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Cooperative Effect of Surface Sites on the Laser Flash Photolysis of 1,1-Diphenylacetone and
1,1,3,3-Tetraphenylacetone Adsorbed on Layered Clays. Generation of Radicals and Carbocations
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Laser flash photolysis of 1,1-diphenyl- and 1,1,3,3-tetraphenylacetone adsorbed onto a series of clays has been
carried out under dry conditions. The photochemical behavior of the guests was investigated by using time-
resolved diffuse reflectance techniques. Deposition of the organic compounds onto the solids was performed
by slow removal of the solvent from dilute solutions at low temperature. Distinct transient spectra in the
microsecond time domain were obtained for the guest—host composites. The formation of the diphenylmethyl
radical (DPM*) was observed with montmorillonites SWy-1 (Ayax = 310 nm) and STx-1 (Amax = 340 nm). The
decay of DPM* on the bidimensional geometry of the layered clays was found to be much slower than within
a tridimensional large-pore zeolite. By contrast, in the case of the pillared Al;3SWy-1 and Al;3STx-1 clays,
additional reflectance at 450 nm characteristic of the diphenylmethyl cation (DPM*) was present. This
intermediate presumably arises from the cooperative interaction with the acid sites of the clay. These results
show that these ketones are convenient probes to report on the chemical and topological properties of solid

surfaces.

Introduction

Adsorption of a guest molecule onto a solid surface has become
a general methodology to alter and gain control of the photo-
chemical behavior of the guest.!:2 Differences in the photo-
chemistry of substrates upon irradiation in solid systems from
that obtained in homogeneous solutions can arise from both the
confinement of the guest in the restricted spaces and the interaction
of the substrate with the active sites of the solid.?

While the presence of acid sites in natural layered clays*$ has
been widely exploited in their use as heterogeneous catalysts for
thermal ground-state reactions,”?® and particularly for petro-
chemical processes,’ their use as hosts to perform photochemical
reactions under dry conditions has been uncommon compared
with applications of other adsorbents. The vast majority of these
studies has focused on the use of guests as photophysical probes
and comparatively little attention has been paid to the study of
the photochemical reactivity of organic compounds on these
surfaces.!0-12

Incorporation of nonpolar organic molecules within the highly
hydrophilic interlayer regions of these solids has been found to
be problematic, as only the external surfaces are generally
accessible to the guests. Therefore, the bidimensional open
topology characteristic of these montmorillonite guest-host
systems can influence the'course of the photochemical reaction
inadistinctive way compared to other solid hosts exhibiting closed
reaction cavities. Moreover, the possibility to prepare pillared
clays!314 by ion exchange provides a smooth transition to zeolitic-
like materials with increasing sieving capabilities and accessibility
to the internal regions.

The photochemistry of 1,1-diphenylacetone (DPA)and 1,1,3,3-
tetraphenylacetone (TPA) has been exhaustively studied in
solution.!’ The diphenylmethyl radical (DPM?*) generated by
homolytic bond cleavage from the triplet excited state is the
characteristic reaction intermediate. Recently, we reported that
the photochemical behavior of DPA and TPA can be modified
by inclusion within acidic zeolites!6 where, in addition to DPM*,
the diphenylmethyl cation (DPM*) was observed with time-
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resolved diffuse reflectance techniques. These types of guests
are therefore convenient probes to investigate the influence of the
host-guest interaction. In the present work, we report that the
crystalline structure and active sites of clays also have a significant
effect on the photochemistry of these ketones.

Results and Discussion

Two natural samples of smectites from Wyoming (SWy-1)
and Texas (STx-1) were purified by treatment with aqueous acid,
then neutralized with dilute NaOH, and treated with a saturated
solution of aqueous NaCl. Adventitioussalts were finally removed
from the clay by dialysisand the aqueous suspension was submitted
to freeze-drying. Deposition of DPA and TPA (1-3 wt %) onto
the solids was carried out by slowly removing the solvent from
a suspension of the clay in a solution of the organic compound
in CH,Cl, at 273 K under reduced pressure. In the case of the
DPA-SWy-1 composite, exhaustive extraction led to a complete
recovery of the unchanged organic compound. An alternative
adsorption procedure based on the free diffusion of the guest
from a CH,Cl, solution onto the solids, followed by subsequent
washing with fresh solvent, did not result in any appreciable
incorporation of the aromatic ketones and unaltered DPA and
TPA were completely recovered. In contrast, the free diffusion
technique leads to extensive incorporation in the case of large-
pore zeolites.3

The strength of the interaction between the ketones and the
clays was determined by recording the diffuse reflectance and
luminescence spectra of the composites. These spectra show a
remarkable coincidence with those reported within the cavities
of NaY, where it has been found that the host-guest interaction
is weak.!¢ In addition, the frequency of the C==0 stretching
band at 1705 cm~!in the IR spectra of these composites is similar
to that measured in a KBr disk.

The adsorption data together with the spectroscopic charac-
terization of these composites suggests that the organic compounds
are located on the externally accessible surface of the clays and
that only a loose interaction is experienced.

Time-resolved diffuse reflectance experiments were carried
out with the fourth harmonic (266 nm) of a Nd:YAG laser
as the excitation source.!”1®# Representative decay traces of DPM*
generated upon photolysis of the DPA-SWy-1 and DPA-STx-1
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Figure 1. Decay traces monitored at 320 nm (A and B) and 330 nm (C)
after 266-nm excitation of (A) DPA-SWy-1, (B) DPA-STx-1, and (C)
DPA-NaY.
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Figure 2. Transient spectra recorded 3 us after 266-nm excitation of
DPA-SWy-1 (top) and DPA-STx-1 (bottom) composites.

composites, eq 1, are shown in Figure 1. For the sake of
comparison the 330-nm decay trace for DPM* obtained upon
photolysis of DPA hosted within NaY under the same conditions
has also been included in Figure 1.

hy
Ph,CHCOCH, — Ph,CH" + CH,CO" (1)

The relatively slower Kinetics for the disappearance of DPM*
on the flat layers of the clay as compared with the large-pore
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Figure 3. Transientspectrarecorded 3 us after excitation of TPA-SWy-1
(top) and TPA-STx-1 (bottom) composites.

zeolite is quite remarkable. The bidimensional topology of the
clays, which allows one degree of translational freedom less than
the tridimensional micropore structure of the faujasite, would
impose more restriction on the mobility of the radicals and
consequently slow down the rate constant for the reaction of the
separated DPM:.

The transient spectra recorded 3 us after laser excitation of
these composites, Figures 2 and 3, show differences in the position
of the maximum attributed to DPM*. In STx-1 the maximum
is 340 nm, close to the usual value of 330 nm,!® while in SWy-1
the maximum is shifted by 20 nm to 310 nm. The broadness of
the band in the case of STx-1, with appreciable reflectance above
350 nm, is worth noting. The same features were recorded for
the transient spectra of the TPA-SWy-1 and TPA-STx-1
composites, Figure 3, showing that the differences are due to the
specific properties of the two montmorillonites. Note the higher
intensity of the SWy-1 system.

The above observation is particularly surprising taking into
account that SWy-1 and STx-1 are the same type of materials.20
They possess identical layered structures, are in their sodium
forms, and have similar cation exchange capacities. Nonetheless,
these two materials do originate from different geographic sites
(Wyoming and Texas) and may differ in some of their physical
properties (such as surface area) as well as chemical composition.
For example, their iron contents are somewhat different (3.35%
for SWy-1 versus 0.65% for STx-1).

We were therefore interested in examining the origin of the
differences in transient spectra. Inorder to address this question
polyhydroxyaluminum pillared clays of the two smectites (Al;3-
SWy-1 and Al;3STx-1) were prepared by ion exchange using a
solution of [Al;304(0OH)4(H20)2]7+ (abbreviated as Al,;)
obtained by basic hydrolysis of AICl; according to reported
procedures.2! After washing the resulting solids thoroughly, a
final calcination at 723 K was carried out to ensure chemical
bonding of the pillars to the clay sheets.

Free diffusion of the guests from a CH,Cl; to the solids did
not result in any significant incorporation of the organic ketones.
Deposition of DPA and TPA was performed by slow solvent
removal from dilute solutions. No appreciable changes in the
reflectance and emission spectra or the C==0 region of the FT-
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Figure 4. Transient spectra recorded 3 us after excitation of DPA—~
Al13SWy-1 (top) and DPA-Al;3STx-1 (bottom) composites.
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Figure 5. Transient spectra recorded 3 us after excitation of TPA-Al,;-
SWy-1 (top) and TPA-Al];3STx-1 (bottom) composites.

IR spectra of these four composites compared with the original
smectites were observed. This indicates a weak interaction
between the ground and excited states of the organic guests with
the solid surfaces. ‘

Thetransient spectrarecorded 3 us after 266-nm laser excitation
of the pillared composites are presented in Figures 4 and 5. In
addition to the reflectance corresponding to DPM-, a new band
centered at 450 nmis present. Inparticular,acomparison between
the spectra of the sodiumand Al pillared forms of SWy-1 reveals
how dramatically the course of the photochemical reaction has
been altered. Based on the reported absorption spectrum in

Cozens et al.

solution,?? we assign this new transient to the diphenylmethyl
cation (DPMH).

It is well established that pillaring of layered clays increases
the total number of acid sites measured by the pyridine vapor
adsorption technique.!421:23-26 This is due to the combination of
two factors, the increase in the surface area accessible to organic
bases, and the new Bronsted acid sites introduced by hydrolysis
of the polyoxyaluminum pillars in the calcination step. It has
been reported that while STx-1 shows only a weak Lewis acidity,
the corresponding Al;3STx-1 exhibits a much higher population
of stronger Bronsted and Lewis sites.?” Therefore, we ascribe
the generation of DPM* to the interaction of the solid surface
acid sites with DPA and TPA as indicated in eqs 2 and 3. The
same cooperative effect of the acid sites on the photochemistry
of these ketones has been observed in the case of acid faujasites.!6

hy
Ph,CHCOCH, — Ph,CH*+CH,CHO (2)
H¥-clay

hy
Ph,CHCOCHPh, — Ph,CH* + Ph,CHCHO (3)

H*-clay

From inspection of Figures 4 and § it is clear that the 330- and
450-nmsignal intensities are more similar for DPA than for TPA,
with the latter giving significantly more radical than cation.
Moreover, for both guests cation formation is favored in the SWy-1
composite compared to the STx-1 composite. The efficiency of
the proton-assisted fragmentation will depend on a combination
of factors such as the acid strength distribution of the sites and
the position of the ketone group with respect to the acidic protons.
We have observed that in the case of DPA within a highly
dealuminated acid Y faujasite (HYD), DPM* is almost exclu-
sively generated. This higher efficiency of the HYD zeolite to
promote DPM™ formation reflects the higher acid strength of the
zeolite acid sites?!-24 and/or the occurrence of a cage effect due
to the closed reaction cavity provided by the faujasite crystalline
structure.

In conclusion, we find that the photochemistry of 1,1-
diphenylacetone and 1,1,3,3-tetraphenylacetone can be deeply
influenced by deposition on natural and modified clays, making
these compounds convenient probes to report on the chemical
and geometrical characteristics of the surfaces. Even weak guest-
host interactions, which do not produce significant changes of the
guest as monitored by the electronic and IR spectra, can lead to
distinctive transient spectra. Besides DPM*, generation of DPM+
through the cooperation with the solid acid sites appears to be
a general process.

While it is clear that ketone photochemistry is considerably
more complex in clays and zeolites than in solution, it is precisely
the ability of these materials to modify the substrate chemistry
that makes clays and zeolites useful catalysts in industry. Our
early attempts to study photoinduced carbocation formation in
clays led to the observation that typical precursors gave car-
bocations spontaneously?® and photoexcitation was not needed.
Recent work in zeolites!¢ and the current report in clays show
that typical photochemical precursors of free radicals can yield
carbocations on these acidic materials. These same clays and
zeolites can be viewed as carbocation promoters, a characteristic
well-known to industry. Laser techniques provide a direct
approach to study these processes. Finally, this report leaves
some questions unanswered, such as the origin of radical spectral
shifts and the identity of weaker reflectance changes in the 380—
400-nmregion. Clearly further work will be required to elucidate
these aspects.

Experimental Section

Materials. Purification of SWy-1and STx-1. Natural samples
of these two clays were purified by treating the solids (about 60
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g) consecutively with dilute aqueous HCl solutions (1 L) of pH
2 and 3.5, respectively, according to report procedures.?® The
clays were then dispersed twice in dilute aqueous NaOH solutions
(1 L, pH 8) and left undisturbed for 12 h. The clay sediment
was treated with a saturated aqueous NaCl solution (300 mL)
and submitted to dialysis using Millipore purified water that was
frequently replaced for about 10 days. The final clay samples
were recovered from the aqueous solution by freeze-drying for
4 days.

Preparation of Al;;SWy-1 and Al;3STx-1. A 0.5 M aqueous
solution of NaOH (250 mL) was added to a.0.2 M solution of
AICl;-6H,0 (200 mL) under vigorous magnetic stirring. The
solution was heated at 333 K for 3 h and allowed to cool at room
temperature. The corresponding clay (2 g) was added to the
solution and the resulting suspension stirred at room temperature
for 1 .h. After this time, the suspension was centrifuged and
subjected to several washing (100 mL of distilled water)-
centrifugation cycles (typically 6), until a negative test for Cl-
using a 0.1 M solution of AgNO; was obtained. The exchanged
clays were dried at 378 K for 6 h and baked in the oven at 723
K for 8 h.

Deposition of the Organic Compounds onto the Solids. DPA
was a commercial sample (Aldrich) and used as received. TPA
was synthesized by condensation of ethyl diphenylacetate using
sodium metal following the procedure described in the literature?®
and purified by flash column chromatography with silica gel using
hexane aseluent. A solution of the corresponding organic material
(between 10 and 30 mg) in CH,Cl, (BDH, spectroscopic grade,
<0.01% water) (50 mL) was poured onto the solid and the
suspension was concentrated under reduced pressure at 273 K.
Exhaustive extraction of the organic material from the composites
was carried out by using a micro-Soxhlet equipment and CH,Cl,
as solvent. GC analysis using a Perkin-Elmer 8320 apparatus
with a capillary column showed that only the unaltered starting
compound was present in the recovered material.

Alternatively, a suspension of the ketone (about 20 mg) and
the solid in CH,Cl, (30 mL) was stirred for 2 h. ‘After this time,
the mixture was centrifuged and the solid washed with fresh

“solvent (10 mL) for 30 min. The amount of organic substrate
adsorbed was calculated from the difference between the initial
weight and the amount recovered in the combined CH,Cl,
solutions measured by UV absorption at 256 nm. However, this
procedure did not lead to any appreciable incorporation of organic
material onto the solids.

Reflectance and emission spectra of the guest-host composites
were carried out with a Perkin-Elmer LS50 spectrophotometer.
In the first case the spectra were obtained using the option of
synchronous scanning of both monochromators. FT-IR spectra
wererecorded on a Bomen MB 100 spectrophotometer and wafers
were prepared by pressing the composites.

Laser Flash Photolysis. The experimental setup for transient
diffuse reflectance is similar tothat described in detail previously.!”
The fourth harmonic (266 nm, <10 ns pulses, <10 mJ/pulse)
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from a Surelite Nd:YAG laser was used for sample excitation.
Samples contained in 3 X 7 mm? quartz Suprasil cuvettes were
purged with nitrogen for at least 30 min prior to photolysis. After
acquisition of each data point the sample was shaken to ensure
that a fresh surface was accessible to the laser beam.
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