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Photochemical and Photo-
physical Studies within Zeolites

V. Ramamurthy*

Ahstract. In this article, we illustrate how one can utilize a zeolite matrix to control the
photophysical and photochemical behavior of guest molecules included inthem. In the
first part, the emphasis is placed on the cation and on a single zeolite, faujasite (X and
Y). Photophysical  properties of naphthalene and other aromatic guest molecules
included in X-type faujasite zeolites (M+X, M ::Li, Na, K, Rb, Cs, TI) have been
investigated. As expected for an external heavy-atom-perturbed excited state, both
singlet- and triplet-excited-state  lifetimes and emission efficiencies depend upon the
identity and accessibility ofthe cation present within the zeolite supercage. The power
of the heavy-atom-cation  effect in zeolites has been demonstrated by recording
phosphorescence  from several olefins whose phosphorescence has not previously been
recorded. The second section brings out an inherent feature of a field at its infancy-
serendipity.  Surprisingly, radical ions of organic molecules can be generated and
stabilized within zeolites by a simple procedure. This study has been expanded to
include oligomers ofthiophenes and a,w-diphenylpolyenes  which serve as models for
conducting polymers. This is followed by a presentation wherein the importance of the
relative size of the host cavity to that of the guest to achieve maximum selectivity ina
photoreaction is highlighted. Concepts developed in this section with faujasite and
pentasil (Z5M-5 and Z5M-Il) as models are believed to be general and applicable to
other organized media.

1. Introduction Zeo lites may be regarded as open struc-
tures of silica in which aluminum has been
substituted in a fraction of the tetrahedral
sites [3]. The substitution of trivalent alu-
minum ions for afraction of the tetravalent
silicon ions at lattice positions results ina
network that bears a net negative charge
which must be compensated by othercoun-

ter ions. As such, zeolites can be repre-

Organized media allow one to design a
system and then carry out photochemical
and photophysical  studies within these
assemblies in amore temporally and struc-
turally quantifiable fashion than is possi-
ble in an isotropic media. In this context,
organized media such as crystals, surfaces
(silica, alumina, clay etc.), liquid crystals,
micelles, mono- and bi-layers, inclusion
complexes are being subjected to exten-
sive investigation [1]. In the last few years,
our as well as afew other groups' interest
has turned to the use of zeolites as media
for photoreactions  [2]. In this presenta-
tion, a few of the observations made in our
laboratory with zeolite as a medium for
photoreactions are highlighted. For a gen-
eral survey the readers are directed to
recent reviews [2].
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Fig. 1.Structures of zeolites: ZSM-5 andfaujasites
shown as type-l, -Il, and -1l [12].
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sented by the empirical formula My,
Alz03 .x Si0, y H,0, where M is the
cation of valence n (typically Na, Ca, Mg,
etc.),x:::2-00, andy varies from Otoca. 10.
These cations can generally be exchanged
by conventional methods. The latter are
mobile and may occupy various exchange
sites depending on their radius, charge,
and degree of hydration. They can be

of Zeolites Used in this Work
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(X and Y). Position of cations in X and Y zeolites
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Table 2. Photophysical Parameters for Naphthalene

Included in Zeolites

Triplet liglel ptp:)
I.eolite Lifetime") Lifetim~h)
H si [sl In |
Li . 33.0 1.0x lo-t
A J5.4 7.3 x 102
K, 1.72 0.J6
Ro 0.71 222 8.1
0.20 0.23 (87%).1.87 (JJK) 45
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aY ~5.1 1.0X lo--~
KY 11 ol
RbY JX 9.0
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") The lifetime measured at 77 K.
h) The lifetime measured at 298 K.

C) Phosphorescence to fluorescence intensity ratio estimated at 77 K; the number is independent of

the wavelength of excitation.
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replaced, to varying degrees, by exchange
with other cations. The numerous frame-
work topologies of the molecular sieves
offer various systems of channels and cav-
ities resulting in one-, two-, or three-di-
mensional diffusion for included guest
molecules. There are two types of struc-
tures: one provides an internal pore sys-
tem comprised of interconnected cage
structures; the second provides a system
of uniform channels. Access to these chan-
nels, cages, or cavities isthrough apore or
window which can be of the same size or
smaller than the size of the channels,
cages, or cavities. It is this pore dimension
which determines the size of molecules
that can be adsorbed into these structures.

The topological structure of X-and Y-
type zeolites consists of an interconnected
three-dimensional network of relatively
large spherical cavities, termed supercag-
es (diameter of ca. 13 A Fig. 1). Each
supercage is connected tetrahedrally to
four other supercages through 8-A. win-
dows or pores. The interior of zeolites X
and Y also contains, in addition to super-
cages, smaller sodalite cages. The win-
dows to the sodalite cages are too small to
allow organic molecules access to these
cages. Charge compensating cations pre-
sent in the internal structure are known to
occupy three different positions in the
zeolites X and Y (Fig. 1). Only cations of
sites 1l and 111 are expected to be readily
accessible to the adsorbed organic mole-
cule.

Among the medium-pore sized zeo-
lites, perhaps the most studied are the
pentasilzeolites,ZSM-5andZSM-Il  (Fig.
1). These zeolites also have three-dimen-
sional pore structures; a major difference
between the pentasil pore structures and
the faujasites described above is the fact
that the pentasil pores do not link cage
structures as such. Instead, the pentasils
are composed of two intersecting channel
systems. For ZSM-5, one system consists
of straight channels with afree diameter of
ca. 5.4 x 5.6 A and the other consists of
sinusoidal channels with a free diameter
of ca. 5.1 x 5.5 A. For ZSM-II, both are
straight channels with dimensions of ca.
5.3 x 5.4 A. The volume at the intersec-
tions of these channels is estimated to be
370 A3 for a free diameter of about 8.9 A.
Other large-pore zeolites of interest for
photochemical studies include the large-
pore zeolites L, mordenite, offretite, ome-
ga, and beta, as well as the aluminophos-
phate frameworks AIPQO,-5 (large-pore),
AIP0,-8 (extra-large pore), and VPI-5
(very large-pore). Dimensions and cage/
channel structures of various zeolites are
provided in Table 1.

The presentation is divided into three
main parts. In the first part, photophysical
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aspects with an emphasis on heavy-atom
effect are highlighted. In the second part,
generation, stabilization, and study of rad-
ical ions within zeolites are discussed. In
the last part, results of photochemical stud-
ies with ‘reaction cavity’ concept in mind
are presented.

2. Variation in Spin-Orbit Coupling
Parameter: Heavy-Atom (Cation)
Effect [4]

In this section, we illustrate how the
change in alkali cation present within su-
percages of faujasites alters the effective
spin-orbit coupling available for a zeolite
included guest molecule. Such changes
offer an unique opportunity to control the
distribution and decay of the singlet and
the triplet excited states of guest mole-
cules. By utilizing this technique, we have
been able to observe phosphorescence for
systems for which previous attempts to
record phosphorescence have yielded only
negative results.

2.1. Heavy-Atom (Cation) Effect
within Zeolites-Phosphorescence from
Aromatics

Asshownin Fig. 2, the emission spec-
trum of naphthalene is profoundly affect-
ed by inclusion in faujasites [S]. For low-
mass cations such as Li* and Na*, the
emission spectra show the typical naph-
thalene blue fluorescence. However, as
the mass of the cation increases (e¢.g., from
Rb* to Cs* to TI*), there is a dramatic
decrease in fluorescence intensity and a
simultaneous appearance of anew vibron-
ically structured low-energy emission band
that is readily identified as the phospho-
rescence of naphthalene. Table 2 lists ex-
cited singlet (at room temperature) and
triplet lifetimes (at 77 K) of naphthalene
included within various cation exchanged
zeolites. Itis clear that both these lifetimes
are cation-dependent. On the basis of the
following observations, we conclude that
the heavy-cation effect is responsible for
the enhanced phosphorescence and de-
creased singlet and triplet lifetimes for
naphthalene within K, Rb, Cs, and Tl
cation exchanged faujasites. It is well-
known that the effect of external heavy-
atom perturbation scales with the square
of the perturber’s spin-orbit coupling con-
stant, £ and that a log-log plot of 7! vs.
£2 should be linear with a maximum pre-
dicted slope of unity [6]. As shown in Fig.
3, the expected dependence is observed.
For comparison, we have also provided in
Fig. 3 the linear relationship observed in
two systems, namely 1-halonaphthalenes
[6]and 1,5-naphtho-22-crown-6[7], where
the external and internal heavy-atom ef-
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Fig. 2. Emission spectra at 77 K of naphthalene included in Li X, Cs X, and T! X (excitation A: 285
nm). Note the ratio of phosphorescence to fluorescence changes with the cation but the ratio change

is independent of the excitation wavelength [12].
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Fig. 3. A linear relationship between the triplet decay of naphthalene in M X zeolites and the spin-orbit
coupling parameter of the cation. Similar relationships for 1-halonaphthalenes and cation complexed

1,5-naphtho-22-crown-6 are also shown [12][5].
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Fig. 4. Linear relationship between singlet and triplet decay of naphthalene in M X ceolites. Both
singlet and triplet decays are influenced by the cation [12].
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Fig. 5. Proposed geome-
try of interaction between
naphthalene and cation
within the supercage of

Sfaujasites

Intensity (cps)

Fig. 6. Emission spectra at 298 K of anthracene (ex A = 340 nm), phenanthrene (ex A = 295 nm),
chrysene (ex A = 320 nm), and pyrene (ex A = 340 nm) included in T! X. No fluorescence is seen in

phenanthrene, chrysene, and pyrene under

these conditions [12].

1.0

Intensity o5 }

639

Tl

"\ FLUORESCENCE
N $—Sp
]
Il -
‘.‘ PHOSPHORESCENCE
ZSM-5 (T —_—
't\ — Si/Al-(u) Ll So

500 600
Wavelength (nm)

700

Fig. 7. Emission spectra at 298 K of (E)-stilbene included in Tl X and in TI ZSM-5 (excitation A =290
nm; corning glass filter 0-51 is used to cut off the second order). Note the intense phosphorescence

in both cases [10].
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fects, respectively, are presumed to oper-
ate. The magnitude of the heavy-atom
effect observed in zeolites is significantly
larger than that observed for the 1,5-naph-
tho-22-crown-6 exchanged with heavy-
atom cations where the cation is rigidly
held over the naphthalene 7 face. In fact,
the zeolite samples show heavy-atom ef-
fects nearly as large as for a series of -
halonaphthalenes where the perturbers are
covalently attached to the chromophore.
This is attributable both to the close ap-
proach between naphthalene and the heavy
atom which is enforced by the zeolite
supercage and to the presence of more
than one heavy-atom cation per supercage
which leads to highly effective concentra-
tions of the heavy-atom cation in the vicin-
ity of the naphthalene molecule. If the
heavy-cation effect is indeed responsible
for the variations in singlet and triplet
lifetimes, one would expect a linear rela-
tionship between singlet and triplet de-
cays with cation variation. Indeed this is
observed as shown in Fig. 4. The slope of
the line suggests that the singlet decay is
enhanced more than the triplet, consistent
with the smaller energy gap between the
S, and T, as compared to the T, and §,.
To obtain a picture of the geometry of
the cation-aromatic (naphthalene) inter-
action in X- and Y-type faujasites, we took
advantage of the heavy-atom-induced
phosphorescence which allows the use of
optical detection of magnetic resonance
(ODMR) in zero applied magnetic field
[8]. The sublevel specific dynamics for
adsorbed naphthalene show a distinct in-
crease in relative radiative character and
total rate constant of the out-of-plane x
sublevel with increasing mass of the cati-
on perturber. Enhancement from only tri-
plet sublevel T, is expected for a heavy-
atom approach along the v axis [9]. ODMR
kinetic results suggests that the naphtha-
lene is adsorbed through its 7 cloud at a
cation site (Fig. 5).

The above heavy-cation effect within
zeolites is found to be general. Enhanced
phosphorescence is observed for a wide
range of different organic guests such as
anthracene, acenaphthene, phenanthrene,
chrysene, fluoranthene, pyrene, and
1,2,3,6,7,8-hexahydropyrene when includ-
ed in Tl*-exchanged faujasites (Fig. 6).
The only set of examples of guests for
which phosphorescence is not observed
are fused aromatics, which are too large in
diameter to fit through the 8-A windows of
the X- and Y-type zeolites (e.g., coronene
and triphenylene). Also this phenomenon
is not restricted to faujasites alone. En-
hanced phosphorescence has been ob-
served for guest molecules within heavy-
cation-exchanged ZSM-35, L, M-5, €2-5,
and beta.
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2.2. Phosphorescence from Olefins

It is easy to appreciate the potential of
the unusual environment of the zeolite,
when one realizes that even olefins, sys-
tems that under normal conditions do not
show phosphorescence, emit from their
triplet states when included in TI*-ex-
changed zeolites.

2.2.1. Phosphorescence from Stilbenes

Excitation of (E)-stilbene included in
T! X and in T1 ZSM-5 emits phosphores-
cence and fluorescence both at room tem-
perature and at 77 K (Fig. 7) [10]. The
tripletemission spectraat 77 K foranumber
of substituted (F)-stilbenes included in T1
Xare provided in Fig. 8. The triplet emis-
sion maxima for stilbenes measured in the
present study agree well with the literature
reports [11]. The ability to record phos-
phorescence from stilbenes even at room
temperature is significant as only very
weak phosphorescence from (E)-stilbene
and several substituted (F)-stilbenes have
been recorded at 77 K in organic glass
containing Etl as the heavy-atom perturb-
er[11].

2.2.2. Phosphorescence from
1-Phenylcycloalkenes and (Benzo)-
Fused Cycloalkenes

In an effort to expand the utility of
these zeolite hosts for the observation of
phosphorescence from triplet states, we
have investigated the photophysics of sev-
eral 1-phenylcycloalkenes and benzo-
fused cycloalkenes included in TI*-ex-
changed zeolites. In Fig. 9, the triplet
emission spectra at 77 K of several 1-
phenylcycloalkenes and benzo-fused cy-
cloalkenes included in Tl X are provided
[12]. For compounds for which literature
estimates are available, the 0-0 transition
of the phosphorescence emission and the
reported S, to T absorption agree remark-
ably well (see insert in Fig. 9) [13].

2.2.3. Phosphorescence from
a,w-Diphenylpolyenes

(all-E)-a, w-diphenylpolyenes exhibit
very low intersystem-crossing efficien-
cies and efficient fluorescence. To our
knowledge, no authentic phosphorescence
spectra from these have been reported. We
have succeeded in recording phosphores-
cence of these a,w-diphenylpolyenes by
including them in Tl*-exchanged zeolites
[8]. Fig. 10 shows the observed phospho-
rescence of the o, @-diphenylpolyenes in-
cluded in Tl X. At 77 K, a well-resolved
structured emission for each of the pol-
yenes with a prominent vibronic spacing
of 1200-1400 cm™! as expected for triplet
phosphorescence is observed. The sin-
glet-triplet energy gaps (Ar, _,s,) obtained
from the observed 00 lines are in excel-
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Fig. 8. Phosphorescence spectra at 77 K of para-substituted (E)-stilbenes (stilbene; 4,4'-dimethoxy;
4 4'-dicyano; 4-methoxy; 4-chloro; 4-methyl) included in TI X. Excitation wavelength inall cases: 320

nm [12].
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Fig. 9. Phosphorescence spectra at 77 K of 1-phenylcycloalkenes (above) and phenyl fused c¢y-
cloalkenes (below) included in T X. Excitation wavelength shown on the Fig. [12].
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Fig. 10. Phosphorescence spectra at 77 K of a,w-diphenyl polyenes included in Tl X. Excitation
wavelength: diphenylbutadiene, 340 nm; diphenylhexatriene, 350 nm; diphenyloctatetraene, 375 nm.

Intensity (Arb.)

Ex i 34 nm

o~C

Exi: 324 om

oG

Exi: 324 nm

o

Ex : 330 om

500 540 620

Nonometers

€80

700 740 780

Fig. 11. Phosphorescence spectra at 77 K of (E)-stilbene, phenylindene and indenoindene included
in Tl X. Excitation wavelengths are shown as inserts. Note the excitation wavelength dependent

emission from trans-stilbene.

Scheme |

Phosphorescence A,

548, 595, 652

QQ O 567, 620, 680

580, 636, 698

QO

=Y

CHIMIA 46 (1992) Nr. 9 (September)

lent agreement with literature predictions
[14].

2.2.4. Excitation Wavelength and Zeolite
Dependent Triplet Emission

The emission maxima were dependent
on the excitation wavelength for several
olefins when included in either TI X or in
T1'Y. This was very pronounced for stil-
benes and was independent of the temper-
ature in the range 3.4 to 300 K (Fig. [1). 1t
isimportant to note that the emission spec-
tra significantly changed with a small var-
iation in the excitation wavelength (340~
344 nm). Another example, 1,2-dinaphth-
ylethylene, displayedin Fig. /2, also shows
wavelength dependent emission (360 vs.
380 nm). These observations suggest that
not all molecules of the guest included
within X and Y zeolites reside under iden-
tical environments.

The triplet emission observed for a
number of stilbenes and a few 1,4-diarylb-
utadienes included in T1 ZSM-5 are con-
sistently blue-shifted with respect to the
emission monitored in Tl X (Fig. 7). A
comparison of the maxima for (E)-stil-
bene with the rigid analogs of (£)-stilbene
(Fig. 1), phenylindene, and indenoin-
dene revealed to us that conformations of
(E)-stilbene included in TIZSM-5 are dif-
ferent from the one observed in a glassy
matrix. On the basis of the model com-
pounds shown in Scheme 1, we concluded
that when (E)-stilbene enters the channels
of ZSM-5, itis preferentially included in a
conformation in which one of the Ph rings
is planar with respect to the central bond,
while the other is partially twisted. Simi-
larly, when phenylindene enters the chan-
nel, it probably attains a better planarity
than is present in solution.

3. Generation, Reactivity, and Photo-
physics of Reactive Intermediates
within Zeolites

Photochemistry and photophysics of
organicreactive intermediates such as rad-
icals, diradicals, radical ions, carbonium
ions, carbanions, carbenes, and nitrenes
have attracted recent attention [15]. These
studies have not become routine in part
due to the absence of simple methods of
preparing and stabilizing them. Photophys-
ical studies, in general, require two photon
time resolved or matrix techniques. Sur-
prisingly, radical ions of organic mole-
cules can be generated and stabilized within
zeolites by a simple procedure. Results of
this study are summarized below. Obser-
vations made although relate directly to
radical ions, potential exists forexpanding
this observation to other reactive interme-
diates.
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3.1. Generation of o, w-Diphenyl-
polyene Radical Cations

When activated Na-ZSM-5 (Si/Al =
22) was stirred with ¢, c>-diphenylpolyenes
((E)-stilbene, diphenylbutadiene, diphe-
nylhexatriene, diphenyloctatetraene, di-
phenyldecapentaene, and diphenyldodec-
ahexaene) in 2,2,4-trimethylpentane, the
initially white zeolite and colorless to pale-
yellow olefins were transformed into high-
ly-colored solid complexes within a few
min [16]. The samples all exhibited in-
tense ESR signals with g values of 2.0028.
Diffuse reflectance spectra of these pow-
ders (Figs. 13 and /4) are identical to the
spectra of the radical cations of a few o, -
diphenylpolyenes reported in the litera-
ture [17]. Diffuse reflectance and ESR
results favor the conclusion that the color-
ed species formed upon inclusion of o, w-
diphenylpolyenes in Na-ZSM-5 are radi-
cal cations.

The colored o, w-diphenylpolyene rad-
ical cations generated in the channels of
Na-ZSM-5 were found to be unusually
stable; even after several weeks storage at
ambient temperature in air, the colors per-
sisted, and the peak positions of the dif-
fuse reflectance spectra were unchanged.
This is to be contrasted with their short
lifetimes in solution (us) and in solid ma-
trices (s) [17]. The remarkable stability of
these radical cations in Na-ZSM-5 derives
from the tight fit of the rod-shaped mole-
cules in the narrow zeolite channels; the 7
orbitals are protected from external rea-
gents by the Ph rings which fit tightly in
the channels at both ends of the radical
(Fig. 15). By including a number of 4-
substituted stilbenes with varying oxida-
tion potentials in the channels of ZSM-5
the redox potential of the zeolite’s oxidiz-
ing sites has been estimated to be near 1.65
eV vs. SCE. The approximate number of
oxidizing sites present in the channels was
estimated by carrying out the oxidation at
various loading levels and determining
the loading range at which all of the ad-
sorbed polyenes were oxidized. The limit-
ing loading level at which all the included
diphenylhexatriene and diphenyloctate-
traene were oxidized corresponded to ca.
0.005 mg (~2 x 1077 m) per g of zeolite.
This corresponds to ca. 0.1% of the total
loading capacity.

With respect to the nature of oxidizing
sites, only limited information is availa-
ble. Since several alkali cation (Li, K, Cs,
and TI) exchanged ZSM-5 zeolites (Si/
Al~22) were effective as oxidants, the
cation is not expected to play any pivotal
role in the oxidation process. By including
the above polyenes in ZSM-5 zeolites
with different Si/Al ratios (ranging from
22 to 550), we could conclude that the
presence of aluminum in the matrix is
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Fig. 12. Phosphorescence spectra at 77 K of (E)-1,2-dinaphthylethylene included in Tl X. Excitation
wavelength and emission maxima are indicated on the apectra. Note the excitation wavelength
dependent emission [12].
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Fig. 13. Room temperature diffuse reflectance spectra of the cation radicals of stilbene and
diphenylbutadiene generated via inclusion in activated Na-ZSM-5
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Fig. 14. Room temperature diffuse reflectance spectra of the radical cations of diphenylhexatriene and
diphenyloctatetraene generated and stabilized within Na ZSM-5
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Fig. 15. Model showing the structure of (E)-
stilbene included in the channels of ZSM-5. The
view is along the direction of the straight channel
(crystallographic b-axis).
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Fig. 16. Top: A) The absorption spectrum of the cation radical of terthiophene generated by flash
photolysis as a solution transient. Data taken from [22]. B) Room temperature diffuse reflectance
spectrum of terthiophene, included in Na-f8 showing the formation of the cation radical of terthi-
ophene. Bottom: Room temperature diffuse reflectance spectra of bithiophene, terthiophene and
quaterthiophene included in Na-B. Transitions due to the neutrals and cation radicals are labeled [21].
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essential. Purely silicious ZSM-5 (Si/
Al=550) was found to be completely inac-
tive. It is not clear at this stage what role
aluminum plays in the oxidation process.
One possibility is that some type of alumi-
num containing defect site is acting as the
oxidant. The generality of this chemistry
has been explored by surveying a number
of common zeolite hosts. We find that
oxidation is observed with ZSM-8 and
ZSM-11, while no reactivity is detectable
for NaX, NaY, M-5, 2-5, LZ-L, or ZSM-
34 [18].

3.2. Reactivity of Radical Cations
within Zeolites: Formation of Cation
Radical and Dication of Oligothi-
ophenes

Wheneitheractivated Na-Bor NaZSM-
5(Si/Al~22) wasloaded with terthiophene,
a deep red-purple complex was obtained
[19]. Comparison of the diffuse reflect-
ance spectrum of the above deep red-
purple complex with flash photolysis re-
sults, where the terthiophene cation radi-
cal is generated as a transient in solution,
shows excellent agreement (Fig. /6) [20].
Asexpected for a simple cation radical, an
EPR spectrum for the above complex was
observed although no hyperfine structure
was resolved. The results obtained for
terthiophene included in Na-f and Na-
ZSM-5 are not unique. The same type of
one electron oxidation reaction for bithi-
ophene and quaterthiophene included in
either ZSM-5 or Na-f3 was observed (Fig.
16). The stability of the cation radicals,
which exist only as reactive intermediates
in solution, is very much higher within the
zeolite channels; we have stored samples
of the terthiophene cation radicals for
months without any significant degrada-
tion (except as noted below) even in the
presence of air and water. However, most
interesting aspect of this study relates to
the reactivity of these radical cations in the
channels of ZSM-5. On standing at room
temperature or with mild heating (60—
140°), new bands appear at longer wave-
lengths in the diffuse reflectance spectrum
(Fig. 17). These bands are due not to
decomposition of the cation radical, but
rather are due to further oligomerization.
The complex appearance of the spectra in
Fig. 17 is the result of the presence of
neutral, cation radical, and dications of
terthiophene and its higher oligomers. Pro-
longed heating of the above sample results
in the formation of the doped polythi-
ophene. Slow polymerization observed in
the ZSM channel provided an opportunity
to follow the oligomerization of thi-
ophenes. Earlier attempts to follow the
oligomerization of thiophenes by other
techniques have failed [21]. In all of these
cases, the polymerization could not be
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controlled and could not be stopped at the
stage of oligomers. Two approaches; ‘mul-
tiplication of original chain length’ and
‘selective methylation’ which are briefly
sketched in Scheme 2 were used to assign
the transitions present in the diffuse re-
flectance spectra recorded during the oli-
gomerization of bi-, tri-, or tetrathiophene
in the channels of ZSM-5. For details of
assignment of the transitions of the vari-
ous oligomeric thiophene radical ions and
dications, readers are referred to the orig-
inal paper. It should also be noted that the
transitions are assigned on the basis of the
‘band model’ shown in Fig. /18 [22].

The results of the assignment of transi-
tions for thiophenes with chain lengths
between 2 and 9 are summarized in Table
3. The peak positions for the neutral oli-
gomers, polarons, and bipolarons all vary
in a systematic manner with inverse chain
length as shown in Fig. /9. This depend-
ence appears to be a manifestation of the
well known reciprocal rule for polymers
which has been observed previously both
experimentally and theoretically for the
band-gap absorption of neutral thiophene
oligomers. To our knowledge, this is the
first experimental observation of this phe-
nomenon for polarons and bipolarons of
conducting polymers. Detailed analysis of
these dependences provides useful predic-
tions of properties of bulk doped polythi-
ophene [23]. Excellent agreement for the
electronic transitions of doped polythi-
ophene between the literature values and
predicted values based on the above corre-
lation is observed (Fig. 19). If thiophene
oligomers are to be considered as a model
for doped polythiophene, cation radicals
of a,w-diphenylpolyenesdiscussed in Sect.
3.1 should serve as amodel for polyacety-
lene [24]. Indeed as shown in Fig. 20 a
linear relationship between the electronic
transitions of the ¢,@-diphenylpolyene
radical cation and the chain length is ob-
served; the extrapolated transition in fact
corresponds to the literature value of poly-
acetylene absorption [25](26}. Forthe first
time, the evolution of the electronic struc-
ture of doped polythiophene and poly-
acetylene from monomer to polymer has
been observed directly for chain lengths
between 2 and 9, and this is made possible
by the unique features of the zeolite medi-
um.

4., Zeolite as a Photochemical
Reaction Cavity

Photoreactions, over the last decade,
has been investigated in a number of or-
ganized media[1]. A unified model should
aid the understanding and predicting the
behavior of molecules in different media.
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Fig. 17. A) Room temperature diffuse reflectance difference spectra of terthiophene included in ZSM -
5 recorded at 2 h intervals. B) Difference spectra for the series of scans in (A) presented as R-R
whereR_is the reflectance of the final scan. Peaks above zero are due to species whosc concentrations
are decreasing with reaction time and those below zero are increasing with reaction time. The reaction
was followed to very near completion (atr.t.). An additional scan made after a further 24 h of reaction

was indistinguishable from the scan after 18 h [21].
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Poly-Thiophene: Simple-Minded Band Structure
Polaron Bipolaron
Neutral
(Cation Radical) (Dication)

Fig. 18. Simple band picture for the oxidative doping of poly thiophene [21]

Table 3. Electronic Absorption Band Positionsfor Oligomeric Thiophenes (2 '5ors 9) Included in Na-
ZSM-5. The positions cited are the peak maxima in nm for the G--{) vibronic transitions observed in
r.t. diffuse reflectance spectra.

Oligomer hliJ, _hrul Ir0J\ "0l
hain Length (= utral) (P lamn) (Bipolar n) tBipolar n)
< (K) 407
354 5~2 833
301 61 6.6 1046
34 775 600 1019
661 133
D) 761 1450
Scheme 3
OH

Transoid

R,;Uhl) I

R = Alkyl chain
R' = Alkyl or Phenyl

Cisoid (trans)

Trans-Cyclobutanol
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We believe that the 'reaction cavity' con-
cept originally due to Cohen should be of
some value in this context [27]. The reac-
tion cavity is the space occupied by the
reacting partners and the empty region
(area or volume) surrounding them (Fig.
21). Differences in product selectivity
obtained for a particular reaction between
various media can be attributed to the size,
shape, and nature (texture or flexibility) of
the reaction cavity available for the reac-
tant molecules. The degree of tolerance of
the 'reaction cavity' to the distortions that
accompany a reaction is expected to play
an important role in the extent of selectiv-
ity obtained. Organic solvents have served
as a medium for reactions for over a cen-
tury. Very little selectivity is obtained in
this medium, as it totally responds to the
shape changes that occur in a 'reaction
cavity' as the reaction proceeds. On the
other hand, organic crystals which do not
tolerate any shape changes do not serve as
a medium for alarge number of reactions,
although selectivity in a few cases where
it serves as a medium is impressively high
[28]. To generalize the use of organized
structures as amedium for photoreactions,
one has to establish the connection be-
tween the selectivity and the features (size
and texture) of the 'reaction cavity'. In this
section, we explore the relationship be-
tween the selectivity in a photoreaction
and the characteristics of the ‘'reaction
cavity'".

In this study, the size of the ‘reaction
cavity' is varied by two approaches. In
one, zeolites with different internal struc-

R~"-R. only E 0 (R

Cisoid  (cis)

o X

R'~

C is-Cyclobutanol
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tures are chosen. The internal structure of
the two types of zeolites (faujasites: X and
Y and pentasils: ZSM-5 and ZSM-II) that
we have utilized as media vary signifi-
cantly in size and shape (Fig. 1). In the
second approach, the same zeolite with
different alkali cations are utilized. Re-
sults presented below brings out a power-
ful message that, in order to obtain a high
product selectivity, one should utilize a
reaction cavity that is large enough to
respond to the shape changes that occur
along the reaction coordinate but at the
same time hard and small enough to pro-
vide relatively different extents of restric-
tion on various reaction pathways availa-
ble to the reactive intermediates.

4.1. Cavity-Size Control by the Choice
of Zeolite
4.1.1. Norrish Type 11Reaction of Alkyl
Aryl Ketones and Alkanones

The Non'ish type-1l reaction of ke-
tones has been extensively investigated,
and the mechanistic details are fairly well
understood [29]. The triplet 1,4-diradical,
the primary product of y-H abstraction is
generated in the skew form and transforms
to the transoid- and cisoid-conformers  via
a rotation of the central ¢ bond (Scheme
3). As illustrated in Scheme 3, these cis-
oid- and transoid-conformers  undergo fur-
ther reaction to yield cyclobutanol, olefin,
and enol as final products. While the cis-
oid-conformer  reacts via both elimination
and cyclization processes, the transoid-
conformer  undergoes only elimination.
The skew diradical can also directly give
rise to products via elimination and cycli-
zation processes, and this is determined by
how easily the required orbital overlap can
be attained and by how readily the accom-
panying atomic motions can be tolerated
by the medium and by the molecular archi-
tecture. The stereochemistry  of the cy-
clobutanols (cis and trans) is determined
by the population and decay of the two
cisoid-biradicals  depicted in Scheme 3.
One can understand the influence of the
'micro-environment' on the type-1l cycli-
zation and elimination ratio (E/C) and on
the trans/cis-cyclobutanol  ratio on the basis
of the medium effect on the equilibrium
distribution and decay of the cisoid- and
transoid-1,4-diradical conformers.

Photolysis of akyl aryl ketones such as

valerophenone, octanophenone, and other
higher analogs included in pentasil zeo-
lites (ZSM-5 and ZSM-Il) give via the

Non'ish
products,

type-11 process only elimination
although both cyclization and
elimination products are obtained in fau-
jasites and in isotropic solution media
(Tahle 4) [30]. The fact that the type-II
reaction is observed in ZSM-5 indicates
that the smaller reaction cavity (-5.5 A
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Table 4. Elimination (Olefin and Alkanone of Shorter Chain Length) to Cyclization (cis- and trans-

Cyclobutanols) Product Ratio upon Photolysis of Alkyl Aryl Ketones and Alkanonfs

If.anones Ile\:Ulc
Valerophcnonc 1.
Oclanophcnone 1.8

3 Dodccanophcnone 1.

4 TClrade anophenone 3

5 2: Tridccanone 1R
6 ol-Triuecan nc 1)
7 6-Tridcca.nonc 1.6
8 4-TCImdccanonc 1.9
9 5-Occanonc 13

Table 5. trans- to cis-Cyclobutanol
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Scheme 5
P oo
Medium Initial Photostationary state mixture
trans cis
Benzene trans 28 72
cis 26 74
Li-X trans 56 44
cis 12 88
Cs-X trans 73 27
cis 34 66
ZSM-5 trans 100 - -
ZSM-8 trans 100 - -
Z5M-11 trans 100 .-
Scheme 6
o )

Q/

Medium [nitial Photostationary state
trans,trans trans,cis cis,cis
Benzene trans,trans 18 75 6
trans,cis 17 76 7
Li-X trans,trans 76 20 3
trans,cis 1 45 12
Cs-X trans,trans 73 17 10
trans,cis 3s 44 20
ZSM-5 trans,trans 100 - -
ZSM-8 trans,trans 100 .
ZSM-11 trans,trans 100 .
Scheme 7

g
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diameter) hinders but does not completely
prevent the attainment of the required ge-
ometry for H abstraction by the triplet
ketone. The preference for elimination
process in pentasils can be understood on
the basis that the relatively large motions
required for the conversion of the skew
diradical to cyclobutanols either directly
or via the cisoid-diradicals are not tolerat-
ed by the narrow channels of pentasils
(Scheme 4). Such a model would predict
that the relative size of the channel to the
reactant will play a crucial role in product
selectivity. Results on alkanones validates
the above prediction [31]. A number of
alkanones where the bulky Ph group in
alkyl aryl ketone is replaced by a long
alkyl chain were irradiated in hexane, as
included in faujasites (Na X and Na Y) and
in pentasils (ZSM-5 and ZSM-11). In all
cases both fragmentation (olefin and al-
kanone of shorter chain length) and cycli-
zation products (cis- and trans-cyclobu-
tanols) from the initial 1,4-diradical are
obtained. The results presented for al-
kanones in Tahle 4 contrasts sharply with
that of alkyl aryl ketones. The formation
of cyclobutanols from alkanones clearly is
areflection of the relative cavity size with
respect to the reactant. In the narrow chan-
nels of pentasils, alkyl aryl ketones (¢ = 5.5
A) is expected to be held tightly with little
space around the reaction center. On the
other hand, alkanones (d =4 A) when pla-
ced in the channels of pentasils will leave
some space around them. This vacantspace
would be sufficient to permit the motions
required for the formation of the cisoid-
diradical (and cyclobutanol) from the pri-
mary skew 1,4-diradical (Scheme 3).
Most interesting results come from the
selectivity seen between the cis- and the
trans-cyclobutanols in the channels of pen-
tasils (Table 5) {31]. Both trans- and ¢is-
cyclobutanols are obtained from all the 14
alkanones, when they are irradiated in
hexane, Na X and Na Y, with the ratio
differing slightly between the three media.
However, in pentasils the ratio of trans- to
cis-cyclobutanols, depending on the al-
kanone, differed dramatically from those
in the above three media. trans-Cyclobu-
tanol was preferentially obtained in the
case of 4-alkanones (Table 5, see Nos. 1—
5). Theratio trans/cis over S0 corresponds
to less than 2% of the cis-isomer. Such a
preference for the trans-cyclobutanol in
the channels of ZSM-5 and ZSM-11 is
believed to result from the differences in
size and shape of the two isomers and their
diradical precursors. Between the trans-
and the c¢is-cyclobutanol and their precur-
sor diradicals, the cis-isomer and its pre-
cursor 1,4-diradical possess shape and size
which are relatively large to fit into the
channels. Consequently, the trans-cyclo-
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butanol is favored. On the basis of the
above argument, one would expect the
alkanones, in which the trans- and the cis-
cyclobutanols  have closely similar shape
and size, to yield cis-cyclobutanol along
with the trans-isomer. This is certainly the
case. Alkanones such as hexanone, hep-
tanones, and octanones (Tahle 5, see Nos.
9-14) give both trans- and cis-cyclobu-

tanols. It is of interest to note that there is
a correlation between the size or length of
the alkyl chain and the selectivity: octa-
none>heptanone>hexanone. Such a trend
is also seen with 2-, 3-, and 4-substituted

decanones (Tahle 5, see Nos. 6-8). When
the carbonyl substitution is moved along
the chain (2-, 3-, and 4- positions) one
generates a cis-cyclobutanol  of increasing

bulkiness. The fact that the selectivity for
the trans-isomer increases with the bulki-
ness of the cis-cyclobutanol  (from 2- > 3-
> 4-decanones) further confirms our mod-
el that relative size of the reactant to the
reaction cavity is an important parameter

to be considered.

4.1.2. Geometric Isomerization of
Olejins

The importance of free volume and the
size of the reaction cavity on photoreac-
tions is further probed by examining the
geometric isomerization of olefins, a vol-
ume-demanding  photoreaction, in the cag-
es/channels  of zeolites [32]. While both
(2)- and (E)-stilbene can be included into
faujasites, only the latter was accommo-
dated by pentasils. A similar difference in
inclusion was noticed between (E,E)- and
(E,2)-1,4-diphenylbutadienes. This is not
surprising considering the channel size of
pentasils and the molecular size and shape
ofthe (Z)-isomers. Selectivity in inclusion
is also reflected in the photobehavior of

Scheme 8

Type

Ph

0L

R

a = CH2CH3
= CH2 (CH2)4CH3

o
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Table6. Consequence of Rotational Restriction on ExcitedSinglet State Lifetime at Room Temperature

(E)- lilbelll.

(E £J-\. -Diphenylhul4ldicnc

lcth} lcy | h' anl: 0.:' 1

a- 0.60
0.67
12.7
1:1
13.2
16.0

") Excited-state singlet lifetime as measured by a single photon counting apparatus.

b) From M. Sumitani, N. Nakashima, K. Yoshihara, S. Nagakura, Chem. Phys. Lett. 1977,51, 183.
) From P. Reydners, H. Dreeskamp, W. Kuhmle, K.A. Zachariasse, J. Phys. Chem. 1987,91,3982.

Table 7. Dependence of the Physical Parameters of MY Zeolites on the Cation

ailln 100Ic vacant  pacl:b
[M" RadiUs f lhe within the
ation [ Ja) up.rcage | 1l
'l /.xolile . Zeolite
Li 0.6 4 H7J
'a 0.95 817 52
K 1.33 807 800
Rh IA8 796 770
1.69 781 7.2

a) RJ. Ward, J. Catal. 1968,10,34.

b) Calculations of polyhedral volumes were performed using a modification of the POL YVOL
Program [D. Swanson, R.C. Peterson, Can. Mineralogist 1980, 18, 153; D.K. Swanson, R.C.
Peterson, POL YVOL Program Documentation, Virginia Polytechnic Institute, Blacksburg, VA]
assuming the radius of the TO2 unit to be 2.08 A (equivalent to that of quartz).

Ph
0]
Ph~ —_—
OH _|_R Ph~Ph + IR
PhCH3 +
Ph," % PhCH, + PhCHCH,CHoR
0 A B i

AA+AB + BB

Ph-
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the included polyenes (Schemes 5 and 6).
Direct excitation of the (F)-stilbene and
(all-E)-diphenylbutadiene incorporated in
pentasils resulted in no change suggesting
that their inclusion in pentasils fully ar-
rested the rotation of ‘&’ bonds (Scheme
7). However, both the (£)- and the (Z)-
isomers underwent geometric isomeriza-
tion inside the supercages of faujasites.
The above restriction of molecular motion
is also indicated by drastic changes in the
photophysical properties of the included

guests. In the extremely confining space
of the pentasil channels, the polyenes ex-
amined all exhibit enhanced fluorescence
lifetimes (Table 6). Such lifetimes are
significantly longer than in fluid solution
or in the supercages of faujasites. For
(E.E)-1,4-diphenylbutadiene the longest
lifetime observed, 16 ns in ZSM-8, is
identical within errors to the lifetime ob-
served in a molecular beam experiment
where the equivalent temperature is 4.2 K.
This similarity emphasizes the rigidity of

CHIMIA 46 (1992) Nr. 9 (Seplember)

the zeolite environment. Likewise, for (E)-
stilbene in ZSMs the observed lifetimes
approach those of rigid analogues. The
enhanced lifetime is a direct reflection of
the constraint provided by the host which
prevents 7-bond rotation.

4.2, Cavity-Size Control by the Choice
of Cation-Norrish Type-I Reaction

One can control the size of the ‘reac-
tion cavity’ within a supercage by chang-
ing the alkali cation. The free volume

Dependence of Oligo-Thiophene Absorption Spectra upon Chain Length
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available for the organic guest molecule
within the supercages of faujasites de-
pends on the number and nature of the
cation [3]. As the calculated supercage
volumes given in Table 7 for X and Y
zeolites show, the free volume decreases
as the cation size increases from Li to Cs.
This is schematically shown in Fig. 22.
Examples provided below from our own
studies illustrate the importance of the size
of the cation (present within a cage along
with the organic guest molecule) on the
product distribution  [33][34].

Photolysis of a-alkyl dibenzyl ketones
yield a number of products as shown in
Scheme 8. In solution, the termination
process of the benzyl radicals derived from
a-alkyl dibenzyl ketones consists only of
the coupling between the two benzylic
radicals and results in diphenylalkanes
AA, AB, and BB in a statistical ratio of
1:2: 1. Within the supercages of X and Y
zeolites, on the other hand, termination
occurs by both coupling and dispropor-
tionation, the latter yielding the olefins
[33]. The ability of the disproportionation
process to compete with coupling within a
supercage is attributed to the differences
in motions executed during these two proc-
esses (Scheme 9). Relatively large overall
motion would be required to bring benzyl-
ic radicals together for head-to-head cou-
pling than to move an alkyl group so that
one of its methylene H-atoms would be in
a position for abstraction by the benzylic
carbon radical. It is logical to expect the
radical pair to prefer the pathway of' least
volume and motion', when the free space
around it issmall. This model predicts that
there should be a inverse linear relation-
ship between the reaction cavity size (or
super cage free volume) and the yield of
the disproportionation  products. Indeed,
this is found to be the case (Fig. 23).

The above conclusion is also support-
ed by the pathways undertaken by the
primary triplet radical pair (Schemes 8 and
10) generated by the a-cleavage of the a-
alkyl dibenzyl ketones and a-alkyl ben-
zoin ethers and deoxybenzoins  [33][34].
Perusal of Fig. 24 reveals that while the
rearrangement  takes place in all cation-
exchanged X and Y zeolites, the yield of
the rearrangement  product varies depend-
ing on the cation. The yield decreases, as
the cation present in the supercage is
changed from Li+ to Cs+. Such a trend is
attributed to the decrease in the free space
(reaction cavity size) within the super-
cage. As the available free space inside the
supercage is decreased by the increase in
the size of the cation, the translational and
rotational motions required for the rear-
rangement process become increasingly
hindered (Scheme 11). Under these condi-
tions, competing paths, such as coupling
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Table 8. Product Distributions upon Photolysis of Benzoin Methyl Ether and a-Propyldeoxyhen:oin

within Zeolites")

Typ..-1 Products

h;dium Benl/iltpinac 1 R~arrangem 'nl yclobutanol
ether produ 1
B\:n7.0inmciny lether
Benzene 26/67 1.0 1 7
Li-X J 77 1J
a- " 72 10 14
K 7 18 14- |
Rb-, 5 46 1 ?
c- 8 34 17 3\
a-Pr p) Ideo) bcnzoin
Benzene 5/24 54 17
LI- 4 1
Na- . 7
K | 21
Rb-X 1 45
C.- _ 42
") See Scheme 10 for structure of products.
TRANSITION
REACTANTS AT~ PRODUCTS

Fig. 21. The reaction cavity ofafavorable

1

11

(1)and unfavorable reaction (Il) inan organi:ed medium.

Large shape change in Il is resisted by the medium [27].

to yield the starting ke~one and decarbo-
nylation, both of which require less mo-
tion, dominate.

Results presented above clearly illus-
trate, how one can control the selectivity
obtained in a reaction by controlling the
size of the reaction cavity.

4.3. Cation Template Effect

Cations present within the supercages
of zeolites can be utilized to hold a guest
molecule in aparticular conformation. The
equilibrium  distribution  of conformers in

anumber of carbonyl compounds is influ-
enced by cations, especially by smaller
ones such as Li+and Na+. This is illustrat-
ed by comparing the photobehavior of a-
alkyl benzoin ethers and a-alkyl deoxy-
benzoins included within cation exchanged
X zeolites (Table 8). The zeolite cavity
induces a-alkyl benzoin ethers to yield
products derived. via the type-1I pathway,
aminor pathway in benzene. On the other
hand, zeolites inhibit a-alkyl deoxyben-
zoins from proceeding via the type-ll path-
way, which is favored in benzene. This is
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attributed to the ability of the cation present
in the cavity to control the confonnation of
the included molecules (Scheme 12). The
presence of an alkoxy chain in a-alkyl
No K Rb Cs benzoin ethers most likely directs the che-

lation of the cation to a confonner that is

favorable for the type-11 process. Similar-

ly, in a-alkyl deoxybenzoins, the Ph ring

directs the confonnational  preference in

the cavity. Such a hypothesis is supported

lonic. Diameter 2041 2761 soa 3344 by the results on dealuminated zeolite-Y,
in which the SitAl ratio is very high (>550).

At very low levels of Al, the cation con-

centration is also low. Therefore, confor-

CATION LOCATION INSIDE FAUJASITE CAGES mational control isexpected to be minimal

and, indeed, only the type-l1 products dom-
inate the product mixture in both the cases.

Effect of Cation Size on the Supercage Free Volume

5. Final Remarks

The approaches taken thus far in 'pho-
tochemistry in organized media' can be
considered under two categories: one in
which the photochemical and photophys-
ical tools are utilized to understand the
media itself, and in the second, the media
is utilized to modify the photochemical
and photophysical behavior ofthe includ-
ed guest molecule. In using photochemis-
try as a tool, fairly well understood and
generally well established probes are uti-
lized. There is a tremendous need to un-
derstand the physical and chemical char-
acteristics of the internal pore structure of

Fig. 22. Illustration of the narrowing of the pore opening of zeolite A resulting from ion-exchange  Zeol ites. In the past, use of photochemistry
(above). Reduction in available space (relative) within the supercage as the cation size increases  in this area has not been significant. How-
(below).

100
n

u POB
_oos* " SME
£ 80
- D Hosk
" +--BDBK 1
60
0 g
o0 i 40
" :
i 010 o
é’ 20
20 HDBK :
K-X c.-X
Medium
Benzenll X RbX
Medium
BME
*« CO

Fig. 23. Dependence of the yield of olefin (disproportionation product) on the Fig. 24. Dependence of rearrangement process an cations: as the cation
cation in the case of a-alkyl dihenzyl ketones [2c] size increases the yield of the rearrangement product decreases [2c]
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Scheme 9

0-CH+ ol

Scheme 11

Scheme 12

Type 1l (] )

ever, one might predict that in the coming
years photochemistry will playa signifi-
cant role as atool to understand the phys-
ical characteristics of zeolites - location,
aggregation, mobility and diffusion of
guests within zeolites. Competing tech-
niques such as solid state NMR, laser
Raman, X-ray- and neutron-diffraction
etc., are more complicated, time consum-
ing and less routine.

Attempts to modify the photochemical
and photophysical behavior of a guest

Scheme 10

' Uolk

X=0 X = CH,
I e = H = CHCH,
b = CH, b = CHCHCH,
CAO C = ICHz>*CH:s C = (CHICH,
d = ICHIoCH,

molecule have involved several strate-
gies. In one of them, the rotational and
translational motions of a molecule are
restricted utilizing a constrained medium.
A comparison of the extent of restriction
offered by silica and alumina surfaces,
clays, and zeolites clearly suggest that
zeolites will play an increasingly impor-
tant role in the future as a medium for a
reaction.
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