is an excellent match
between these two spectra, except for the presence of
additional bands owing to unreacted squaric acid. Fur-
thermore, for Sq-1, whose formation has not been re-
ported in solution, we have been able to record MAS 13C
NMR that conclusively shows that Sq-1 has been formed
inside Mor (Figure 4). The Raman spectra together with
the DR spectra constitute the main pieces of evidence
establishing the formation of squaraines within zeolites.
The absence of additional DR and IR absorbances for the
samples of squaraines embedded within zeolites also
gives a good indication of the high purity of the organic
guests. It also rules out the possibility that protonation
of squaraines to form the corresponding conjugated acid
form has occurred on appreciable extent. Additional
spectroscopic data concerning the characterization of
squaraines inside the zeolite have been included in the
Supporting Information.
Usually the guest uptake and the loading level of the

tridirectional, large-pore Y zeolite is higher than the ones
that can be obtained for mordenite or ZSM-5. However,

(32) Schrader, B. Infrared and Raman Spectroscopy (Methods and
Applications); VCH Publishers Inc: Weinheim, 1995.

(33) Das, S.; Thomas, K. G.; Ramanathan, R.; George, M. V. J. Phys.
Chem. 1993, 97, 13625-13628.

Figure 1. Diffuse reflectance spectra plotted as the inverse
of the reflectivity (1/R) of the zeolites after treatment with
squaric acid and anisole: HY-100, (spectrum a); HMor,
(spectrum b); HZSM-5, (spectrum c).

Figure 2. Diffuse reflectance spectra (inverse of the reflec-
tivity, 1/R) of the samples resulting after the reaction of
toluene and squaric acid in the presence of mordenite at 110
°C (curve a) or 150 °C (curve b).

Figure 3. Raman spectra of a zeolite sample after the
preparation procedure of Sq-4 (a) and of an authentic sample
of the same squaraine (b) obtained according to reported
procedures.

Figure 4. MAS 13C NMR spectrum of Sq-1 inside mordenite.
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in our case we have found that less stable Sq-1 and Sq-2
are formed in lesser amounts in zeolite Y than in
mordenite, while the reverse occurs for the more stable
Sq-4. These observations can be interpreted considering
that the much more open geometry of the Y zeolite does
not protect reactive Sq-1 and Sq-2 squaraines from
nucleophilic attack and they decompose within the cavi-
ties of the large Y zeolite. In the other cases, where the
squaraines are stable, the amount formed is higher in
HY than that obtained for mordenite. In addition to the
relative intensities of the DR absorption bands of the
zeolites, a quantitative estimate of the yield of squaraine
formation within the zeolite can be obtained by thermo-
gravimetric analysis-differential scanning calorimetry
(TG-DSC). The TG-DSC profile of the majority of the
samples prepared followed a similar pattern. Thus, after
an initial endothermic loss of weight at low temperatures
(<200 °C), corresponding to the desorption of water and
coadsorbed organic reagents, the TG curve has a second,
exothermic jump whose DSC curve shows a minimum
at temperatures about 430 °C that we ascribe to the
decomposition of the squaraines adsorbed inside zeo-
lites.34 Since most of the squaraines have much lower
decomposition temperature when they are pure, this
increased stabilization may indicate that squaraine actu-
ally forms a complex with the host matrix that results
in an extra stability. Thus, the highest yield for squaraine
formation inside zeolite Y corresponds to Sq-3 and was
6%. This total yield, even low, is not much different than
those reported for others related squaraines.5,35 A rep-
resentative TG-DSC example is presented in Figure 5.
In addition, we combined the information of the organic

content obtained by thermogravimetry with combustion
chemical analysis of C that allows us to estimate the
agreement between the corresponding molecular formula
of the squaraines with experimental data. The results
are collected in Table 1. As can be seen there, the
analytical data fit reasonable well with the calculated
values for pure compounds inside zeolites. Hydrogen
analysis is, however, not possible due to the presence of

this element in the zeolite composition and in coadsorbed
water.
Concerning the influence of the crystalline structure

of the zeolite, it is remarkable that mordenite performs
as the best host for all the squaraines Sq-1-4. This can
be rationalized by taking into account that the monodi-
rectional topology and the channel dimension of morden-
ite are appropriate to host the linear squaraines and is
another example of a shape-selective synthesis in large-
pore mordenite.36-39

On the other hand, docking using molecular modeling
reveals that there is an intense, unfavorable overlap of
host-guest atomic radii within the channels of ZSM-5.
Figure 6 provides selected visualizations of Sq-2 inside
mordenite and ZSM-5. Accordingly, the organic content
measured by thermogravimetry analysis and the reflec-
tance intensity of the DR spectrum in ZSM-5 were
considerably smaller than for mordenite or Y faujasite.
In the case of meta-substituted aryl squaraines Sq-2 and
Sq-4, it is predicted that they cannot fit into the narrow
straight channels of ZSM-5. This is in agreement of the
well-known shape-selectivity effects observed for the
absorption of m-xylene and related compounds in ZSM-
5.40-44

(34) Decomposition temperature of squaraines adsorbed in zeolites
is higher than decomposition of the pure compounds, reflecting
stabilization of squaraines inside the solid matrix.
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Org. Chem. 1992, 57, 5040-5041.

(38) Moreau, P.; Finiels, A.; Geneste, P.; Solofo, J. J. Catal. 1992,
136, 487-492.

(39) Sugi, Y.; Kim, J.-H.; Matsuzaki, T.; Hanaoka, T.; Kubota, Y.;
Tu, X.; Matsumoto, M. In Zeolites and Related Microporous Materi-
als: State of Art 1994. Studies in Surface Science and Catalysis;
Elsevier: Amsterdam, 1994; Vol. 84, p 1837-1844.

Figure 5. Thermogravimetry (left axis) and differential
scanning calorimetry (right axis) of a zeolite sample after
treatment at 150 °C with squaric acid in xylene. This sample
was previously washed with aqueous hydrogen carbonate to
remove residual squaric acid. The initial loss of weight (<200
°C, 7%) is ascribed to water and coadsorbed reagents, and the
second exothermic jump peaking about 400 °C (5%) is at-
tributed to squaraine decomposition.

Table 1. Analytical Data of Some Squaraines
Incorporated inside Zeolite Matrices

% Csquaraine/
zeolite

molecular
formula

organic contenta
(mg g-1) foundb calcdc

Sq-1/HMor C18H14O2 57.9 4.22 4.77
Sq-1/HMord 55.6 4.34 4.58
Sq-2/HMor C20H18O2 48.2 4.05 3.99
Sq-3/HMor C18H14O4 104.9 7.31 7.70
Sq-3/HMord 99.9 7.10 7.34
Sq-3/HY 171.5 12.08 12.60
a Measured from the loss of weight between 300 and 700 °C of

the thermogravimetric profile of the samples. b Determined by
combustion chemical analysis of the same samples submitted to
thermogravimetry. c Theoretical % C calculated according to the
respective molecular formulae assuming that all the organic
material corresponds to pure squaraine (percent of C in the
molecular formula × organic content × 10-3). d These values
correspond to a different batch of the indicated squaraine/zeolite
system.

Figure 6. Molecular modeling visualization of dixylylsquaraine
inside the channels of ZSM-5 (A) and mordenite (B).
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The influence of the zeolite structure and the zeolite
water content on the aggregation of squaraine dyes
deserves a special comment. It is well-known that
squaraines form J-type aggregates that are characterized
by a red-shift in the absorption maximum.45,46 As shown
in Figure 1c, two distinctive bands, one centered at 550
nm and one blue-shifted and centered at 500 nm, are
observed for squaraines incorporated in ZSM-5. Al-
though others factors such as solvatochromic shifts of the
maximum wavelength can also play a role, the most
reasonable interpretation for these two absorption bands
is to attribute them to the presence of isolated squaraine
molecules (550 nm) as well as aggregates (500 nm). In
contrast, for mordenite and Y zeolite, only the longer
wavelength band at 550 nm is observed.
Treatment of resorcinyl squaraine with basic aqueous

solutions has a remarkable influence on its DR and
Raman spectra (Figure 7). Using Raman spectroscopy

we have found that this change is reversible, and thus,
upon treatment of the zeolites containing Sq-4 with
dilute aqueous HCl, a spectrum similar to that shown in
Figure 3 was recorded. The same behavior was observed
for an authentic sample of Sq-4 prepared by reported
procedures. This influence of pH on the properties of
Sq-4 is well-documented in solution and is due to the
acidity of the phenolic hydroxy groups.47,48

Another interesting observation was the influence of
the zeolite water content on the aggregation state of the
rest of the squaraine samples. Upon washing the sample
with water we observed a decrease in the intensity of the
band due to the aggregates which was accompanied by a
relative increase in intensity of the monomer band.49 In
principle, these changes in dye aggregation should also
be reversible. However, in our case, all attempts to
establish that this behavior could be reversed by drying
the zeolite at different temperatures between 80 and 150
°C under a nitrogen stream were unsuccessful. Another
alternative possibility to account for the large decrease
in the absorption intensity as well as the apparent
irreversibility of the above process is that, at least to some
extent, a chemical reaction analogous to that shown in
Scheme 3 is taking place.
Photophysical Properties. Time-resolved diffuse

reflectance spectroscopy has become a routine technique
to obtain transient spectra of opaque samples and in
particular to detect reaction intermediates within
zeolites.50-52 However, the assignment of short-lived
species generated upon laser flash photolysis in zeolite
media is often more complicated than in solution due to
the difficulty in conducting reliable quenching experi-
ments within microporous solids. Often identification of
transients is based mainly on the similarities of the
absorption spectra with those recorded for the same
species in solution.29

The photochemistry of squaraines in solution has been
the subject of a series of intensive studies.33,42,43,45-48,53-56

Two types of transients, triplet excited states and radical
cations, have been characterized for squaraines in solu-
tion.55

Samples of squaraines embedded within the zeolites
were submitted to laser flash photolysis using either 355
or 532 nm excitation. In our experiments we have also
been able to observe two different types of transients for
the squaraines incorporated within zeolites. Interest-
ingly, the transient generated depends mainly on the
crystalline structure of the host material. Figure 8 shows
the time-resolved DR spectra obtained for Sq-3 in HY
and HMor. While both spectra have in common an

(40) Csiczery, S. M. Pure Appl. Chem. 1986, 58, 841-856.
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Elsevier: Amsterdam, 1991; Vol. 58, p 445-496.
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1994, 131, 463-485.

(43) Thomas, J. M. Angew. Chem., Int. Ed. Engl. 1995, 106, 913-
937.

(44) Chen, N. Y.; Garwood, W. E.; Dwyer, F. G. Shape Selective
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(46) Das, S.; Lekshmana Thanuligam, T.; Thomas, G.; Kamat, P.
V.; George, M. V. J. Phys. Chem 1993, 97, 13620-13624.

(47) Kamat, P. V.; Hotchandani, S.; de Lind, M.; Thomas, K. G.; Das,
S.; George, M. V. J. Chem. Soc. Faraday Trans. 1993, 89, 2397-2402.

(48) Das, S.; Kamat, P. V.; De la Barre, B.; Thomas, G.; Ajayaghosh,
A.; George, M. V. J. Phys. Chem. 1992, 96, 10327-10330.

(49) Ramamurthy, V.; Sanderson, D. R.; Eaton, D. F. J. Am. Chem.
Soc. 1993, 115, 10438-9.

(50) Wilkinson, F.; Kelly, G. In Handbook of Organic Photochem-
istry; Scaiano, J. C., Ed.; CRC Press: Boca Raton, FL, 1989; Vol. 1, p
293.

(51) Bohne, C.; Redmond, R. W.; Scaiano, J. C. In Photochemistry
in Organized and Constrained Media; Ramamurthy, V., Ed.; VCH:
New York, 1991, Chapter 3, pp. 79-132.

(52) Wilkinson, F.; Worrall, D. R. Proc. Indian Acad. Sci. (Chem.
Sci.) 1992, 104, 287-298.

(53) Thomas, J. K. Chem. Rev. 1993, 93, 301-320.
(54) Kamat, P. V.; Das, S.; Thomas, K. G.; George, M. V. Chem. Phys.

Lett. 1991, 178, 75-79.
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Chem. 1992, 96, 195-9.
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Soc. Faraday Trans. 1992, 88, 3419-3422.

Figure 7. (A) Diffuse reflectance spectra (inverse of the
reflectivity, 1/R) of Sq-4 incorporated in ZSM-5, after its
preparation (upper spectrum) and after subsequent washings
with aqueous HCO3

- (lower spectrum). (B) Raman spectrum
of squaraine Sq-4 incorporated within mordenite after basic
washings with aqueous HCO3

-. This spectrum coincides with
an authentic sample of Sq-4 in basic aqueous solution. Upon
treatment of the sample Sq-4 in mordenite with a diluted HCl
solution a spectrummatching that presented in Figure 3A was
recorded.
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instantaneous bleaching at 520 nm, corresponding to the
disappearance of the highly colored ground state, the
absorption maximum for the two zeolite samples are
significantly different. On the basis of the similarity of
our spectra with those in solution for related squaraines,
we attribute the spectrum recorded in HY to the radical
cation of Sq-3 and the spectrum obtained in HMor to the
triplet excited state of Sq-3.
In order to obtain further support for our transient

assignments, we performed oxygen quenching experi-
ments. It has been observed that quenching of triplet
excited states by oxygen inside zeolites is not as straight-
forward as in solution.53 This probably reflects a hin-
dered diffusion of oxygen through the micropores of the
solid. Generally a decrease in the initial transient
intensity accompanied by a significant increase in the
rate of decay is the effect observed after purging the
sample with oxygen.27,57,58 In our case, the oxygen
quenching experiments with some of the squaraines-
zeolite samples have also followed this general pattern.
In addition, as a general observation it has been found
that transient species and notably triplet excited states
are longer lived in zeolite media than in homogeneous
solution. Figure 9 shows the influence on the decay
kinetics at 760 nm for the disappearance of the triplet of
Sq-2 in the presence and absence of oxygen. Consistent
with the assignment as a triplet excited species is the
increase in the decay kinetics upon exposure of the zeolite
sample to oxygen.
In contrast, generation of squaraine radical cation by

pulse radiolysis can be easily performed in solution in
the presence of oxygen, where they exhibit a lifetime of
tens of microseconds.54,55 Therefore, we attribute the
absorption band observed for Sq-3 in HY appearing at

600 nm that is not quenched by the addition of oxygen
(Figure 9B) to the corresponding Sq-3+• radical cation.
Concerning the influence of the zeolite framework in

determining the species generated upon laser flash
photolysis, we have recently provided an example in
which aminobenzophenone hosted in a series of zeolites
of various crystalline structure gives rise to different
transients depending on the dimensions of the cavities
surrounding the guest and the acid strength.59 The
results reported here are in this line reinforcing the
reported precedents. In this regard, the electron acceptor
ability of acid zeolites has been found to increase along
the aluminium content of the zeolite.60 We notice that
the aluminium content of the original Y zeolite is 4 times
that of the mordenite sample.

Conclusions

Preparation of simple squaraines in homogeneous
phase requires the intermediacy of squaryl dichloride and
acid catalyst. In contrast, direct reaction of squaric acid
with benzene derivatives at 150 °C in the presence of acid
zeolites has been found to be a general and convenient
procedure to generate and incorporate these dyes inside
the zeolite pores. In general, the loading level in ZSM-5
was the lowest, while mordenite was found to be the most
appropriate host. The spectroscopic properties of these
samples remain unaltered for several months after
preparation, in contrast to what has been reported in
solution. Washings with acid and basic aqueous solu-
tions strongly influences the nature of the squaraine dye

(57) Cozens, F. L.; Garcı́a, H.; Scaiano, J. C. J. Am. Chem. Soc. 1993,
115, 11134-11140.
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Chem. 1996, 100, 18165-72.
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J. C. Chem. Mater. 1996, 8, 152-160.

(60) Folgado, J. V.; Garcı́a, H.; Martı́, V.; Esplá, M. Tetrahedron
1997, 53, 4947-4956.

Figure 8. Transient diffuse reflectance spectra (∆J/Jo) re-
corded for Sq-3 in HY (A) and HMor (B) 14 µs after excitation
using a 532-nm laser pulse (e20 mJ/pulse).

Figure 9. (A) Transient decays monitored at 720 nm recorded
upon 532-nm excitation of Sq-2 in HMor after nitrogen (O) or
oxygen (∆) purging. The inset corresponds to the time-resolved
diffuse reflectance transient spectrum recorded 14 µs after 532
nm excitation. (B) Transient decay of Sq-3 in HY monitored
at 600 nm after nitrogen (O) or oxygen (]) purging. The decays
have been normalized and shifted in the vertical axis.
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and also its aggregation state. Laser flash photolysis has
allowed us to detect two different types of transients
depending on the zeolite host. Thus, the species formed
upon the photolysis of Sq-3 in HY characterized by a
absorption band at 600 nm has been assigned to the
corresponding radical cation on the basis of the similarity
with the spectrum of these excited states for related
squaraines and on the lack of influence of oxygen. In
contrast, the transient spectrum of the same squaraine
Sq-3 in mordenite shows a broad band peaking at 800
nm that has been ascribed to the T-T absorption of the
triplet. The decay of the latter species is highly sensitive
to the presence of oxygen.

Experimental Section

HY-100 was obtained starting from a commercial NaY
sample (PQ Industries; Si/Al 2.6) by three consecutive Na+-
to-NH4

+ exchanges using aqueous solutions of NH4AcO at
increasing concentrations and a solid-to-liquid ratio of 1-to-
10. A detailed protocol has been previously reported.61 HMor
(Si/Al 10) was supplied by PQ Industries and was used as
received. HZSM-5 was prepared according to the method
reported in the patent literature.62
A suspension of the squaric acid (100 mg) in toluene,

m-xylene, or anisole (20 mL) is stirred either at 110 or 150 °C
(in autoclave) for 8 h in the presence of the corresponding acid
zeolite (1.00 g) previously dehydrated by heating at 500 °C
overnight. After this time, the solid was filtered, washed with
CH2Cl2, and submitted to continuous solid-liquid extraction
using micro-Sohxlet equipment and CH2Cl2 as solvent. The
squaraines were never detected in the liquid extracts. Since
squaric acid is highly insoluble in CH2Cl2 as well as in the
majority of organic solvents, the zeolites containing squaraines
were washed with a 5% aqueous solution of NaHCO3 to remove
the presence of unreacted squaric acid.
For the preparation of pure 1,3-diresorcinylsquaraine, the

method reported by Law was followed.5 Thus, a suspension
of squaric acid (57 mg, 0.5 mmol) and resorcinol (110 mg, 1
mmol) in butan-1-ol (5 mL) was stirred at reflux temperature
for 4 h. The solvent was removed by evaporation under
reduced pressure, and the residue was recrystallized from
glacial acetic acid. The product was obtained as dark violet
crystals in a 55% yield.
Thermogravimetries-differential scanning calorimetries

were measured in a Netsch STA 409 microbalance using kaolin
as inert reference. Carbon combustion chemical analyses were
performed in a Perkin-Elmer analyzer. The diffuse reflectance
of the solids was recorded using a Shimadzu UV-2021 PC
spectrophotometer with an integrating sphere attachment. The

FT-Raman spectra were recorded on a Bio-Rad FT-Raman II
spectrometer. The 1064 µm line of a Nd:YAG laser was used
as excitation source along with a Germanium detector cooled
with liquid nitrogen. The Raman spectra of the powders were
examined in the 180° scattering configuration using quartz
cells. The laser power measured at the samples was ∼100
mW. The spectral resolution was 4 cm-1 and the number of
scans varied from 1000 to 4000. The Raman spectra were
corrected for instrumental response using a white light refer-
ence spectrum. MAS 13C-NMR of Sq-1,3 in mordenite was
recorded with a 400 MHz Varian Unity + spectrometer at a
spinning rate of 5000 Hz.
Semiempirical calculations were carried out using the AM1

SCF-MO method as implemented in the version 3.0 of the
MOPAC program supplied by Biosym. Molecular modeling
related to guest docking in the zeolites was performed with
the Insight II (Version 2.3.5) molecular modeling package of
programs using a Silicon Graphics workstation.
Laser flash photolysis experiments were carried out using

the second or third harmonic (532, 355 nm, <10 ns pulses,
e20 mJ/pulse) from a NY61-10 Continuum Nd:YAG laser as
the excitation source. The transient signals from the mono-
chromator-PMT detection system were captured using a
Tektronix 620 digitizer and then transferred via a GPIB
interface to a Power Macintosh 7100 computer which controls
the laser system using a program written with LabView 3.0
software. The experimental setup for time-resolved diffuse
reflectance is similar to that described in detail previously.51,53
The laser samples were contained in 3 × 7 mm2 quartz cells
which were either evacuated under reduced pressure (0.005
Torr) for 30 min in order to remove all traces of oxygen and
then sealed or purged with oxygen for 30 min prior to
photolysis.
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