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Formation of dimer radical cation of 1,1-dianisylethylene through
two-step hole transfer processes during TiO, photocatalytic
reactions
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Abstract—The formation of the 1,1-dianisylethylene dimer radical cation ((DAE);") during TiO, photocatalytic reactions was
successfully investigated by the transient absorption measurement with time-resolved diffuse reflectance spectroscopy. This reaction
was explained in terms of the cascade hole transfer processes from the photo-generated holes in the TiO, particles to free DAE
(DAEjy.) in the bulk solution mediated by the radical cation of p-phenylbenzoic acid adsorbed on the TiO, surface (PBA:}).

© 2004 Elsevier Ltd. All rights reserved.
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The TiO, photocatalytic degradation of organic com-
pounds for the purpose of purifying water or wastewater
from industries and households has gained a lot of
attention.! The primary step in the photocatalytic
reaction is the generation of pairs of electrons and holes
in the TiO, particles by UV irradiation with an energy
higher than the TiO, band gap energy, and these charges
can migrate to the TiO, surface to initiate redox reac-
tions with the adsorbates.>® The overall efficiency of
these redox reactions is determined by several factors,
for example, the accessible difference between the
potentials of the band edges of the TiO, and the sub-
strates, the adsorption of the substrates on the TiO,
surface, and the recombination dynamics between
charge carriers. As is well known, organic radical
cations are important intermediates in photochemical
electron-transfer reactions’® and have received much
attention regarding their reactivities on/in the hetero-
geneous materials such as zeolite and silica.® It is also
important for the development of synthetic organic
photochemistry to clarify the reaction dynamics of
radical cations at the TiO, surface by time-resolved
spectroscopic methods. Recently, we studied the one-
electron oxidation reactions of several aromatic com-
pounds adsorbed on the surface of a TiO, powder by
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time-resolved diffuse reflectance (TDR) spectroscopy
and concluded that the ~OH group plays an important
role in the adsorption on the surface of TiO, and the
efficiency of the one-electron oxidation of the substrates
producing the radical cations.® Therefore, a high one-
electron oxidation efficiency is hardly expected for the
nonadsorbed molecules.

In this study, we have investigated the one-electron
oxidation process of 4-phenylbenzoic acid (PBA)
adsorbed on the TiO, surface and the subsequent reac-
tions of the radical cation of PBA adsorbed on the TiO,
surface (PBA;}) with 1,1-dianisylethylene (DAE)
(Ar,C=CH,: Ar=4-methoxyphenyl) in CH;CN by
TDR spectroscopy. The TDR method is a powerful tool
for the investigations of the photochemical reactions on/
in the heterogeneous materials.>®° The aim of this work
is focused on the one-electron oxidation processes of
adsorbates by the photo-excited TiO, particles and the
reactivity of the radical cation adsorbed on the TiO,
surface.

First, we examined the adsorption and desorption
dynamics of the substrates on the surface of a TiO,
powder (P25, Japan Aerosil) slurried in CH3;CN at room
temperature. The adduct formation constants (K,q) of
3.8£0.3x10* and 2+ 1M~! were determined from the
Langmuir adsorption isotherms for PBA and DAE,
respectively, using steady-state UV absorption spec-
troscopy.® The large K,q value obtained for PBA, which
is about 4 orders of magnitude greater than that
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obtained for DAE, clearly indicates that PBA can
preferentially adsorb on the TiO, surface, while DAE is
not adsorbed and exists as a free molecule in solution.

TDR spectra were observed during the 355nm laser
photolysis (5ns FWHM, 1.5mJpulse™!) of the TiO,
powder in the presence of PBA and DAE in CH;CN at
room temperature.® Figure 1 shows the TDR spectra
obtained at 60, 150, and 500ns after the laser flash
during the laser photolysis of TiO, with 355 nm light in
the presence of PBA (2mM) an DAE (SmM) in
Ar-saturated CH3;CN at room temperature. The
absorption values attributed to the substrates adsorbed
on the TiO, surface (%abs.) were obtained by sub-
tracting the absorption value observed in the absence of
the substrates from that observed in the presence of the
substrates.>®® The transient absorption band with a
peak at about 700 nm appeared immediately after the
laser flash as shown in Figure 1. This absorption band is
similar to that obtained during the 355nm laser flash
photolysis of the 10-methylacridinium ion (AcrH') in
the presence of PBA in the bulk CH;CN solution,
although a slight red shift was observed. Therefore, we
assigned this transient absorption band at 600-780 nm
to PBA;Y, which was generated from the one-electron
oxidation reaction with the photo-generated oxidizing
species such as 4, or the trapped holes (%) at the TiO,
surface as given by Eqgs. 1 and 2

TiO, + hv — bt () + ey (ey), (1)
R () + PBAyg, — PBAZ . (2)

As shown in Figure 1, this absorption band decreased in
the time scale of 500 ns with a concomitant rise in a new
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Figure 1. TDR spectra obtained at 60, 150, and 500 ns after the laser
flash during the 355 nm laser photolysis of TiO, powder in the presence
of PBA (2mM) and DAE (5mM) in an Ar-saturated CH;CN solution.
Inset: time profiles of % absorption observed at 500 nm during the laser
photolysis of TiO, with 355nm light in the presence of DAE (5mM)
without (a) and with (b) PBA (2mM) in Ar-saturated CH;CN solu-
tions. The solid lines represent a nonlinear least squares curve using
kur of 1.9£0.3x10°M's™! and kp of 5x10°M~'s™! and a bi-
exponential curve fitted to the kinetic traces obtained for (a) and (b),
respectively.

absorption band with a peak at 490nm. The new
absorption band is quite similar to that of the dimer
radical cation of DAE ((DAE);").!*!! This absorption
band was hardly observed during the laser flash pho-
tolysis of the TiO, powder in the absence of PBA as
shown in the inset of Figure 1. It should be noted that
the %abs. at 500nm increased about 5 times by the
addition of PBA. These results clearly suggest that the
formation of DAE'" resulted from the hole transfer
reaction from PBA;/ to the free DAE (DAEg..), and
then diffused into the bulk CH3;CN solution and reacted
with DAEy,. to generate (DAE);" as given by Egs. 3
and 4

PBA:}

ads

+ DAEj. — PBA, + DAE:" 3)

free?

DAE:

free + DAEfY@e - (DAE)2+ (4)
Unfortunately, we cannot observe the TDR spectra for
the 1,1-diarylethylenes'®!! such as 1,1-diphenylethylene
and 1,1-ditolylethylene because of the strong laser
scattering, low signal-to-noise ratio, and the photo-
excitation of the TiO, powder at a wavelength below

430 nm.

In order to clarify the hole transfer kinetics between
DAEg.. and PBA:}, we estimated the formation rates of
(DAE)," at the various DAE concentrations. The non-
linear least squares curve fits were then performed by
numerically solving a system of coupled linear first-
order differential equations for the concentrations of
PBA:}, DAE:, and (DAE);" based on Eqgs. 3 and 4 by
the Runge-Kutta method. The kinetic parameters are
listed in Table 1. We used the reported rate constant for
the formation of (DAE);" (kp = 5 x 10°M~'s7!).!! The
time profiles observed for the different DAE concen-
trations are well reproduced by using the same data set
within experimental error, strongly supporting the fact
that the obtained fitting parameters are reasonable,
although perfect fits do not occur in the time range
shorter than ~80ns because of the laser scattering as
shown in the inset of Figure 1. The HT rate constant
(kar) from PBA:! to DAEge. of (1.9£0.3)x10°M~!s~!
was determined from the nonlinear least squares curve
fits. The obtained kyr value, however, was remarkably
small compared with that (12x 10° M~! s7!) reported for
the electron transfer reaction from DAE to AcrH' in
the excited singlet state ('AcrH™) in CH;CN.'' It is
considered that the significant decrease in the iyt value
is mainly due to the steric hindrance at the reaction sites
on the TiO, surface.

Table 1. Hole transfer rate constant (kgr) from PBA; to DAEg..,
formation rate constant (kp) of (DAE);', and driving force (AGy)
values for the electron transfer from DAE in the present system and in
the bulk CH;CN solution

Hole donor kur kp —AG,
(10°M~'s7h (10°M-1s7hy  (eV)
PBA;, on TiO, 1.9+0.3 5 0.76°
'AcrH** in CH3CN 122 50 1.0°
4Ref. 11.
PRef. 12.

©The oxidation potential of DAE is reported in Ref. 13.
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We also observed the TDR spectra during the laser
photolysis of the TiO, with 355 nm light in the presence
of PBA 2mM) and DAE (5mM) in O,-saturated
CH;CN as shown in Figure 2. The absorption band with
a peak at 500 nm observed at 500 ns was very similar to
that of the oxygenated 1,6-radical cation of DAE (ox-
(DAE);")."" This result also suggests that (DAE);",
which is generated by the HT reaction from PBA;/ to
DAE;.. at the TiO, surface, diffuses into the bulk
solution.

The cascade HT reaction processes are shown in Scheme
1. First, PBA;j, was generated from the one-electron
oxidation reaction with 4} or A/ at the TiO, surface
within the laser pulse duration of 5ns. The HT from
PBA:{ to DAEg,. then occurs at the TiO, surface. The
generated DAE;,, diffuses into the bulk CH3CN solu-
tion and dimerizes with DAE... In the presence of O,,
as shown in Figure 2, the ox-(DAE);" is generated via
the bimolecular reaction process with the O, molecule in
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Figure 2. TDR spectra obtained at 60, 150, and 500 ns after the laser
flash during the 355 nm laser photolysis of TiO, powder in the presence
of PBA (2mM) and DAE (5mM) in an O,-saturated CH;CN solution.

Scheme 1.

the bulk CH;CN solution (ko =1 x 10° M~1s~ 1,
This intermediate would be reduced to the 1,2-dioxane
as a predominant product together with a small amount
of ketone as reported elsewhere.!%!!

In summary, we have investigated the one-electron
oxidation reaction of PBA adsorbed on the TiO; surface
and the subsequent reactions at the TiO, surface and in
the bulk CH;CN solution. The formation of (DAE);" by
the addition of PBA is explained by the two-step HT
reactions from TiO, (h") to DAE,. mediated by PBA:
at the TiO, surface. The present cascade HT processes
will lead to new synthetic processes.
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