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TiO2 (Anatase) surface has been modified with p-substituted benzaldehydes (p=OCH3, CH3, H, CN, and NO2) and 4-stilbene
carboxaldehyde. Fourier transform infrared spectroscopy attenuated total reflectance spectroscopy, UV–Vis reflectance
spectra, and theoretical calculations indicate that the TiO2 surface has been chemically modified and supported acetal
formation by means of TiO2–OH reaction with the aldehyde. A steady state photocurrent was obtained during simulated
UV light irradiation of the acetal-TiO2 in aqueous solution. Once the light irradiation is turned off, open-circuit potential
decay measurements were used in order to determine the electron life-time (tn). Excited electron decay is inhibited
down to 1 s when the electron withdrawing delocalization capacity of the modified TiO2 increases. Electron life-time
also depends on the solution reduction capacity. However, the unmodified TiO2 life-time does not. The TiO2 modifica-
tion results in a new series of photocatalysts that improve the organic contaminants degradation in solution because
slow electron decay also induces retardation of the electron-hole recombination. Therefore, there is a linear relationship
between the electron decay life-time and degradation rate constant. However, when electron delocalization is further
increased in a way that the electron life-time becomes ca. 7 s, degradation rate is kept constant. Therefore, the extra
electron stability compromise degradation in such a way that the modified nanoparticle switches from a useful oxidant
agent to a material that favors the charge carriers separation through a stable radical anion formation. Copyright ©
2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Semiconductor interfacial electron transfer kinetics play a major
role in the energy conversion efficiency of dye-sensitized solar
cells[1–3] and environmental remediation photocatalysis.[4,5]

There are important contributions[6–8] regarding mechanisms
and rates in interfacial electron transfer process in dye-sensitized
TiO2. Surface sensitization involves the adsorption of an organic
molecule and formation of a surface complex; photoexcitation of
the last complex can lead to interfacial electron transfer between
the complex and the electronic state at the conduction band in a
process with a life-time in the order of femtoseconds.[9,10] Once
the electron is in the semiconductor conduction band, traps
may delay the electron transfer process to nanoseconds as it
has been properly described.[11] Due to the difference in density
of state between the semiconductor and the solvent, the final
electronic transfer to the bulk mainly depends on the semicon-
ductor traps. However, as it has been established[12] for bimolec-
ular homogeneous electron transfer, this rate depends on the
difference in redox potential between donor and acceptor and
on differences on solvation capacity between reactants and
products. These bimolecular electron transfers in solution occur
in the order of milliseconds time scale. When there is not sensi-
tization of the TiO2 and UV light is used for photoexcitation (in
femtoseconds), an electron-hole p air (e�, h+) is formed on the
semiconductor. The electron flow goes from the conduction
band to solution forming superoxide radical anions (O2

●�) via
the dissolved oxygen reduction when water is the solvent.
Hydroxyl radicals (OH●) are formed via water oxidation with the

holes at the TiO2 surface. The last two radicals are the basis of
the oxidant power of the photoexcited TiO2 to degrade and min-
eralize organic matter.[13] However, the electron-hole formed
during photoexcitation recombines; therefore, electron-hole
recombination in photo-activated TiO2 is a key event for photo-
voltaic cell efficiency and also for degradation and mineralization
of organic contaminated water. For instance, effects of molecular
interface modification using p-substituted benzoic acids
attached to TiO2 in hybrid organic–inorganic photovoltaic cells
can cause[14] an edge shift in TiO2 resulting in a change in
photocurrent enhancement in photovoltaic devices. In fact, con-
duction and valence band edge shift occurs[15] toward more
negative and positive redox potentials, respectively, when the
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bandgap increases due to surface modifications or changes in
pore size. These changes definitely improve[16] the photocatalyst
activity probably due to the favorable competition between the
rates of electron transfer to the solvent and recombination. In
our intent to promote electron-hole recombination delay, we
have attached to the TiO2 surface p-substituted benzaldehydes.
Aldehydes react with alcohols[17] to produce hemiacetals and
acetals. We have found[18,19] that chemical bond via acetal
formation is produced when the TiO2–OH on the semiconductor
surface contact an aldehyde in water solution producing an ace-
tal-TiO2 chemical structure at the TiO2 surface. Once this new
structure is formed, we expect a reverse electron flow (TiO2→
organic complex) compared to the one in the photosensitization
event (organic complex→ TiO2) when p-substitutions with
positive σ Hammett[20,21] values are used. In this investigation,
we explore the feasibility of the earlier mentioned reverse elec-
tron flow by photo-exciting the modified TiO2 surface with UV
solar light and measuring the photopotential decay under
open-circuit conditions.[22,23] Under these conditions, electrons
equilibrium distribution is reached with the light on, and the de-
cay is started by turning it off. The remaining exited electrons
produce an initial potential (Eoc) that decays describing first-or-
der kinetics: dEoc/dt= knEoc, where kn (s

�1) is the potential decay
first-order rate constant from where its life-time tn can be found
according to Equation (1).[11,24]

tn ¼ � kbT
e

dEoc
dt

� ��1

(1)

where kbT/e term is the thermal energy divided by the positive
elementary charge. Therefore, from the initial slope in a Eoc
versus t plot, tn can be obtained. However, this slope depends
on the initial potential but the half-time (tn1/2 = ln 2/kn) does
not. Therefore, kn can be obtained according to a first-order ki-
netics and from the last equation in this paragraph (parenthesis)
the tn1/2 half-time readily found. Longer half-times will indicate a
stabilization of the photoelectrons that may induce faster
organic matter degradation. The described TiO2 surface modifi-
cation may also change its conduction band reduction potential
because the photo electron could be stabilized via delocaliza-
tion through the organic structure. If this is the case, the organic
structure would be acting as a molecular cable that would bring
charge to solution or as a good capacitive material[25]

depending on the radical anion stabilization. The important
consequences and applications of these experiments are
described in this manuscript.

MATERIAL AND METHODS

Materials

The following reactants were used without further purification:
Titanium dioxide nanoparticles (Anatase), TiO2, 99%, Aldrich;
p-nitrophenol, C6H5O3N, Aldrich; Naphthalene, 98%, Aldrich;
hydrochloric acid, HCl, puriss, Riedel de Haën; sodium hydrox-
ide, NaOH, 99%, Mallinckrodt; phosphoric acid, H3PO4, 87%,
Riedel de Haën; potassium monobasic phosphoric acid,
KH2PO4, 99%, Riedel de Haën; potassium dibasic phosphoric
acid, K2HPO4, 98%, Riedel de Haën; hydrated potassium
phosphate K3PO4 · H2O, 95%, Riedel de Haën; sulfuric acid,
H2SO4, 95–97%, Riedel de Haën; benzaldehyde, 98%, Aldrich;
p-nitrobenzaldehyde, 98%, Aldrich; p-cyanobenzaldehyde, 98%,

Aldrich; p-metoxibenzaldehyde, 98%, Aldrich; p-methylbenzaldehyde,
98%, Aldrich; 4-stilbene carboxaldehyde (4SC), 99%, Aldrich; water,
H2O, 17.7MΩ cm, NanopureW.

Equipment

A Solar Light Co. solar light simulator model LS 1000 with a
1000W xenon lamp and the appropriate filters for producing
UV light (290–400 nm) was used in the experiments. Solar light
radiometer model PMA2100 and Ocean Optics fiber optic spec-
trometer model s1024dw were used to determine the radiation
intensity and simulated spectra during each trial. Solution pHs
were recorded with digital pH-meter model pH 211 from Hanna.
Millipore filtration equipment with 0.22, 0.20, and 0.05μm
membrane filters was used to separate TiO2 from the sample
solutions. A diode arrangement UV–Vis spectrophotometer
by Hewlett Packard (model HP8452A) was used to obtain
the UV–Vis spectrum. An infrared spectrometer Perkin Elmer
with attenuated total reflectance accessory, Spectrum 100
was used to characterize p-benzaldehydes (pBA)-TiO2 interactions.
A Perkin Elmer spectrometer (model Lambda 35) coupled with an
integration sphere diffuse reflectance was used to obtain the
pBA-TiO2 UV–Vis reflectance spectra. A Potentiostat/Galvanostat
model Autolab PGSTAT30 was used to follow open-circuit
potential decay.

Methods

TiO2 modification via acetal formation of p-benzadehydes (ApBA-TiO2)
and 4-stilbene carboxaldehyde (A4SC-TiO2)

A titanium dioxide surface was modified with pBA and 4SC using
the liquid–solid adsorption equilibrium method. The general
procedure consisted of mixing 100mg of TiO2 with 100ml of
pBA or 4SC aqueous solutions at different concentrations in acid
pH media (pH= 3). The mixtures were magnetically stirred until
adsorption equilibrium was reached. This equilibrium was moni-
tored by measuring the pBA or 4SC UV–Vis absorbance of
previously filtered aliquots. The amount of aldehyde adsorbed
on the TiO2 surface was calculated by taking the difference
between the initial and remaining pBA or 4SC concentrations
in solution. The analytical quantification of pBA or 4SC was
performed using the UV–Vis spectra and calibration curves
according to the Lambert–Beer law. The adsorption isotherms
were obtained from plots of surface-adsorbed pBA or 4SC per
gram of TiO2 added versus the pBA or 4SC equilibrium concen-
tration. The adsorption equilibrium constants (KL) and the
maximum amounts of pBA or 4SC adsorbed (X) of ApBA-TiO2

or A4SC-TiO2 were obtained from a best fit of the resulting
experimental points to a Langmuir adsorption isotherm.[26] The
modified TiO2 was separated from the solution and washed with
5mL of water and stored in a dry vessel. Fourier transform infra-
red spectroscopy and UV–Vis reflectance spectra were recorded
on the different ApBA-TiO2 catalysts and A4SC-TiO2. The new
catalysts were used to measure the potential decay half-times
and the photocatalytic degradation of p-nitrophenol.

Open-circuit potential decay measurements

Photoelectrochemical measurements were carried out in a
conventional 50mL three-electrode cell with incident simulated
UV solar light from the top. A saturated calomel electrode (SCE)
and a large area platinum wire were used as reference and
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counter electrodes, respectively. An Autolab Potentiostat/
Galvanostat model PGSTAT30 was employed duringmeasurements.
The photon flux on the electrode was fixed at ~30mWcm�2.
Photoelectrochemical experiments were carried out at room tem-
perature in phosphate buffer solution at different pH and electrolyte
solution of 0.1M of Na2SO4. In a first experiment, UV solar simulated
light was focused on the working electrode surface (surface-modi-
fied TiO2 film screen-printed[27] on ITO substrate), and the generated
photocurrent was measured at different electrode potentials. A sta-
tionary condition was imposed at 0.8V versus SCE and the light flux
was interrupted with simultaneous measurement of the electrode
potential decay at open-circuit condition (Δt=14ms). The potential
transient were measured on ApBA-TiO2 with the p-substituents=
�OCH3, �CH3, �H, �CN, �NO2, at pH=8.0 and A4SC-TiO2 at
pH3–8. Two additional experiments were performed with the last
acetal at pH=8, by adding p-nitrophenol (PNP) and naphthalene
(NP), respectively. Duplicates for each experiment were measured.

p-nitrophenol photocatalytic degradation

In a 600-mL borosilicate beaker with a magnetic stirrer, a suspen-
sion of 200mL of PNP and phosphate buffer solution at pH= 8
with 200mg L�1 of the TiO2 or ApBA-TiO2 photocatalyst was pre-
pared. This suspension remained in the dark for 30min in order
to establish the aldehyde-TiO2 adsorption/desorption equilib-
rium. After this time, the system was placed under solar simula-
tor cannon (diameter ca. 20 cm, 1000W xenon lamp with
radiation in the UV-B y UV-A in the range between 290 and
400 nm) in such a way that the distance between the end of
the cannon and the beaker was 15 cm. The simulator was turned
on, and the reaction was monitored by taking aliquots (3mL) at
different times. The aliquots were filtered with Millipore mem-
branes, and the UV spectrum of the filtered solution was
recorded. PNP analytical quantification was performed with the
UV–Vis spectra and calibration curves according to the Lam-
bert–Beer law. Simulator radiation was measured with a radiom-
eter. Values of ca. 30mWcm�2 were typically measured for UV
radiation. The temperature of the reactor was kept at 22 ± 1 °C
by maintaining the temperature of the room where the simula-
tor was located. From a plot of ln cPNP versus t, the kobs values
were obtained. Reported results are the average of triplicates.
Experiments at different PNP initial concentrations (5–18mg

L�1) at pH= 8 were performed under the conditions described
before. Reactions were monitored during 20min taking aliquots
each 3min. Samples were filtered and the PNP remaining con-
centration measured with UV spectrophotometer. Linearization
of the Langmuir–Hinselwood kinetic model[28–31] Equation (2)

1
r
¼ 1

k
þ 1
kKcPNP

(2)

allows to find the rate at maximum ApBA-TiO2 or A4SC-TiO2

coverage k (mg L�1min�1) and the ratio of PNP attached to the
photocatalyst K (Lmg�1). The products kK (min�1) were also
evaluated by triplicate in order to compare them with the kobs
values obtained independently as mentioned above.

RESULTS

Langmuir adsorption isotherms

In Fig. 1(A), the adsorption isotherm of 4SC on TiO2 at pH= 3 is
shown. Experimental results are presented according to the

linear form of the Langmuir equation: 1/X= 1/Xmax+ 1/
(XmaxK

LcPNP). Isotherms for other pBA (p=H, CH3, OCH3, CN,
NO2) were obtained (not shown) and present the linear behavior
predicted by Langmuir’s theory. In Table 1, a collection of ther-
modynamic and kinetic parameters associated to all semicon-
ductor–electrolyte systems studied are reported, for instance
the adsorption equilibrium constants (KL) and the maximum
amount of ApBA adsorbed (X) are shown. Figure 1(B) shows plot
calculated using reflectance data for the A4SC (4SC-TiO2), and in
Table 1, the values calculated for the valence to conduction band
transition (Eg) according to the Kubelka–Munk theory[32] are
shown. Changes in the Eg values indicate a modification of the
semiconductor surface; however, all catalysts are still active un-
der UV radiation. In Fig. 1(C), IR spectrum of 4SC-TiO2 is shown.
In the last spectrum, it is revealing the disappearance of signal
at ca. 1700 cm�1 corresponding to the typical aldehyde carbonyl
group, the presence at 1040 cm�1 of the Ti–O–C[33,34] stretching
band, and the 2850 and 2930 cm�1 Csp3-H band formed by the
Ti–OH attack to the carbonyl carbon. These three general obser-
vations are common to the IR (not shown) of the others pBA
added to TiO2 and are quite clear evidence that the pBA have
interacted chemically with the Ti–OH function at the semicon-
ductor surface forming either hemiacetal or the corresponding
acetal (ApBA-TiO2). Other characteristic IR bands observed are
3000–3600 cm�1 (Caromatic–H, stretching), 3400 cm�1 (TiO–H
stretching), 1530 cm�1 (C =Caromatic stretching) and at 880 cm�1

(Caromatic–H bending).

Open-circuit potential decay measurements

In Fig. 2(A), ApBA-TiO2 potential decays (V versus SCE) versus
time (s) are shown. Experiments were performed at pH= 8 under
open-circuit conditions after establishing a stationary photocur-
rent.[35,36] In Table 1, results of open-circuit potential decay
half-times (tn1/2, s), rate constants (kn, s

�1), and Hammett σ values
for each p-substituent are shown. In Fig. 2(B), tn1/2 versus pH for

Figure 1. (A) 4-stilbene carboxaldehyde (4SC) adsorption isotherm on
TiO2 at pH= 3, (B) UV diffuse reflectance spectra (Kubelka–Munk repre-
sentation) of the acetal (ApBA-TiO2) of 4-stilbene carboxaldehyde (4SC),
and (C) Fourier transform infrared spectroscopy attenuated total reflec-
tance spectrum of TiO2 modified with 4SC.

OPEN-CIRCUIT POTENTIAL DECAY, ACETAL-TIO2, PBA, 4SC
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TiO2 modified with A4SC and TiO2 are shown. In Fig. 2(C), the
potential decay curves for the last modified photocatalyst when
PNP and NP are added to solution at pH=8 are also shown.

p-nitrophenol photocatalytic degradation

Table 1 shows PNP photoinduced degradation kobs and kK L–H
values at pH= 8 when simulated UV solar light and ApBA-TiO2

as catalyst are used. Figure 3 shows tn1/2 values (pH= 8) versus
the earlier kobs values.

DISCUSSION

Langmuir isotherm

In Fig. 1(A), Langmuir isotherm for the adsorption of 4SC on TiO2

surface is shown. In Table 1, resumed Langmuir parameters are
shown: monolayer maximum adsorption X (mg aldehyde/g
TiO2) and adsorption equilibrium constant KL (Lmg�1). The X
values show a tendency to increase when the substituent

Figure 2. Open-circuit potential decay after the light irradiation on the acetal-TiO2 is turned off. (A) Benzaldehyde p-substituent dependency.,(B)
A4SC-TiO2 pH dependence, and (C) A4SC-TiO2 solution reduction capacity dependency. PNP, p-nitrophenol; NP, naphthalene.

Table 1. Thermodynamic and kinetic constants of acetal of p-benzaldehyde-TiO2 (ApBA-TiO2), TiO2, and acetal of 4-stilbene
carboxaldehyde-TiO2 (A4SC-TiO2)

a adsorption isotherm parameters measured at pH= 3

ApBA-TiO2 σ X (mg/gTiO2)
a KL (L/mg)a Eg (eV) kn (s

�1)b tn1/2 (s)
b 104 kobs (min�1)c 103 kK (min�1)c

OCH3 �0.27 50.70 0.94 3.23 0.85 0.82 105 98
CH3 �0.17 67.06 1.85 3.28 0.80 0.87 115 14
H 0 125 10.36 3.25 0.78 0.89 95 51
CN 0.66 12.64 12.33 3.23 0.72 0.96 153 168
NO2 0.78 14.68 7.79 3.25 0.64 1.08 203 150
TiO2 — — — 3.32 0.76 0.91 138 13
A4SC-TiO2 �0.07d 34.84 4.95 3.21 0.10 6.86 204 245
aAdsorption isotherm parameters measured at pH= 3.
bOpen-circuit potential decay kinetic parameters measured at pH= 8. Relative error from duplicates: 3%.
cKinetic and Langmuir–Hinselwood (kK) values for degradation of p-nitrophenol at pH= 8. Relative error from duplicates: 5%.
dReference 43.

Figure 3. ApBA-TiO2 open-circuit potential decay half-time (tn1/2) versus
p-nitrophenol kobs degradation using UV light and ApBA-TiO2 as catalyst.
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electron�donor capacity increases toward negative σ Hammett
values. In fact, when X values in Table 1 are divided by the
corresponding para=H value (σ=0 for benzaldehyde) and a ln Xi
versus σ is plot, a straight line: y=�1.50×�1.11 (R2 =0.93) is
obtained. Similar negative slope values have been reported[37] for
the forward and reverse rates for the benzaldehyde-benzaldehyde
dimethyl acetal interconversion rates. Therefore, it is quite probable
that the interaction on the TiO2 surface is of the type hemiacetal/
acetal where the TiO2–OH on the surface reacts with the benzalde-
hyde carbonyl group in solution. Plot using reflectance spectrum
and Eg calculation shown in Fig. 1(B) and results of the band gaps
on Table 1 are evidence that a chemical transformation on the TiO2

surface has occurred. In fact, the Eg values are reduced when com-
pared to TiO2 (Anatase). Fourier transform infrared spectroscopy
attenuated total reflectance of Fig. 1(C) as well the IR spectra for
all the pBA used (not shown) in this work represent an evidence
for the hemiacetal or acetal formation since the typical aldehydes
carbonyl signal at ca. 1700 cm�1 disappear and Csp3-H stretching
bands (2850 and 2930 cm�1) appear in the spectra. Calculations[8]

on cathecol/TiO2-Anatase formation predicts consecutive TiO2-OH
attacks of vicinal OH (HO–TiOTi–OH); however, calculations
performed in our group[38] on the reaction of benzaldehyde with
a 10 membered TiO2 cluster show that distances between OH in
TiO2 in vicinal ones does not yield a stable acetal formation (ca.
880 kJ/mol) compared to the acetal formed by the attack of
geminal ones (HO–Ti–OH). In fact, this calculations show that
acetal +H2O formed is ca. 121 kJ/mol more stable than benzalde-
hyde+TiO2 (Scheme 1(a)). This exotermic ΔGo value is in the range
of organic-TiO2 chemisorptions[39] where covalent bonds are
formed. These calculations do not represent a process of multiple al-

dehydes adsorptions on the TiO2 surface because 1:1(benzaldehyde:
TiO2 cluster) interaction is simulated; therefore, the experimental KL

reported value of Table 1 should not be numerically compared with
the energy predicted by simulations; however, both processes yield
stable adsorption products formation.

Open-circuit potential decay measurements

In Fig. 4, a reduction potential versus reaction coordinate plot for
the open-circuit potential decays, induced by the electron trans-
fer to solution, is depicted. Reactants to the left are described
according to their potential energy curves and their relative
zero-point minimum energy located according to their relative
reduction potentials. With the most negative reduction potential,
the conduction band[16] (�0.50 V versus NHE) of TiO2 (Anatase) is
shown. TiO2 surface modified with ApBA activates a new trap for
the electrons on potential decay conditions via delocalization of
the excited conduction band electron (Scheme 1(b)). The more
electronegative the p-substitution is (higher σ Hammett values),
the more stable (higher reduction potential) the radical anion
formed via delocalization becomes. For instance, in the case of
p-NO2 substitution, the electron transfer to solution should slow
down even further because the distance between the zero-point
potential energy and the crossing with the products parabolic
curves becomes higher. This tendency is quite evident in a Ham-
mett type plot of ln(kX/kH) versus σ value (Fig. 5). When the at-
tached to TiO2 radical anion is stabilized even further, for
instance the A4SC-TiO2, the potential decay (see Fig. 2(B), pH= 8)
is quite slower than the others p-substituted benzaldehydes
(Fig. 2(A)). As shown in Fig. 4, the product stabilities should also
affect the potential decay. For instance, when the TiO2 surface
modified with A4SC is used and the bulk reduction environment
is changed, potential decay should also be affected. In fact, when
increasing water pH, their open-circuit potential decay half-times
also increases (Fig. 2(B)). As shown in Fig. 6, the solution reduc-
tion potential changes according to O2 reduction potentials that
depend on pH. When the bulk reduction conditions increases,
the electron receptor in solution is more stable; therefore, the

Scheme 1. (A) Calculations[37] of benzaldehyde molecule forming hemi-
acetal and acetal with geminal OHs of a 10 membered ring TiO2 cluster.
(B) Light excited conduction band electron delocalization via radical
anion formation and decay mechanism: electron transfer to solution
(oxid (sol.)) from the organic structure and valence band hole (h)
water reduction.

Figure 4. Reduction potential versus reaction coordinate. Reduction
potentials for (1) TiO2 conduction band: TiO2cb; (2) acetal of p-Benzaldehyde-
TiO2 (ApNO2BA-TiO2); and (3) acetal of 4-stilbene carboxaldehyde-TiO2

(A4SC-TiO2); PNP: p-nitrophenol.

OPEN-CIRCUIT POTENTIAL DECAY, ACETAL-TIO2, PBA, 4SC
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corresponding transition state (crossing of the reactants and
products curves) becomes lower in energy and the electron
transfer becomes faster. In Fig. 6, it is also shown that the
unmodified TiO2 potential decays half-time when solution pH is
changed (Table 2). As shown, there is practically no change in
half-time as evidence that the TiO2-surface chemically modified
is causing the kn delay and its selectivity to solvent reduction
potential conditions. The lack of selectivity of the TiO2 is due
either to its high reactivity given by the low reduction potential
of its conduction band (�0.5 V versus NHE) or the electron
relaxation slow-step is previous to its transfer to solution.
When the bulk reduction potential is even higher, for in-
stance if p-nitrophenol[40] (E0 = +0.985 V versus SCE) is added
to the water solution, A4SC-TiO2 kn becomes faster (Fig. 2(C)). In
the same figure and in accord to the earlier reasoning, the decay
curve when NP (E0 =�2.55 V versus SCE[41]) is added to the solu-
tion, no change in potential decay profile is observed because
the reduction potential to form NP radical anion in solution is so
negative that the bulk reduction capacity does not change.

According to the results, the rate-limiting step for the relaxa-
tion process of the modified TiO2 is the electron transfer from
the radical anion to species in solution (Scheme 1(b)). This rate
is controlled according to Marcus theory[12]: The rate depends
on the relative values of redox potentials between the radical an-
ion and the reduced species in solution but also on the solvent
reorganization in the reaction coordinate (λ value). The last term
in this system is large because reactants are more stabilized due
to the fact that they are chemically attached to TiO2; therefore,
less solvation is required as compared to products. The relative
slowness of these electron transfers (in seconds) compared to
others in the range of miliseconds is due to stabilization of the
reactants radical anions and the water reorganization required
by the reactions products. However, this reorganization is similar
among the different acetals of pBA attached to TiO2 and its rela-
tive contribution is canceled out. Therefore, as in the case of a
cross electron transfer, the relative relaxation rates depend on
the reduction potential of both the adsorbed organic structure
and the electron receptor in solution.
Alternatively, reaction dynamics of the transfer of stored elec-

trons in TiO2 nanoparticles has been studied[42] using stopped
flow method by mixing solution of TiO2 particles previously
loaded with electrons by illumination and aqueous solution of
the electron acceptor (O2). A second-order rate constant
k= 2× 10�4 s�1M�1 has been obtained at pH= 2.4 and [dissolved
oxygen]=0.6×104M. Therefore, the pseudofirst-order rate constant
is ca. 1.2 s�1. In Table 2, we report kn=0.62 s

�1 at pH=3 using open-
circuit potential decay method. These similar values confirm that
both methods effectively measure the electron transferred from
the TiO2 to the solution with O2 as electron acceptor.
Concluding this part, according to the experimental results

and the proposal show in Fig. 4, when the reactants (ApBA-
TiO2) radical anions are stabilized and/or the products of the
electron transfer are destabilized, tn1/2 becomes slower. In other
words, the ApBA or A4SC attached to TiO2 acts as an electron
trap that releases to solution through a mechanism similar to
the cross reactions described by Marcus.[12] Stabilization of the
conduction band TiO2 electron after UV light excitation is funda-
mental for the light harvesting purpose. Because stabilization via
radical anion makes its reduction potential more positive, the
electron transfer to solution becomes more difficult not only
because it is more stable but also because there is less chance
to find spontaneous electron acceptor in solution. The
unmodified TiO2 behaves differently: there are no changes in
the electron transfer rate when the solution reduction conditions

Figure 5. Hammett type plot based on the open-circuit potential decay
first-order rate constant (kn). ln(knX/knH) versus σ values (Table 1), X=
�OCH3, �CH3, �H, �CN, and �NO2.

Figure 6. Open-circuit potential decay half-time tn1/2 (s) versus pH for TiO2

(●) and TiO2 modified with 4-stilbene carboxaldehyde (Φ). O2, H
+ reduction

potentials that contribute to the solution reduction capacity are shown.

Table 2. Open-circuit potential decay kinetic parameters for
TiO2 and 4-stilbene carboxaldehyde (4SC)-TiO2 measured at
different pHs

TiO2 TiO2-4SC

pH kn (s
�1)a tn1/2 (s) kn (s

�1)a tn1/2 (s)

8 0.76 0.91 0.10 6.86
7 0.78 0.89 0.12 5.98
6 0.90 0.77 0.21 3.27
5 0.79 0.88 0.27 2.59
4 0.73 0.95 0.48 1.44
3 0.62 1.11 0.56 1.24
aRelative error from duplicates: 3%.
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are changed. Therefore, for this case, either the rate-limiting step
is not the electron transfer from the TiO2 to solution, therefore, a
previous trap becomes rate limiting as it has been proposed[11]

or the electron is so unstable (conduction band E0 = �0.5 V ver-
sus NHE, Fig. 4) that sensibility is lost in its transfer to solution.
Can the open-circuit potential delay decay be retarded even

further via TiO2 modification? The longer half-time decay
reported in this work is for the A4SC at pH= 8, ca. 7 s (Fig. 2
(C)). However, the Hammett σ value for 4SC is �0.17.[43] There-
fore, not only inductive effect contributes to the half-time delay
but also the system conjugation of π electrons. As expected, the
electron pushing show in Scheme 1(b) is favored in long conju-
gated system. Electron transfer delay has also been explained[21]

in terms of reversible dimerization of anion radicals. Because the
organic chains on the TiO2 surface are parallel, interaction
among their anion radicals formed may cause further kn delay.
We are actually working in nucleotides TiO2 surface modifica-
tions and preliminary results on complementary nucleotides
pairs: TiO2 and 50% mix of cytidine-5′-monophosphate (5′-CMP)
and guanosine-5′-monophosphate (5′-GMP) reveal quite longer
delays (12 s) than the reported ones in this work. The last tn1/2
value and the reported ones here in (up to 7 s) are experimental
facts that support the pushing sigma bond electrons and its de-
localization proposed in Scheme 1(b). Conjugated π electrons
improve delay, but sigma ones also contributes.

p-nitrophenol photocatalytic degradation

In Table 1, the kobs and the product kK of the Langmuir–
Hinselwood parameters at pH= 8 are shown. In Fig. 7,
pseudofirst-order kinetics when ApBA-TiO2 are used as catalyst
are depicted. As expected, the kobs values are equal or lower than
the product kK. According to Equation (2), the kobs is given by
Equation (3):

kobs ¼ kK
1þ kKcPNP

(3)

Therefore, kobs is not a real constant because it depends in-
versely on PNP concentration: cPNP; however, its detection is dif-
ficult to verify[44] because in ln cPNP versus t plots, straight lines

are obtained. In any case, kobs is independent on cPNP (kobs= kK)
only when KcPNP<< 1, otherwise, kobs< kK. In Table 1, the kobs
obtained when TiO2 is used for the PNP degradation is shown.
When this value is compared with the ApBA-TiO2, it is concluded
that the modified semiconductors ApNO2BA-TiO2, ApCNBA-TiO2,
and A4SC-TiO2 are better photocatalysts. Electron-attractor
substituent and conjugation favor degradation. However, degra-
dation is not stimulated in the extension expected according to
the tn1/2 (decay half-time). When tn1/2 increases to ca. 7 s, the
modified nanoparticle switches from a useful oxidant agent to
a material that favors the charge carrier separation through a sta-
ble radical anion.

Open-circuit decay half-time applications in the systems de-
scribed in this work

In Fig. 3, a plot of tn1/2 versus kobs for PNP degradation for ApBA-
TiO2 is shown. The relative long half-time in the potential decay
caused by the TiO2 surface modification also induces delay in the
electron-hole recombination when light is kept on during degra-
dation experiments. A faster degradation should be observed
because the hole on the TiO2 surface last longer (Scheme 1(b)).
In fact, a straight line is obtained with positive slope meaning
that the PNP degradation rate in solution increases when the
tn1/2 increases. Therefore, just by measuring this value, the cata-
lyst degradation efficiency can be predicted through Fig. 3 linear
relationship. This is one of the described system applications.
Another application is the qualitative detection of the different
reduction potentials in solution via a titration curve and the esti-
mation of reactants E0 values (Fig. 6). For instance, because the
reduction potential of A4SC-TiO2 is quite more positive than
the TiO2 conduction band (E0 = �0.5 V versus NHE[16]), the
light-exited electron can be transferred spontaneously to solu-
tion if the solution reduction potential is more positive than
the 4SC-TiO2 corresponding value. Using this argument, we have
shown in Fig. 6 the O2 semireactions that hold the earlier condi-
tion. At low pH, the three semireactions hold the mentioned
condition, but after pH ca. 5, only two of them (the ones to the
left in the figure) hold it. Although the last two semireactions
have quite different E0 values, the electron transfer rates are
comparable because the electrons involved in the one of lower
E0 is half (2 e�) the one of higher E0 value (4 e�). Therefore, from
the electron transfer rate point of view, the effective E0 value
(dividing by 2 and 4, respectively) for both semireactions are equal
to ca. +0.3 V. At pH8, these standard potential becomes ca. 0.5 V
(0.059×8) lower because H+ is involved in the reduction. There-
fore, at that pH, the solution reduction potential is ca.�0.2 V versus
SCE and the half-time reaches a maximum as shown in Fig. 6,
meaning that �0.2 V versus SCE must be the E0 value of A4SC-
TiO2. This value is in agreement also with the first level of Fig. 6
where the O2 semireaction to the right in the figure reaches that
value: + 0.4 V/4–0.059×5 and its contribution to the spontaneous
solution reduction capacity is not longer effective at pH> 5; there-
fore, a level in the titration curve is observed.

CONCLUSIONS

Open-circuit potential decay half-time tn1/2 (after solar UV light ir-
radiation) of TiO2 (Anatase) surface modified with acetals of
ApBA in water depends on the p-substitution and the solution
redox conditions. Half-time increases with σ Hammett value
meaning that electron-attractor groups stabilize the electrons

Figure 7. [PNP] versus time plots of the photocatalytic oxidation of PNP
using modified TiO2 with p-substituted benzaldehydes as catalyst. (▲)
�OCH3, (X) �CH3, (*) �H, (■) �CN (♦) �NO2, (●) 4 �SC, (+) TiO2 without
modification and (▬) exponential decay.

OPEN-CIRCUIT POTENTIAL DECAY, ACETAL-TIO2, PBA, 4SC
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excess on the semiconductor conduction band via delocalization
through the organic bonds. Solution pH also modifies half-time:
At acid pH, they are reduced indicating more efficient relaxation
due to relatively high redox potential and the proton concentra-
tion. When pH is kept constant, the presence of an electron
acceptor in solution for instance p-nitrophenol also favors relax-
ation. In principle, relative long half-times induce more efficient
degradation of organics (i.e., PNP) in water solutions. These
findings are important not only for the contaminants degrada-
tion aspect but also for the understanding of semiconductors
electrons relaxation into solution. It is likely that the organic
compounds attached to the TiO2 surface acts as a molecular
cable carrying photoelectrons to solution or also acting as a
capacitor. Therefore, the mechanism of electron transfer to the
bulk is quite different from the one of transferring from the semi-
conductor without organic surface modification which mainly de-
pends on the semiconductor properties due to the bulk greater
density of states as compared to the semiconductor. In fact, under
potential decay conditions, electrons on the organic-modified
semiconductor conduction band are delocalized through the
adsorbed ApBA that acts as a new trap. The radical anion formed
is reduced back by transferring the electron to solution.
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