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1. Introduction

2

Recently the photophysics and photochemistry of
several organic molecules adsorbed onto different
types of sohd silica surfaces have been reported [1,2] _
These studies have provided information concerning
the nature of the adsorbate/surface interacttons [I],
the effects of additives [I], and the extent to which
the silica surface restricts the mobihty of the transient
intermediates formed in photochemical reactions [2]_
Until now only emission spectroscopy or product
studies have been used to characterrze the influence
of solid sihca surfaces on photoinduced processes We
now report the drrec t observation of transient intermediates m the type II photoreaction of the ketones
valerophenone (VAL) and diphenylbutyrophenone
(DPB) on a solid silica surface using the techmque of
diffuse reflectance laser flash photolysis [3,4]. This
tcchruque has previously been used to observe the
triplet states of naphthalene absorbed onto an alumina
surface [3], and the tnplet states of various organic
molecules in the microcrystalline form [4] _The results of the experiments on VAL and DPB are compared to those obtained for the relatively unreactive
triplet states of acetophenone (ACP) and benzophenone (BZP) In addition we report the effect of
gas phase tripIet quenchers on the lifetunes of the adsorbed triplet species.

Samples were prepared by adsorbing =I mg of
ketone onto 300 mg silica from pentane, followed by
slow solvent removal and evacuation to 1 X 10m3
Torr. The silica used was a synthetic material which
was prepared as described previously [S] _ The material
has a surface area of 78 m2 g-l and an average pore
diameter of 255A as determined by BET(N,)
measurements [S] _ We estimate that only -5%
of the surface
area available to nitrogen 1s covered by ketone
Steady-state photolysis was performed by irradiating the sample in a rotating evaluated quartz vessel
with either a medium pressure mercury arc Iamp with
a 313 nm filter, or with an excimer laser at 308 run.
After photolysis the samples were extracted using
methylene chloride and analysed using gas chromatography_
Transient absorption studies were performed using
an apparatus which is similar to that described by
Wrlkinson [4] (fig. 1) A Lambda Physilc excimer laser
(EMG 101,308
nm, 50 rnJ. 15 ns) was used as the excitation source. The monitoring hght was a 450 W xenon
arc lamp with a PRA 301 power supply and a PRA 305
pulser. Monitoring light which was diffusely reflected
45O to the angle of incidence, and normal to the surface of the sample (fig 1) was detected using an RCA
4840 photomultiplier tube- The signals were digitized
using a Tektronix 7912 AD transient digitizer, and the
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Frg. 1. Schematic diagram of apparatus used for diffuse rcflectaoce transient absorption spectroscopy.
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samples were contained in 2 mm internal diameter
suprasil cuvettes which were equipped with a side arm
for vacuum degassing. The front face of the sample
holder consisted of a thin brass plate with a 2 mm
diameter hole so that only a small portlon of the sample was irradiated at any time. The laser beam was
defocused so that the sample was irradiated with a
pulse of only ~4

I

450

400
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by Wilkinson [4]_

3. Results and discussion
Laser flash photolysis of VAL or ACP on solid
sihca leads to very similar transient absorption spectra
for each ketone, as shown in fig. 2. The time-resolved
absorption at 350 nm decays with a clean first order
lifetime of 3 10 ns to within 5% of the prepulse level
for VAL. For ACP ~80% of the absorption at 350
nm decays by first-order kinetics with a lifetime of
1.5 MS.Flash photolysis of DPB on the silica results
initially in a similar transient absorption spectrum to
those observed for VAL and ACP, which evolves with
time into a spectrum with maximum adsorption at
330 run (fig. 2). In this case 260% of the absorption
at 350 run fits first-order kinetics with a lifetime of
900 ns, the remainmg absorption decays with a lifetime of >lOO ps. For benzophenone (BZP) a transient
absorption spectrum very similar to that reported pre-

Fig. 2. Transient absorption spectra observed for pulsed laser
photolysis of acetophenonc, valerophenone and diphenylbutyrophcnone on solid silim.

vlously for microcrystalline BZP, with maximum absorption at 525 nm was observed [4] _In this case
-80% of the decay tits first-order kinetics and a hfetime of 1.8 ps is determined_
In the presence of gaseous butadiene the rate of
decay of the absorptions from ACP, VAL and BZP
depend linearly upon the pressure of this triplet
quencher. From the slopes of plots of the decay rates
versus butadiene pressure, very similar rate constants
for quenching for each ketone were determined as
summarized in table 1. These absorptions were also
quenched by gaseous oxygen with much smaller rate
constants (table 1). Beck and Thomas determined a
similar rate constant for oxygen quenching of naphTable 1
Rate constants for quenching of ketone triplets adsorbed onto
solid silica by gas phase quenchers
Ketone

benzophenone
acetophenonc
wlerophenone

k 9 (Ton-’

s-I)

oxygen

butadiene

(45 f 0.1) x 104
(4.6 zt 0.2) x lo4
(3.9 f 0.2) x 1oQ

(3.9 f 0 2) x 10’

(5.0 -c 0.2) x 10’
(3 4 * 0.2) x 10’
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thalene tnplet adsorbed onto an alumina surface [4].
The fast decay observed for DPB was also quenched
by butadiene and oxygen, although in this case the
transient decays did not fit cleanly to first-order kinetics presumably because of the overlapping absorption of the slowIy decaying species. However, the
pressures of butadiene or oxygen which are required
to effect significant quenching of the fast decay are
the same as those required for the other ketones.
The photochemistry of VAL and DPB can be described according to scheme 1 In homogeneous solu-

CICLIZATION

ELIMINATION

Schcmc 1 _

tion rapid intramolecular hydrogen abstraction takes
place to form a 1,4_biradical which can be detected
using transient absorption spectroscopy [6]_ The biradical lifetime is probably determined by the rate of
mtersystem crossing to the singlet biradlcal [6], from
whch the products are formed [7 ] _ The tnplet state of
acetophenone in polar solvents has an absorption
maximum at 340 nm [S] and thus we assign the absorptions observed on the silica for ACP to its tnplet
state The observed quenching by both oxygen and
butadiene effectively rules out either radicals or ionic
species as the 340 nm transient Because of the similarity between the absorption spectra and quenching behavlour observed for ACP, VAL and the fast decay of
DPB, the transients for these latter two ketones are
also assigned to their corresponding triplet states.
These results are remarkable since the hfetimes of the
triplet states of these ketones have been estunated to
486
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be <5 ns in homogeneous solution, due to rapid intramolecular hydrogen abstraction [6,9] _The tnplets are
longer hved on the silica surface presumably because
the binding to the surface severely restricts the accessibility of the conformations required for intra-molecular hydrogen abstraction [lo]. Presumably the DPB
triplet is longer lived than the triplet of VAL because
the former is strongly adsorbed to the surface at both
ends of the molecule due to the two r-phenyl groups,
whereas the valerophenone has only a short al&l chain
and thus may find the correct conformation for reactlon more easrly [l l]_
The 1,4biradicals derived from VAL and DPB have
absorption maxima at 300 and 330 run, respectively,
in homogeneous solution and their lifetimes in methanol are 102 and 222 ns [6,9]. If we assume that the
differences in the triplet lifetimes of ACP and VAL
and DPB are due to the hydrogen abstraction process
then we can estimate a quantum yields of ==0.8 and
aO.4 for biradical forrnatlon for VAL and DPB. However for VAL there is no evidence of transient absorptions due to the triplet blradical. We conclude that the
conformational restrictions which drastically mcrease
the hfetime of the triplet state do not operate on the
biradical. This is understandable since only one conformation (chair) is appropnate for the hydrogen abstraction process [lo] whereas many conformations
may be permissible for intersystem crossing from the
triplet to the singlet biradical, which may subsequently undergo fast reaction [12]_ Thus in homogeneous
solution the triplet state of VAL is shorter lived than
the triplet biradical, whereas the opposite IS true on
the s&a surface, presumably because of the conformational restrictions which are characteristic of binding
to the surface. Similar conclusions concemmg the effect of conformational control have been reached for
the photochemistry of several organic molecules adsorbed onto zeolites [ 133 _
Long-lived absorptions are observed for photoIysis
of DPB and furthermore these absorptions exhibit a
maximum absorption at 330 run, the reported maximum for the triplet biradical. However these cannot be
assigned to the biradical unequivocally since the absorption spectrum tails into the visible whereas the spectrum in homogeneous solution does not [9] _ No quenching by butadiene is observed, and upon the addition of
oxygen the transient absorption spectrum of the slowly
decaying species changes and so we can not determine

Volume 119, number 6

CHEMICAL PHYSICS LEl-lXRS

Table 2
Products observed upon photolysis of vakrophenone on the
solid silica surface
Medmm

Light source

E/C a)

r/c b)

silica
silica
benzene c,
f-butanol c,

laser (308 nm)
lamp (313 nm)

4.2
4.2

lamp (313 nm)
lamp (313 nm)

4.5

l-6
1.6
4.0
2.0

7.3

‘1 The ratio of elimination to cyclization products (scheme 1).
b, The ratio of tram- to ciscyclization products (scheme 1).
=) Ref. [14].
without doubt whether the long-lived absorptlons are
indeed quenched by oxygen. If the long-lived absorptions are due to a triplet biiadical then ths species is
remarkably long lived.
Steady-state photolysis using either lamp or laser
excitatron, of VAL or DPB on the silica surface leads
to the expected products for VAL (scheme 1) (table 2).
For DPB on the stica surface only elimination products
are observed, as in homogeneous solution [9]. These
results confirm that the expected type II photochemlstry does take place, and that the laser does not significantly influence the chemistry. The ratros of the cyclization to elimination products for VAL are similar to
those found in non-polar solvents [14], however the
ratio of the two cyclobutanols indicates a more polar
environment [ 141. Clearly the factors which influence
the product distribution in homogeneous solution
need not be important on the stica surface where the
influence of surface binding on the accessibibty of
various conformers must play an important role.
The triplet energy of butadrene is 65 kcal mol-1
[ 151 and so quenching of each of the ketones in the
present study by this species will be diffusion controlled m homogeneous solution. Oxygen is known to
quench many triplet states with rate constants approximately one order of magnitude less than the diffusion
control rate constant [ 161. For triplet states adsorbed
onto the silica surface we fmd that gas phase oxygen
quenching ISthree orders of magnitude less.efficient
than gas phase quenching by butadiene (table 1). This
is an interesting result and could be interpreted as a
reflection of the local concentration of the gaseous
quencher which is seen by the adsorbed ketone triplet.
The higher quenching efficiency by butadiene compared to oxygen could be due to a higher concentra-
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tion of the hydrocarbon quencher, absorbed from the
gas phase, at the sites of adsorption of the ketones
However Beck and Thomas have found that for excited states bound to alumina in which similar triplet
quenching constants to those of the present work were
found, oxygen quenched smglet excited states with
rate constants of ==107 Torr-l
s-l [3]. Although the
differences in quenching efficiency are clearly not
understood, it is obvious that the processes which
determine quenching efficiency in homogeneous solution and on the solid surface are not the same

4. Conclusion
The factors which mfluence the mechamsms of
photochemical processes of organic species adsorbed
onto sohd silica surfaces are different from those for
processes in homogeneous solution [ 1.21 In the present work these effects are observed in the efficiencies
of triplet quenching by oxygen and butadiene, and in
the hfetimes of reactive triplet states. In the latter
case the effects of restricted conformational flexibility
can account for the observed behaviour.
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