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Fluorescence development during 514 nm irradiation
of catechol adsorbed on nanocyrstalline titanium dioxide
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Abstract

Irradiation of a catechol/TiO2 film with a 514 nm laser produced a fluorescent, surface-adsorbed species. The reaction was slow, taking
approximately 20–60 min to reach completion under the conditions of this study. A laser power study indicated that the rate of reaction was
approximately proportional to the square-root of the laser power. The kinetics of fluorescence development could be modelled by a simple,
first-order rate law for the nitrogen-sparged solution only. When air was bubbled through the solution the initial rate increased, and a transient
peak in the fluorescence could be observed forθ = 0.49 (the lowest coverage in this study). The kinetics of the air-sparged system could be
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eproduced with a model that included both a persistent fluorescent species and a transient species, which converted to a no
roduct in a subsequent, photochemical reaction. Raman spectra of the fully reacted surface did not reveal any new, adsorbed, orga

ndicating that the reaction results in the desorption of the organic molecule. It was concluded that fluorescent species was a mo
he titania surface, likely a partially reduced titanium ion.
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. Introduction

Photoluminescence of bare TiO2 has been the subject of
any studies[1–4]. Photoemission has been observed in
anocrystals and crystalline thin films that have been irra-
iated by ultraviolet light with energy above the band gap.
he emission is normally weak, so studies are often con-
ucted at low temperature to reduce non-radiative relaxation
rocesses[1,3]. The broad emission spans much of the visi-
le spectral region (e.g. 430 to >650 nm[1], 470 to >650 nm

3]) and centred in the green (e.g. the centre of the anatase
mission has been reported as 500 nm[2], 554 nm[1], and
80 nm[3]). The emission has been ascribed to recombina-

ion of electrons and holes at electron trap sites on the surface.
he trap sites are thought to be co-ordinatively unsaturated
i(IV) ions, with energies about 0.3 eV below the conduction
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band edge[5]. In support of that, an increase in the pho
luminescence has been demonstrated for surface treat
(e.g. milling) that generate those trap sites[3]. Adsorption
of catechol, benzoate, terephthalate, and isophthalate,
bind trap sites strongly and push their energy levels abov
CB band edge, greatly diminishes carrier recombination[5].
One study[6] of dye-sensitised TiO2 indicated that the en
ergy levels of the trap sites, and hence carrier recombin
dynamics, can be manipulated by application of an exte
bias and by electrolyte composition. A study of anatase
grown by CVD and annealed in O2 revealed three emissio
bands centred at 636, 577, and 517 nm. The bands we
cribed to recombination events at O vacancies, relaxati
self-trapped excitons, and recombination at Ti3+ sites, respec
tively [4].

The fluorescence reported in this paper is produce
irradiation of catechol adsorbed on titanium dioxide w
514 nm light. The photon energy is well below the band
of titanium dioxide (2.4 eV compared to 3.2 eV), indicat
that the well-known charge-transfer complex is the abs
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.03.009
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ing species. The fluorescent centres, which are the prod-
uct of the photoreaction, are also excited by 514 nm light.
The photoreaction occurs in nitrogen-purged solutions, as
well as oxygen-containing solutions, but the initial rate of
reaction is lower in the absence of oxygen. The presence
of oxygen results in the destruction of a significant propor-
tion of the fluorescent centres at longer reaction times, so
that the ultimate fluorescence intensity is lower in the pres-
ence of oxygen. The model proposed for the reaction im-
plies two classes of adsorbed catechol. Those adsorbed in
high-free energy sites (defects) can be converted into fluo-
rescent centres, with a subsequent, oxygen-dependent pho-
toreaction that converts them to a non-fluorescent species
(transient fluorescent species). Those adsorbed at low-free
energy sites can be converted to fluorescent centres, but
further reaction to the non-fluorescent species is very dif-
ficult, even in the presence of oxygen (persistent fluorescent
species).

2. Experimental

2.1. Raman/fluorescence experiments

All solutions were un-buffered and made from Milli-Q
water (>18 M�). The titania used in the films was Degussa
P ions
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Fig. 1. Experimental apparatus.

The surface of the titania was probed by the Raman mi-
croscope (Renishaw System 2000) using a periscope with a
long-working distance objective (50×). The effective laser-
spot size for 514 nm under these conditions was approxi-
mately 5�m. The Raman analyser is a spectrograph design
that uses a holographic notch filter to reject the laser line, fol-
lowed by a diffraction grating to separate the Raman-shifted
wavelengths. The wavelengths are then projected onto a CCD
detector to obtain a spectrum with 2.5 cm−1 resolution. The
microscope can also be used to obtain a Raman image of the
surface at a particular Raman shift. That is done by irradiat-
ing a large area of the surface with a defocused laser beam,
filtering the Raman-scattered light through an interference
filter (band pass±20 cm−1), and projecting the image onto
the CCD camera.

The 514 nm laser used to probe the surface was also the
source of irradiation that induced the photochemical reaction.
The “photochemistry” phase of the experiment was usually
carried out at high power (2.2 mW at the surface). The excep-
tion was during the power dependence study, when the pho-
tochemistry phase was performed at 2.2, 0.22, and 0.022 mW
(100%, 10%, and 1% laser power). Spectra were not collected
during the photochemistry phase; the surface was simply ir-
radiated. The “probe” part of the experiment, during which
the fluorescence of the product was measured, was always
performed at low power (1% = 0.022 mW), in order to min-
i tion
o

de-
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B epen-
25 (70:30 anatase:rutile). Catechol (Aldrich, 99%) solut
ere prepared under low-light conditions and wrappe
luminium foil, to protect them from light. Fresh catec
olutions were prepared for each experiment.

The titania films (Degussa P25) were prepared by pipe
5�L of a 52 g L−1 slurry onto one of the windows of
.5 cm fused-silica cuvette. The area of the window cov
y a film was approximately 0.6 cm× 1.6 cm. The film wa
eated overnight at 200◦C to fix the titania to the window
ssuming a 70:30 mixture of anatase (3.84 g cm−3) and rutile

4.26 g cm−3), and a particle volume fraction of 0.30[7], film
hickness was estimated at 11�m. Thin films were used t
nsure fast mass transport. The films were robust, and
everal hours under water without noticeable flaking.

A diagram of the apparatus for the photochemistry ex
ments is shown inFig. 1. The system used a closed-lo
ow cell, fashioned from a screw-top, fused silica fluo
ence cell (Spectrocell Inc.), with a path length of 0.5 cm.
ong-working distance objectives used in this study requ

cell with a short path length. The cell was capped w
TFE-coated septum, through which the liquid transfer

an. The liquid was pumped from a reservoir to the cell,
ack again, by a peristaltic pump. The pumping speed
mL min−1, and the total volume was 30 mL, so 3.75 m
as required to pump the entire volume once around the
ixing occurred in the reservoir by magnetic stirring. T

eservoir was also the site of introduction of catechol
ases (air, O2, or N2). The gases were all of pre-purifi
uality (99.998%) or better, and were bubbled continuo

hrough the solutions in order to keep them saturated.
mise the extent of photochemical reaction during collec
f spectra.

The time axes for the kinetic plots of the laser-power
endence studies had to be corrected for the time spent

he laser during the probe phase. Corrections were perfo
ssuming both a linear and a square-root dependence
eaction rate with laser power, and it was found that the
erence between the two methods of correction was s
ecause the rate appeared to follow a square-root d
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dence with laser power, the square-root correction was used
for consistency with the observed laser dependence.

The excitation source could be switched from 514 to
785 nm when the Raman signals were of more interest than
fluorescence. The spectra collected using the 785 nm laser
had lower fluorescence than those collected at 514 nm, so the
Raman signals were more easily observed.

Because of the roughness of the films, the raw signals (Ra-
man and fluorescence) were variable, and required normalisa-
tion. The titanium dioxide peaks between 100 and 700 cm−1)
were used for that purpose. The signals reported are the ratios
of the raw intensities to the intensities of the titanium dioxide
Raman signals.

2.2. Adsorption isotherm measurements

Because of the reactivity and high fluorescence of the ad-
sorbed catechol complex, the adsorption isotherm was mea-
sured by ultraviolet spectroscopy. Films were prepared on the
inner walls of nominal 12 mL cylindrical, glass vials. A vol-
ume, 1.00 mL, of a 52 g L−1 TiO2 slurry was pipetted to each
vial, and then heated to dryness in an oven at 100–150◦C
while the vials were rolled back and forth on their sides.
A much larger mass of titania was needed for these experi-
ments than for the Raman/fluorescence experiments, because
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3. Results and discussion

3.1. Adsorption of catechol on titania

The 24◦C adsorption isotherm for catechol is shown in
Fig. 2. Beyond 2.0 mM (equilibrium solution concentration)
the isotherm curves upwards, indicating multilayer adsorp-
tion (not shown in figure). The data from 0 to 1.7 mM were fit-
ted to a Langmuir isotherm. Full coverage (θ = 1) is 79�mol
catechol per gram of titania. Assuming an adsorption site
density for the TiO2 of approximately 2 nm−2 [8] and a spe-
cific area of 50 m2 g−1 (as specified by the manufacturer) the
number of sites per catechol molecule is approximately 2.
That is inconsistent with the previously described bidentate
form of the complex (one site per molecule)[7]. However, a
significant number of the sites available in the powder are not
available in the film, which was heated to increase adhesion.
Although the film was porous, it would not be expected to
have the same surface area of the free particles. Therefore,
2 may be considered an upper limit to the ratio of sites per
catechol molecule; the true value might be much lower. The
high equilibrium constant for adsorption (9.7× 103 M−1) in-
dicates that the catechol is strongly chemisorbed, as expected.
The equilibrium concentrations used in this study—0.10,
0.25, 0.50, and 1.00 mM—correspond to� = 0.49, 0.71, 0.83,
and 0.91, respectively.
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easurement of the isotherm required that a significant
ion of the catechol be adsorbed. (Under the condition
he Raman/fluorescence experiments, there was little ch
n the catechol concentration on adsorption.) The films w
eated to 200◦C to fix them to the walls of the vials, as for t
hotochemistry experiments. After cooling the vials to ro

emperature, 12.0 mL of catechol solution (0–5.00 mM)
dded to each. A second set of vials with the same con

rations of catechol, but without titania, were also prepa
oth sets of vials were stored in the dark overnight at 24◦C.
Some flaking of the film was evident, but the flakes w

arge, and they precipitated. There was some concern tha
itania in solution would interfere with the spectra, but no
orbance from titania was observed in the UV spectra o
olutions. The flaking was not expected to affect the su
rea of the films. The free particles of the film had a sur
rea of 2.6 m2 (0.052 g× 50 m2 g−1), or 2.6× 104 cm2. Af-

er calcining the film, the area was expected to be lower
robably on the same order. Flaking only increased th
osed area of the particles by∼cm2, or ∼0.01% of the tota
rea.

The spectra of the solutions (200–400 nm) were meas
fter allowing the vials to reach equilibrium. No solut
pecies other than catechol were evident. The peak at 2
as used to determine the catechol content of the solu

Higher concentrations were diluted to keep the absorb
elow 2.5.) The difference in absorbance between the

ions with and without catechol was used to determine
quilibrium concentration of the solution and the amoun
atechol adsorbed to the titania.
The differences between our Raman spectra of aqu
nd adsorbed catechol (Fig. 3), collected with the 785-nm
robe laser, indicate the significant changes in the m
lar structure expected upon chemisorption. Catech
ater (Fig. 3a) exhibits bands characteristic of anortho-
isubstituted aromatic compound[9]. The resonance
598 cm−1 is due to aromatic CC stretching. Those at 10
nd 760 cm−1 are the in-plane and out-of-plane CH bends
espectively. The band at 1273 cm−1 is due to the phenol

O stretch.
The spectrum of adsorbed catechol was collected pr

ny irradiation by 514 nm light. A constant, approxima
qual in magnitude to the full height shown at 1357 cm−1,
as subtracted from the adsorbed-state spectrum in or
nhance the Raman peaks in the figure. The continuous
round was probably fluorescence resulting from the fo

ion of the charge-transfer complex. On adsorption, two b

ig. 2. Adsorption isotherm for initial monolayer of catechol on TiO2 at
4◦C. The line is a fit to a Langmuir model.
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present in the solution-phase spectrum were lost, those asso-
ciated with in-plane and out-of-plane C-H bends (1029 and
760 cm−1, respectively). Their absence suggests that those
motions were restricted in the adsorbed state. The bands at
1357 and 1478 cm−1 were enhanced in the spectrum of cate-
chol(ad) compared to catechol(aq.). Similar frequencies were
reported by Connor et al.[7] in the infrared spectrum of cat-
echol adsorbed to titanium dioxide—1333 and 1481 cm−1 in
that study. (In fact, a weak peak occurs in the Raman spec-
trum at 1322 cm−1, and may be diminished compared to the
IR due to selection rules.) Connor et al. compared the IR spec-
trum of catechol/TiO2 to those of catecholato complexes of
Ti(IV) and found that the spectrum of K4[TiO(cat)2]2·2H2O
complex was closest. Infrared peaks for that compound oc-
curred at 1475 and 1247 cm−1, which compared to 1258 and
1481 cm−1 in the FTIR spectrum of adsorbed catechol. On
that basis, the bidentate (�2-oxo) structure was assigned to
catechol(ad)[7].

Sanchez-Cortes et al.[10] studied adsorption of catechol
on a metallic silver colloid and reported Raman spectra simi-
lar to the one inFig. 3(b). In that study, the absence of CH bend
frequencies in the spectrum of the adsorbed state was also
noted, and the bands at 1329 and 1475 cm−1 were ascribed to
polymer formation. However, the spectra of Sanchez-Cortes
et al. had additional features not observed in this study.
Sanchez-Cortes et al. reported a shift in the CC stretch-
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able to conclude, then, that very little, if any, polymerisation
took place on the TiO2 surface.

3.2. Persistence of the surface-bound photoproduct

When the 514-nm laser of the Raman microscope was
focused onto the catechol/TiO2 surface, a Raman spectrum
with a high fluorescence background was observed. In air-
saturated 1.0 mM solution, the fluorescence signal increases
gradually with exposure time, reaching a plateau in about
60 min. The fluorescence signal was of primary interest in this
study, as it was due to the product of a photoreaction. Raman
signals could be better measured by switching to the 785-nm
laser, which does not excite electronic states as efficiently as
514 nm.

The fluorescent photoproduct was surface-bound and per-
sistent, as shown inFig. 4. Fig. 4 is an image of the
catechol/TiO2 film after irradiation for 30 min with the 514-
nm laser at high power (2.2 mW). The image was col-
lected using an interference filter that passed a band of light
1600± 20 cm−1 from the 514 nm line. The spot is an image
of the laser focus and its surrounding halo of scattered light.
The fissures and other inhomogeneities evident in the image
are due to the film.

The observation of a photochemical reaction implies that
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ng frequency to lower wavenumber, which was ascribe
ncreased conjugation of the ring on polymerisation. In
tudy, the CC stretch shifted to higher wavenumber (15
o 1611 cm−1), consistent with decreased conjugation w
he substituent oxygen atoms as a result of binding to
philic Ti(IV) ions. Sanchez-Cortes et al. also reported
esonances in the 200–500 cm−1 region, indicating a highe
egree of ring substitution. In this study, no new peaks w
bserved in the low wavenumber region; only the TiO2 peaks
ppeared there (445, 395, 196, and 141 cm−1). It is reason

ig. 3. Raman spectra collected with 785 nm laser of (a) 0.1 mol L−1 aque-
us; and (b) TiO2-adsorbed catechol.
he surface complex, catechol/TiO2, absorbs appreciably
14 nm, although catechol and TiO2 individually absorb
nly in the ultraviolet. The spectral shift on adsorption
ell known; other authors[5,11,12]have reported a charg

ransfer band for catechol/TiO2 that spans much of the vi
ble spectrum. In our adsorption experiments, we obse
he development of a uniform yellow colour in the tita
lm, which deepened with catechol concentration. No co
hange was observed in the solution phase.

ig. 4. Fluorescence image of catechol/TiO2 film after 30 min laser expo
ure.
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The present reaction is not a typical photo-oxidation reac-
tion because the photo-generated holes are not the result of
excitation from the valence band to the conduction band of ti-
tania. The band gap of anatase is much larger than the photon
energy, 3.2 eV compared to 2.4 eV. Electronic excitation of
the catechol/TiO2 involves a HOMO-LUMO transition of the
complex, followed by injection of the electron into the con-
duction band of TiO2. The excited catechol complex carries
a formal, positive charge, and can react. (Alternatively, the
electron may be transferred back to the catechol, and the en-
ergy dissipated in radiative or non-radiative processes.) The
reaction results in a product that is also able to absorb 514-
nm light. Electronic excitation of the product can result in
fluorescence to the ground state with even higher efficiency
than the adsorbed catechol.

The long wavelength of excitation for this photoreaction
is unusual. Fujihara et al.[2] mentioned an increase in TiO2
fluorescence during photo-oxidation of isopropanol to ace-
tone. Fluorescence development occurred on the same time
scale as in this study, but the photon energy used was larger
than the bandgap. The reaction kinetics were not studied.

3.3. Laser power dependence of the initial rate

Fig. 5 shows the laser power dependence of the reaction
rate. The fluorescence signal was observed after irradiating
t ters.
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Fig. 5. Laser power dependence of reaction rate for air-saturated solution. (a)
Time profiles of developing fluorescence (circles, 1% power; open and closed
triangles, 10%; diamonds, 100%); (b) ln–ln plot of initial rates (relative to
rate at 1% laser power) vs. laser power (relative to 1% laser power). The fit
curve was forced through zero.

ment phase. Initial rates of reaction, estimated from the first
few points of the data sets, were approximately proportional
to the square root of the laser power (Rate∝ Power0.53).
The square-root dependence is well known for oxidation re-
actions on titania[13]. The functional form indicates that
(1) the reaction mechanism is first-order in the concentra-
tion of photo-generated holes and (2) the reaction occurs in
the high power density regime, in which electron-hole re-
combination is significant. The observation of a square-root
dependence also suggests that the reaction does not occur
through a two-photon process, which might be possible at
very high power densities. At double the frequency, the inci-
dent photons would have an energy of 4.8 eV, well above the
band gap of TiO2.

3.4. Oxygen dependence of fluorescence development

The formation of the fluorescent product was observed
under three oxygen conditions: (1) nitrogen sparged solution;
(2) air-saturated solution; and (3) oxygen-saturated solution.

Fig. 6 shows the kinetics of fluorescence production for
four catechol coverages (θ = 0.49, 0.71, 0.83, and 0.91) under
N2-sparged solution. The solution was initially sparged for
he film with the beam attenuated by neutral density fil
he full laser power was 2.2 mW at the sample, and the
as irradiated at 1% (lower curve), 10% (middle curve),
00% (top curve) of the full power. Four data sets are re
ented in pFig. 5(a); although there is only one curve throu
he 10% power data, there are actually two replicate data
open and closed and triangles), which were generated
ifferent films. The curves are shown to distinguish the
ets according to the laser powers used during the photoc
stry phase. One point was removed from the 1% data se
utlier lay far from the curve and was apparently the re
f an instrumental problem that occurred during collecti

The time interval for the “photochemistry” phase of the
eriment, during which the film was irradiated, was 2.00

or 10% and 100% power, followed by 0.75 min for
easurement phase (1% power). For experiments in w

he photochemistry phase was conducted at 1% powe
hotochemistry interval was 1.25 min, followed by 0.75
f measurement. The photochemistry interval was red

or the experiments conducted at 1% power because i
ecognised that photochemistry would occur during the p
hase as well as the photochemistry phase. By reducin
hotochemistry interval to 1.25 min, the total time spent
er the laser per cycle at the “photochemistry” power
.00 min, essentially the same as the 10% and 100%
ower experiments. (The correction term for the time u

he “probe” laser is less significant at 10% and 100% l
ower.)

The time axes of all the data sets inFig. 5(a) have bee
orrected for irradiation of the surface during the meas
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Fig. 6. Kinetics of fluorescence development under N2-sparging. The lines
are global fits to a first-order model with a single apparent rate constant
(k= 0.040 min−1).

30 min prior to irradiation, in order to ensure that all oxygen
was removed. Sparging continued as the reaction proceeded.

It is unusual for titania-catalysed oxidation reactions to
proceed at all under a nitrogen-sparged solution. Catalytic
photo-oxidation reactions involving TiO2 require oxygen, or
some other electron scavenger, to remove electrons from the
surface. However, this reaction was not catalytic. Regenera-
tion of the sites was not observed, and the steady-state reac-
tion rate appeared to go to zero (or at least very small val-
ues) with time. The production of fluorescent centres was ac-
companied by depletion of the surface-adsorbed catechol, as
confirmed by Raman experiments performed with a 785 nm
probe laser (see next section).

Build-up of charge might be one reason why the reac-
tion rate steadily decreased over time. However, the charge
balance could have been maintained through electron scav-
enging by aqueous catechol. The one-electron reduction po-
tential of catechol[14] is 530 mV (versus SHE at pH 7), and
the equilibrium concentration of catechol in solution ranged
from 0.10 to 1.00 mM (compared to∼0.3 mM for O2 in air-
saturated solution) so electron transfer from TiO2 to catechol
was possible. On the other hand, maintaining charge balance
would not be a requirement for the reaction if the fluorescent
product were a reduced Ti(III) ion. That could be achieved
by removal of interstitial O− by catechol as it reacted and
desorbed.

th a
fi
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Fig. 7. Kinetics of fluorescence development under air-saturated solution.
The lines are global fits to the model described in the text.

coverage), the relative initial rates were 0.48 (θ = 0.49), 0.68
(θ = 0.71), 0.87 (θ = 0.83), and 0.91 (θ = 0.91).

Fig. 7 shows the development of the fluorescence under
air-saturated solution. The initial reaction rates increased dra-
matically in the presence of oxygen, as expected for photo-
oxidation reactions on titanium dioxide. Oxygen is an elec-
tron scavenger, which depletes the concentration of photo-
generated electrons in titania, reducing the probability of
electron-hole recombination and increasing the lifetime of
the holes. Consequently, the probability of the holes partici-
pating in a reaction is increased.

The kinetics under air-saturated conditions could not be
fitted to a simple, first-order model, especially at lower cover-
age. Forθ = 0.49, the fluorescence signal rose to a maximum,
and then decreased to a plateau. Forθ = 0.71, the transition
from the initial rise in fluorescence to the plateau was too
rapid to be first-order. The shapes of the kinetic data for the
low coverages suggest that two pathways led to the product.
One pathway produced a fluorescent product that later de-
graded to a non-fluorescent species (transient product), while
the other pathway led to a persistent fluorescent species. The
pathway to the transient product was oxygen dependent; it
was not observed in the data for the nitrogen-sparged solu-
tions.

The transient fluorescent species was more evident at the
lowest coverage, and became less visible as coverage in-
c f the
θ ibuted
t ge
t which
d e im-
p at the
t teps
a ve a
h ear-
l rrace
s ly to
t sites
w ergy
The reaction kinetics could be fitted successfully wi
rst-order rate law:

= I∞(1 − e−kt) + b

hereI is the fluorescence intensity of the product andI∞
he maximum fluorescence signal. The background signb,
as set to the average signal for all the data sets. All
ata sets were fitted simultaneously using a simplex fi
outine. A single rate constant (0.40 min−1) fitted all four
ata sets adequately when the maximum signal was all

o vary. The initial rates determined from the fitting rout
ere in the same ratio as the initial coverages. Setting

elative value of the highest initial rate to 0.91 (to match
reased. The sharp transition to the plateau region o
= 0.71 data suggests the same transient species contr

o the initial rise of the curve. Atθ = 0.71 and higher covera
he transient was obscured by the persistent species,
ominated at higher coverage. The change in the relativ
ortance of the two pathways with coverage suggests th

ransient pathway is associated with “defect” sites—e.g. s
nd kinks—on the titania nanoparticles. Those sites ha
igher free energy for adsorption, and so tend to fill

ier than the more co-ordinatively saturated sites (e.g. te
ites). At lower coverages, catechol was bound primari
he defect sites. At higher coverages, after all the defect
ere fully occupied, the catechol bound to the lower-en
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sites. Because defect sites have higher free energies, catechol
adsorbed to them was more reactive. Therefore, reactions at
defect sites went further—from adsorbed catechol, to a fluo-
rescent species, to a non-fluorescent species (in the presence
of O2)—than reactions at non-defect sites, which were only
able to undergo the first step to the fluorescent species, with
or without O2.

The reaction kinetics could be reproduced by a model like
the one just described. In the model, catechol adsorbed to the
sites with lower free energy (denoted C1) are able to react
to form fluorescent centres (F1), but no further reaction is
observed. First-order kinetics were assumed for simplicity.

C1(ad)
k1−→

hν,O2
C1(ad)

fast−→ F1(ad)

dθF1

dt
= k1θC1 (1)

whereθ indicates surface coverage of the subscripted species.
Eq.(1) integrates to

θF1 = θF1,∞(1 − e−k1t) (2)

whereθF1,∞ is the coverage of F1 at the end of the reaction.
Catechol adsorbed to sites with higher free energy (C2) react
to form a fluorescent species (F2), which can react further to
p

C

F

−

i

θ

a

θ

T F2:

S

ack-
g ted,
t bed.
T el is
l
a

The lines through the data represent fits to the model de-
scribed. The fitting was performed on all curves simultane-
ously, to obtain global values ofk1, k2, andk3. The back-
ground (c) values were set to the initial value of each of
the data sets and were not varied. The fit assumed that the
amount of C2 (catechol adsorbed to defect sites) was con-
stant for all coverages; i.e., the defect sites were saturated
by θ = 0.49. Considering its simplicity, the model reproduced
the observed data adequately, although some systematic error
is evident in the 0.50 mM (θ = 0.71) and 1.00 mM (θ = 0.91)
data.

A number of subtleties are not accounted for in the
model. The model specifies two types of surface adsorption
site—defects and co-ordinatively saturated sites (e.g. terrace
sites)—at which the photochemical reactions are presumed to
take place. In fact, a number of possible defect sites (e.g. steps,
kinks, vacancies) would be expected, all of which would have
different energies. There should also be a number of different
terrace sites, owing to the range of different surfaces exposed
on the nanoparticle. Therefore, ascribing only a single rate
constant,k1, to the production of the persistent products is
most likely an over simplification. The same could be said
for k2 and the production of transient products. Within the
two classes of fluorescent product (transient and persistent)
there should also be a range of energies owing to the different
adsorption sites from which they arise, so employing a single
r ible
f me
o of a
b sites
i le the
m uce
t f
k ated
c

he
fi solu-
t -
d scav-
e e
p
f , was
0 m-
p eac-
t

r
a cent
p nt be-
c . That
i oduc-
t with
o rower
a echol
m were
a ower
roduce a non-fluorescent species (X).

2(ad)
k1−→

hν,O2
C2(ad)

fast−→ F2(ad)

2(ad)
k3−→

hν,O2
X

dθF2

dt
= k2θC2 − k3θF2 (3)

dθC2

dt
= k3θC2 (4)

Eqs.(3) and (4)are simultaneous rate laws. Eq.(4) is easily
ntegrated to

C2 = θC2,0e
−k3t (5)

nd substituted into Eq.(3), which can then be solved as[15]

F2 = k2θC2,0

k3 − k2
(e−k2t − e−k3t) (6)

he observed fluorescence signal is due to both F1 and

F = aθF1 + bθF2 + c (7)

The term,c, represents an observed fluorescence b
round that develops prior to irradiation. (As already no

he catechol/TiO2 fluoresced modestly as soon as it adsor
he fluorescence development described by the mod

ight-dependent, as illustrated byFigs. 4 and 5.) Factorsa
ndb represent the relative intensities of F1 and F2.
ate constant,k3, is also too simple. It may even be poss
or higher O2 concentrations to drive the destruction of so
f the higher energy “persistent” products. Generation
road range of products from many different adsorption

s consistent with the broad fluorescence observed. Whi
odel suffers somewhat from its simplicity, it does reprod

he essential features of the kinetics with a single set ok1,
2, andk3 for all the catechol coverages under air satur
onditions.

The rate constantk1 was approximately double that of t
rst-order rate constant obtained in nitrogen-sparged
ion (0.075 min−1 compared to 0.040 min−1 for anoxic con
itions), suggesting that the oxygen acts as an electron
nger for this reaction. The rate constant,k2, of fluorescenc
roduction from C2 was much higher at 0.47 min−1, whilek3,

or destruction of the transient fluorescent species, F2
.12 min−1. The relatively high rate constant for C2 co
ared to C1 is consistent with the expectation of higher r

ivity for catechol adsorbed to defect sites.
When the solutions were saturated with O2, the initial

ates increased again (Fig. 8), confirming the role of O2 as
n electron scavenger in the production of the fluores
roduct. Under oxygen-saturated conditions, the transie
ame more evident at the higher catechol concentrations
s probably because the apparent rate constants for pr
ion and depletion of the transient product increased
xygen concentration, so that the transient became nar
nd higher. It is also possible some of the adsorbed cat
olecules that were not reactive under air saturation
ble to react under oxygen-saturated conditions. The l
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Fig. 8. Fluorescence development under O2-saturated solution.

normalised fluorescence signals observed under oxygen sat-
uration suggest that was the case. The previously described
model was not used to fit the data for oxygen-saturated con-
ditions because only the tail of the transient was observed
under oxygen saturation. The early part of the reaction was
too fast to observe with the Raman microscope, and so the
amplitude of the transient could not be estimated reliably.

3.5. Raman microprobe of the irradiated area with
785 nm light

The irradiated surface could be probed for adsorbed cat-
echol and organic products during the reaction by switching
lasers from 514 nm (used for stimulating the photoreaction
and for probing the fluorescence development) to 785 nm.
The longer wavelength is less effective for stimulating elec-
tronic excited states, so the relatively small Raman signals
were not obscured by the counting noise of the fluorescence
background signal. However, the spot size of the 785 nm laser
was greater than that of the 514 nm laser, so some of the
(nominally) non-irradiated surface was also probed in those
measurements.

Fig. 9 shows a series of Raman spectra of the
catechol/TiO2 surface, collected after irradiation at 514 nm

F n dur-
i 85 nm
l

for 0–30 min. The spectra were normalised to the
TiO2 peaks. Catechol Raman intensities (560 cm−1 and
1100–1700 cm−1) all decrease with irradiation time. No new
Raman signals appear, even in the low-wavenumber region
(200–500 cm−1) as expected for multiply substituted rings.
The absence of new features in the spectra suggests that the
decay of catechol Raman signals is due to desorption. The
adsorbed catechol was probably partially oxidised at the sur-
face following the initial charge transfer. The enthalpy change
on oxidation would produce a local heating effect, resulting
in desorption. We have observed, by infrared spectroscopy,
similar behaviour for other small molecules (e.g. phthalate,
salicylate) adsorbed on titania, when irradiated with UV light.

Desorption (and presumably oxidation) of catechol was
accompanied by an increase in fluorescence. Because the
spectrum showed no changes in the Raman spectrum of cate-
chol, the fluorescence was probably caused by a modification
of the titanium dioxide surface that occurred during the oxi-
dation and desorption of catechol. That scenario is consistent
with the previously described kinetic model. The reaction
rates at the two classes of surface site would depend on their
free energies and the degree of unsaturation, as would the
susceptibility of the products (modified surface sites) to at-
tack by dissolved oxygen. The fact that dissolved oxygen is
capable of destroying the fluorescent centres implies that the
fluorescence was due to Ti(III) ions produced during elec-
t can
r p-
p ially
r tase
fi

4

-
c The
r y the
s s not
c sitive
e mi-
c ed in
t . The
l ere
a s and
k r re-
a ergy
s could
n laser
s uced
t

A

R.S.
W ng
ig. 9. Depletion of surface-adsorbed catechol in air-saturated solutio
ng irradiation at 514 nm. The Raman traces were collected using a 7
aser.
ron transfer from adsorbed catechol. Dissolved oxygen
e-oxidise the Ti(III) ions back to Ti(IV) with the energy su
lied by the laser. Sekiya et al. have also implicated part
educed titanium ions in the luminescence of their ana
lms [4].

. Conclusions

The fluorescence of a catechol/TiO2 (nanocrystal) film in
reased as the film was irradiated with 514 nm light.
eaction was a single-photon process, as evidenced b
quare-root power dependence of the initial rate, and wa
atalytic. The presence of dissolved oxygen had a po
ffect on the initial rate of reaction. A further photoche
al reaction in the presence of dissolved oxygen result
he permanent removal of some of the fluorescent sites
ikely explanation is that two classes of adsorption site w
vailable on the surface. High-energy sites, such as step
inks, resulted in high-energy products that could furthe
ct in the presence of oxygen and green light. Low-en
ites, such as terraces, led to lower energy products that
ot react further. Raman spectra collected with a 785 nm
uggested that the fluorescent product was a partially red
itanium ion.
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