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ABSTRACT: We report on the photosensitization of
titanium dioxide nanoparticles (TiO2 NPs) synthesized inside
AOT (bis(2-ethylhexyl) sulfosuccinate sodium salt) reverse
micelles following photoexcitation of perylene derivatives with
dicarboxylate anchoring groups. The dyes, 1,7-dibromoper-
ylene-3,4,9,10-tetracarboxy dianhydride (1), 1,7-dipyrrolidinyl-
perylene-3,4,9,10-tetracarboxy dianhydride (2), and 1,7-bis(4-
tert-butylphenyloxy)perylene-3,4,9,10-tetracarboxy dianhy-
dride (3), have considerably different driving forces for
photoinduced electron injection into the TiO2 conduction
band, as estimated by electrochemical measurements and quantum mechanical calculations. Fluorescence anisotropy
measurements indicate that dyes 1 and 2 are preferentially solubilized in the micellar structure, creating a relatively large
local concentration that favors the attachment of the dye to the TiO2 surface. The binding process was followed by monitoring
the hypsochromic shift of the dye absorption spectra over time for 1 and 2. Photoinduced electron transfer from the singlet
excited state of 1 and 2 to the TiO2 conduction band (CB) is indicated by emission quenching of the TiO2-bound form of the
dyes and confirmed by transient absorption measurements of the radical cation of the dyes and free carriers (injected electrons)
in the TiO2 semiconductor. Steady state and transient spectroscopy indicate that dye 3 does not bind to the TiO2 NPs and does
not photosensitize the semiconductor. This observation was rationalized as a consequence of the bulky t-butylphenyloxy groups
which create a strong steric impediment for deep access of the dye within the micelle structure to reach the semiconductor oxide
surface.

■ INTRODUCTION

The study of interfacial electron transfer (IET) in dye−
semiconductor nanoparticle systems is an area of considerable
research interest from both fundamental and practical points of
view.1−6 Modification of metal oxide semiconductors with
organic dyes is a well-known method to extend their
photoresponse to visible light. Application of metal oxide/dye
systems has been extensively demonstrated in a variety of
organic−electronic devices such as dye-sensitized solar cells
(DSSC),7−12 heterogeneous photocatalysis,13−18 and chemical
sensing.19−23 The current need for performance improvement
in many of these devices entails a better understanding of the
IET process which plays a central role in device opera-
tion.1,12,24−27

Dye to semiconductor nanoparticle (NP) photoinduced
electron transfer has been widely studied in nanostructured
metal oxide semiconductor films where the dye molecules are
deposited in a relatively uncontrolled manner leading to a
number of physically adsorbed and nonbound aggregated dyes
with poor electronic coupling with the semiconductor.28 A large
number of the electron transfer studies on these systems have
been performed using steady state and time-resolved UV−vis
spectroscopic techniques. The results obtained usually show
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complex kinetics and spectra due to the heterogeneous nature
of the dye−NP binding, the size and crystallinity of the
semiconductor NPs, scattering effects of the nanostructured
film, and the presence of unbound trapped dye and dye
aggregates.1,29−32 The use of well characterized dye-sensitized
NP suspensions can help to overcome many of these difficulties
(by reducing scattering effects and providing a more
homogeneous set of semiconductor NPs), and accordingly a
large number of studies have been carried out on such
systems.1,4−6,25,33−63 In some of these studies, well dispersed
and homogeneous semiconductor particle suspensions were
obtained via a microemulsion method.39,52,53,56,58

Perylene based dyes have been extensively explored as
photosensitizers for DSSC because they absorb strongly in the
visible, are chemically photostable, and are amenable for fine-
tuning their light absorbing and redox properties through
structural modifications.64−75 Additionally, the relatively low
number of excited state relaxation pathways in perylenes, as
compared to the prototypical ruthenium based dyes, facilitates
the study of IET.75 Binding of perylene derivatives to TiO2 has
been achieved through carboxylic acid and dicarboxylic acid
groups derived from anhydrides.66−74 The nature of the
binding and the electronic coupling between the dye and the
semiconductor has been shown to influence the dye excited
state properties and IET behavior.66,67,69,73,74,76 Binding of
perylene derivatives to metal NPs and metal-oxide and
nanorods has also been achieved through thiol and sulfide
groups, respectively.77−79

Herein we report studies of the sensitization of TiO2
nanoparticles in a reverse micelle suspension by perylene dye
derivatives. The perylene dyes used in this study, (1,7-
dibromoperylene-3,4,9,10-tetracarboxy dianhydride (1), 1,7-
dipyrrolidinylperylene-3,4,9,10-tetracarboxy dianhydride (2),
and 1,7-bis(4-tert-butylphenyloxy)perylene-3,4,9,10-tetracar-
boxy dianhydride (3), contain cyclic anhydride moieties
which hydrolyze to yield two carboxylic acid groups that
serve as anchoring groups to the TiO2 surface. Steady state and
transient spectroscopic results indicate that a large portion of
dyes 1 and 2 are attached to the TiO2 NP surface and can
effectively initiate IET. On the other hand, spectroscopic results
show inefficient binding of dye 3 to the semiconductor surface
and lack of photoinduced electron transfer, indicating that the
bulky structure of the dye hampers the binding process within
the micelle−TiO2 NP structure.

■ EXPERIMENTAL AND THEORETICAL METHODS
Materials. Titanium tetraisopropoxide (TTIP, ≥97.0%),

isopropanol (anhydrous, 99.5%), 3,4,9,10-perylenetetracarbox-
ylic dianydride (97%), 2,6-diisopropylaniline (97%), pyrrolidine
(99%), and bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT,
98%) were purchased from Sigma-Aldrich and used as received.
Anhydrous tert-butyl alcohol was purchased from Alfa-Aesar
and used as received. Thin layer chromatography plates (250
μm), with fluorescent and nonfluorescent indicators, were
purchased from Analtech, Inc. Silica gel (SiliaFlash F60 40−63
μm) used for column chromatography was purchased from
SILICYCLE. Syringe PTFE membrane (200 nm pore) filters:
disposable assemblies (PALL, Acrodisc. CR 25 mm) and
disposable membranes (Microclar, T02013WPH) on a reusable
filter holder (Cole-Palmer, CZ-02928-10) were used inter-
changeably. N-Heptane (HPLC grade), ethanol (anhydrous,
HPLC grade), and potassium hydroxide (KOH, ACS reagent
grade) were purchased from Merk. Perchloric acid (ACS

reagent grade) was purchased from Taurus. Ultrapure water
(18Ω, Millipore) and bottled water (Sintorgan, HPLC grade)
were used interchangeably. Tetrahydrofuran (THF) (Sintorgan,
HPLC) was distilled over metallic sodium with benzophenone.
All solvents used for column chromatography were distilled
before use.

Synthesis. 1,7-Dibromoperylene-3,4,9,10-tetracarboxy
Dianhydride (1). Compound 1 was obtained following a
literature procedure.74

1,7-Dipyrrolidinylperylene-3,4,9,10-tetracarboxy Dianhy-
dride (2). Compound 2 was prepared following slightly
modified reported protocols. First, N,N′-bis(2,6-diisopropyl-
phenyl)-1,7-bis(pyrrolidin-1-yl)perylene-3,4,9,10-tetracarbox-
ylic acid bisimide was prepared.74 This was followed by base
hydrolysis in tert-butyl alcohol and purification by column
chromatography using 2% ethyl acetate in chloroform as eluent
on silica gel80 to yield compound 2. All compounds were
characterized by 1H NMR and MALDI-TOF mass spectrom-
etry; the spectra were identical to those previously reported.

1,7-Bis(4-tert-butylphenyloxy)perylene-3,4,9,10-tetracar-
boxy Dianhydride (3). Compound 3 was prepared following a
modified published procedure.81 A portion of compound 1 (8
g, 14.5 mmol), 4-tert-butlyphenol (7.2 g, 48.0 mmol), and
cesium carbonate (9.5 g, 29.1 mmol) were dissolved in
dimethylformamide (485 mL) and heated at reflux for 4 h
under nitrogen. The reaction mixture was poured into water
(200 mL) and neutralized with aqueous 1 M HCl. The
precipitate was filtered and washed repeatedly with water and
then methanol to give a crude solid. A 100 mg portion was then
purified by preparatory TLC, which was followed by flash
column chromatography on silica gel using chloroform as the
eluent to afford a red solid (15.4 mg, 0.022 mmol, 15.4% yield).
1H NMR (Chloroform-d, 400 MHz): δH, ppm 9.64 (d, J = 8.2
Hz, 2 H), 8.71 (d, J = 8.2 Hz, 2 H), 8.28 (s, 2 H), 7.52 (d, J =
8.6 Hz, 4 H), 7.13 (d, J = 8.6 Hz, 4 H), 1.39 (s, 18 H).

Titanium Dioxide Nanoparticles (TiO2 NPs). The synthesis
was carried out by the hydrolysis of TTIP inside the water pool
of AOT reverse micelles suspended in n-heptane.52 In this
system, the micelles act as nanoreactors, where the hydrolysis
reaction takes place, preventing the formation of TiO2
nanoparticle aggregates. A micellar suspension of w0= 1 (w0 =
[H2O]/[AOT]) was prepared by adding 220 μL of aqueous
HClO4 (0.02 M) to 30 mL of AOT solution (0.4 M) in n-
heptane under continuous stirring. A 0.2 mL aliquot of a TTIP
stock solution (0.136 M) in anhydrous isopropanol was added
dropwise to 30 mL of the micellar suspension under mild
agitation at room temperature. Stirring was continued for 20
min to obtain a clear micellar suspension containing TiO2 NPs
(see Figure 2, inset).

Micelles without TiO2 NPs. A control sample of micelles
without TiO2 NPs was prepared following exactly the same
procedure described above except for the addition of TTIP. We
estimate a significant proton concentration inside the reverse
micelle water pool based on the concentration of HClO4 in the
aqueous solution used for micelle formation. However,
calculation of pH is not valid in these systems where the
nanoscopic size of the water pool limits the number of avalible
water molecules.82

Instruments and Measurements. Steady State Absorp-
tion. Spectra were recorded in 1 cm path length cuvettes with
the following spectrophotometers: diode array HP 8452,
Shimadzu - UV-IR (2041PC), and Hitachi double beam UV/
vis spectrophotometer (U-2800).
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Steady State Fluorescence. Spectra and fluorescence
anisotropy measurements were obtained with the following
spectrofluorometers: Horiba FluoroMax-4 and PTI Quanta-
master 40, both equipped with motorized polarizers. To
compare emission intensities of samples measured with
absorbances not matched at the excitation wavelength (Abs-
(λex)), the corrected emission intensity of a given sample
(Icorr(λem)) was calculated from the observed emission intensity
(Iobs(λem)) using eqs 1 and 2:83

λ
λ
λ

λ= λ λ+
⎛
⎝⎜

⎞
⎠⎟I I( )

Abs ( )
Abs ( )

( )10A,corr em
B ex

A ex
A,obs em

((Abs ( ) Abs ( ))/2)A ex A em

(1)

and

λ λ= λ λ+I I( ) ( )10B,corr em B,obs em
((Abs ( ) Abs ( ))/2)B ex B em (2)

where λex and λem are excitation and emission wavelengths,
respectively, and the subscripts A and B correspond to the
different samples for which the emission intensity is compared.
Time Resolved Fluorescence. Fluorescence lifetime meas-

urements were performed with a time-correlated single photon
counting (TC-SPC) system. The excitation source was a fiber
supercontinuum laser based on a passive mode-locked fiber
laser and a high-nonlinearity photonic crystal fiber super-
continuum generator (Fianium SC450). The laser provides 6 ps
pulses at a repetition rate variable between 0.1 and 40 MHz.
The laser output was sent through an Acousto-Optical Tunable
Filter (Fianium AOTF) to obtain excitation pulses at the
desired wavelength. Fluorescence emission was collected at 90°
and detected using a double-grating monochromator (Jobin-
Yvon, Gemini-180) and a microchannel plate photomultiplier
tube (Hamamatsu R3809U-50). The polarization of the
emission was 54.7° relative to that of the excitation. Data
acquisition was done using a single photon counting card
(Becker-Hickl, SPC-830). The IRF had a FWHM of ∼50 ps,
measured from the scattering of sample at the excitation
wavelength. The data was globally fitted as a sum of exponential
decays including IRF deconvolution using locally written
software (ASUFIT)84 developed in a MATLAB environment
(Mathworks Inc.).
Time Resolved Absorption. Femtosecond to nanosecond

transient absorption measurements were acquired with a
kilohertz pulsed laser source and a pump−probe optical
setup. Laser pulses of 100 fs at 800 nm were generated from
an amplified, mode-locked titanium sapphire kilohertz laser
system (Millennia/Tsunami/Spitfire, Spectra Physics). Part of
the laser pulse energy was sent through an optical delay line
and focused onto a 2 mm sapphire plate to generate a white
light continuum for probe beam. The remainder of the pulse
energy was used to pump an optical parametric amplifier
(Spectra Physics) to generate excitation pulses at different
wavelengths, which were modulated using a mechanical
chopper. The excitation intensity was adjusted using a
continuously variable neutral density filter. The probe beam
was sent through a monochromator (SP150, Action Res.
Corp.) and recorded by a diode detector (model 2032, New
Focus Inc.) and boxcar (SR250, Stanford Research Systems).
The instrument response function was ca. 200 fs.
Nanosecond transient absorption measurements were

recorded with excitation from an optical parametric oscillator
pumped by the third harmonic of a Nd:YAG laser (Ekspla
NT342B). The pulse width was ∼4−5 ns, and the repetition

rate was 10 Hz. The detection portion of the spectrometer
(Proteus) was manufactured by Ultrafast Systems. The
instrument response function was ca. 4.8 ns.
Transient absorption data analysis was carried out using

ASUFIT. In brief, decay-associated spectra were obtained by
fitting the transient absorption kinetic traces over a selected
wavelength region simultaneously as described by eq 3 (parallel
kinetic model)

∑λ λ τΔ = −
=

A t A t( , ) ( ) exp( / )
i

n

i i
1 (3)

where ΔA(λ, t) is the observed absorption change at a given
wavelength at time delay t and n is the number of kinetic
components used in the fitting. A plot of Ai(λ) versus
wavelength is called a decay-associated spectrum (DAS), and
represents the amplitude spectrum of the ith kinetic
component, which has a lifetime of τi. The global analysis
procedures described here have been extensively reviewed.
Random errors associated with the reported lifetimes obtained
from fluorescence and transient absorption measurements were
typically ≤5%.

Structural Characterization. 1H NMR spectra were
recorded on a 400 MHz Varian Liquid-State spectrometer.
NMR samples were dissolved in deuteriochloroform with
0.03% tetramethylsilane as an internal reference. Mass spectra
were obtained on an Applied Biosystems Voyager-DE STR
matrix-assisted laser desorption/ionization time-of-flight spec-
trometer (MALDI-TOF).

Dynamic Light Scattering (DLS). Measurements were
performed with a Malvern Instrument 4700 system with
detection at 90° from the excitation, at a temperature of 25 °C,
and using the 488 nm spectral line of an argon ion laser. Light
scattering results were analyzed with Zetasizer software
(provided by the manufacturer) to obtain hydrodynamic radius
distributions and polydispersity indexes. Microemulsion sol-
utions were filtered through 200 nm pore filters right before
data acquisition. Extreme care was taken to reduce the
contamination by dust.

Electrochemical Measurements. Cyclic voltammograms on
1, 2, and 3 in solution were carried out in benzonitrile (1) or
acetonitrile (2, 3) with 100 mM tetrabutylammonium
hexafluorophosphate as supporting electrolyte. A three
electrode setup, consisting of a glassy carbon disc working
electrode, platinum gauze counter electrode, and Ag+/Ag
quasireference, was used with the sample volume under an
argon atmosphere. A CH Instruments 760D pontentiostat and
corresponding software were used for all measurements. The
Ag+/Ag quasireference was calibrated to the ferrocenium/
ferrocene (Fc+/Fc) couple with EFc

+
/Fc taken as 0.45 V vs

saturated calomel electrode (SCE).
Transmission Electron Microscopy. TEM micrographs were

collected using a Philips CM200 TEM at 200 kV. The TiO2−
micelle microemulsion was plated on a plasma treated (10 min,
air intake) 200-mesh carbon coated copper grid (Canemco,
Lakefield, QC, Canada) for 1 min before wicking using filter
paper. The grid was then rinsed with high purity water
(HyClone, Logan, UT) to wash AOT surfactant away. TEM
micrographs were analyzed using ImageJ software.85 The
“analyze particle” plug-in was used to find the outline and
calculate the diameter of nanoparticles on arbitrarily thresh-
olded images.
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Computational Methodology. Geometry optimizations
of dyes 1, 2, and 3 (in their open (O) and closed (C) forms)
(see Figure S3a in the Supporting Information) were
performed with Gaussian 0986 using density functional theory
(DFT) calculations at the B3LYP/6-31G(d) level of
theory.87−94 Using the conductor-like polarizable continuum
model (CPCM), acetonitrile was implicitly included for all the
optimizations.95,96

■ RESULTS AND DISCUSSION
Perylene Dyes. Molecular Structure. The structures of

perylene derivatives 1, 2, and 3 are shown in Scheme 1. On the

basis of the structure of the dyes, at least three species in
equilibrium can be proposed during the hydrolysis of an
anhydride group (catalyzed in basic media), as shown in
Scheme 1 (right). Partially hydrolyzed and/or deprotonated
species, i.e., involving only one of the two anhydride rings
present in the dyes, were not considered in this scheme but are
also possible. As it is discussed below, the opening of at least
one anhydride group to yield a dicarboxylic acid species is
necessary for binding of the dyes to the TiO2 surface. The
precise nature of the interaction between the carboxylic group
and the TiO2 surface atoms still remains a subject of debate.
Possible binding modes of the carboxylic acid species to the
TiO2 surface involve bidentate simple adsorption (electrostatic
attraction and hydrogen bonding) and chemical bonding (ester
linkage, bridging, and chelating).76,97

Spectroscopic Characterization in Homogeneous Solu-
tion. Figure 1 shows the absorption and fluorescence of dyes 1
and 2 in ethanol (∼10−6 M) as a function of time and addition
of base (potassium hydroxide). The solutions were prepared by
addition of a small aliquot (100 μL) of dye stock solution in
THF (in this solvent, the dyes are present in the anhydride
form, species C, Scheme 1) to 3 mL of ethanol with continuous
stirring. The acquisition of spectra as a function of time started
immediately after the stock dye solution was added to ethanol.
For perylenes 1 and 3, both absorption and fluorescence
spectra (Figure 1a and b) show clear isosbestic and isoemissive
points, indicating the interconversion between two species with
distinct spectra and similar fluorescence quantum yields. The
species that absorb and emit at longer wavelengths are assigned
to the anhydride form (C, Scheme 1), while the shorter
wavelength absorption and emission spectra are assigned to the

fully hydrolyzed form for each dye (O, Scheme 1).66,67,69−71 In
the case of 2, isosbestic points and isoemissive points were not
observed. This indicates that there are more than two
interconverting species with significantly different spectra,
presumably protonated/deprotonated amines, protonated/
deprotonated carboxylic acids, or zwitterionic species. For all
perylenes, the spectral changes observed indicate that the
addition of a strong base (potassium hydroxide) is necessary to
shift the equilibrium between the anhydride species (C, Scheme
1) and its hydrolyzed form (O, Scheme 1) toward the later.
The base catalyzes the hydrolysis of the cyclic anhydride and
deprotonates the resulting dicarboxylic acid (species O, Scheme
1). Figure 1a, c, and e show that the absorption spectra of the
freshly prepared ethanol solutions (where the anhydride species
prevails) are significantly bathochromically shifted (49, 134,
and 48 nm for 1, 2, and 3, respectively) compared to the
corresponding spectra after base addition (when the fully
hydrolyzed species prevails). The fluorescence spectra shown in
Figure 1a and c were recorded with excitation at the isosbestic
point for 1 and 3 (472 and 478 nm, respectively) to allow for
the direct comparison of the relative fluorescence quantum
yields of the anhydride and hydrolyzed species. The resulting
fluorescence intensities indicate that the emission quantum
yields (ΦF) of both species (C and O) are very similar for these

Scheme 1. (left) Molecular Structure of Dyes 1, 2, and 3;
(right) Opening of Anhydride Ring under Basic Catalysis

Figure 1. Absorption and emission spectra of 1 (a, b), 2 (c, d), and 3
(e, f) in ethanol as a function of time and KOH addition. Emission
spectra for 1 and 3 were taken with excitation at the isosbestic point
(472 and 475 nm, respectively). Emission spectra for 2 were taken
with excitation at 594 nm. The dye concentration was ∼10−6 M for all
samples. Arrows indicate the direction of change.
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perylenes. For 2 the emission spectra were corrected for the
number of photons absorbed at the excitation wavelength as
described in the experimental section. Comparison of emission
intensities before and after base addition for 2 (Figure 1d)
indicates that the emission quantum yield of the hydrolyzed
form is significantly larger than that of the dianhydride form
(ΦF

O > 8 ΦF
C). The spectral changes observed upon hydrolysis

of the dyes in solution are consistent with previous reports on
analogous dyes66,67,69,70,74 and were useful for monitoring the
kinetics of dye binding to TiO2 as described below.
Energy Diagram. Scheme 2 shows the relative energetics for

the oxidation of the ground and excited states of the dyes and

the conduction band edge (ECB) of TiO2. The potential for the
first oxidation (D+/D) of the dyes was measured electrochemi-
cally for the cyclic anhydride (closed) form of the dyes.
Attempts to measure D+/D of the hydrolyzed (open) form
were unsuccessful; thus, to a first approximation, the D+/D of
the C form will be used for calculations through the text. The
potential for the oxidation of the excited state (D+/D*) was
calculated with the equation D+/D* = D+/D − E00, where E00 is
the zero−zero optical excitation energy estimated from the
intersection of the normalized absorption and emission spectra
of the hydrolyzed (open) species in ethanol (see Figure S1 in
the Supporting Information). The ECB value of TiO2 was
estimated as the flat-band potential98 of polycrystalline TiO2,
−0.52 vs SCE at pH 2,99 to account for the concentration of

protons in the micelle water before NP formation. On the basis
of energetic considerations, according to Scheme 2, all the dyes
are capable of photoinjecting an electron in the conduction
band of TiO2. Two additional factors not considered in Scheme
2 could in principle lead to a higher driving force for the
photoinduced IET process: (a) the oxidation potentials of
similar dyes attached to the TiO2 surface in their open bound
form are known to shift anodically relative to those in solution
in their closed form67,69,71 and (b) the presence of trap-sites
energetically situated between the valence and conduction
bands of the TiO2 NPs which could act as electron acceptors.
Finally, the size-quantization effect observed in the TiO2 NPs
used herein (vide inf ra) could lead to a negative shift of ECB
shown in Scheme 2, resulting in a decreased driving force for
photoinduced electron transfer. Since the magnitude of the
factors mentioned before cannot be estimated accurately,
Scheme 2 provides only a first approximation for the energetics
of the system.
Quantum mechanical calculations were performed to

correlate molecular structure with the experimental electro-
chemical and spectroscopic parameters. The calculated
HOMO−LUMO energies and energy gaps are summarized in
Table 1. Rationalizing the DFT calculations by means of
molecular orbital analysis, it was observed that both the
HOMO and LUMO energies of all dyes shifted to less negative
energies (vs vacuum) upon opening of the anhydride ring. Also,
the HOMO−LUMO gap of all dyes increased upon opening of
the anhydride with respect to the closed form, resulting in a
hypsochromic shift of the absorption spectra. These two
observations combined yield an increase in the driving force for
photoinduced injection. These results are in agreement with
previous work on analogous perylenes65,66,70,71 and correlate
well with the electrochemical and spectroscopic data presented
in Table 1 and Figure 1.

Titanium Dioxide Nanoparticles (TiO2 NPs). Character-
ization. The hydrodynamic diameter distribution of the
micellar suspension before and after the addition of TTIP
stock was measured by DLS. As shown in Figure 2a (gray bars),
the mean hydrodynamic diameter (d) of the micelles before
TTIP addition was found to be d = 3.8 ± 0.5 nm (mean and
standard deviation of three independent experiments). After
formation of TiO2 NPs, the mean hydrodynamic diameter of
the micelle/TiO2 microemulsion is slightly increased to d = 4.5
± 0.1 nm; see Figure 2a (black bars). As seen in this figure, the
size distribution of the micelle microemulsion with TiO2 NPs is
narrower than that of the micelles without TiO2 NPs. This
effect can be attributed to the fact that micelles without TiO2
inside are inherently dynamic systems continually exchanging

Scheme 2. Diagram Depicting the Potentials for the First
Oxidation and for the Oxidation of the Optically Excited
States of 1, 2, and 3 and the TiO2 Conduction Band (CB)
Energya

aD/D+ values were measured electrochemically for the anhydride
(closed) form of the dye. D/D* values were calculated as described in
the text from the E00 energy of the hydrolyzed (open) form of the
dyes.

Table 1. Energetics of 1, 2, and 3 Estimated by Electrochemistry, Spectroscopy, and Quantum Mechanical Calculations

Ox(1)a Ox(2)a Red(1)a Red(2)a HOMOb LUMOb HOMO−LUMO gapb E00
c

1-C 1.99 (irr) −0.25 (61) −0.52 (64) 1.99 −0.52 2.51 2.32
1-O 1.83 −0.82 2.65 2.59
2-C 0.81 (47) 0.91 (35) −0.72 (61) 0.86 −1.08 1.94 1.71
2-O 0.73 −1.40 2.13 2.10
3-C 1.61 (65) −0.51 (52) −0.70 (55) 1.56 −0.80 2.36 2.22
3-O 1.41 −1.10 2.51 2.56

aE1/2 values for the indicated process reported in V vs SCE with the peak separation (ΔEp) given in mV. bCalculated HOMO and LUMO energies
(see Figure S3a in the Supporting Information) were normalized to the experimental oxidation potential of 1-C vs SCE by the equation Evs SCE =
−Ecal − 4.26 eV. cDetermined from the intersection of the normalized emission and absorption spectra (measured in ethanol, Figure 1S in the
Supporting Information) with the equation E00 (eV) = 1240/λ (nm).
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water from the inner pool and surfactant molecules with other
micelles, so that its size varies constantly. In the case of micelles
containing TiO2 NPs, the surfactant movement is much more
restricted, possibly due to attractive electrostatic interactions
between the negatively charged polar head of the surfactant and
the positively charged oxide surface under the acidic conditions
inside the water pool. Estimation of the total concentration of
micelles (Cm = 10−3 M) and of TiO2 NPs (CNP = 10−6 M) (see
details in the Supporting Information) in the resulting solution
after NP formation indicates that a large fraction of the total
micelles do not contain TiO2 NPs. Considering this estimation,
we rationalize the significant difference observed for the DLS
results of micelles with and without TiO2 NPs as a consequence
of a higher light scattering efficiency of the TiO2 NP vs that of
“empty” micelles.
Spectroscopic evidence for the formation of TiO2 particles is

seen in the absorption spectra. Figure 2b shows the absorption
spectra of micelles before (dashed line) and after the addition
of TTIP (solid line). In the latter, the strong absorption in the
UV region is assigned to the TiO2 band gap transition. It is
well-known that the band gap of semiconductors is modulated
by quantum confinement effects when the particle size reaches
nanometric dimensions.100,101 These size-induced quantum
effects produce an increase of the band gap which results in a
blue-shift of the optical absorption. However, some reports in
the literature indicate unusual variation of the oscillator
strength of the first allowed direct transition in TiO2 NPs (as
a consequence of structural size effects) and caution about the
use of the absorption shifts to estimate NP size based on
quantization effects.102 Other reports indicate that the presence
of surface states and formation of a surface dipole layer on the
surface of TiO2 NPs synthesized in inverse micelles leads to

sub-band gap absorption, making the comparison of shifts
unreliable.103 Our TiO2 NPs show a significant blue shift in the
absorption spectra relative to that of bulk TiO2. Assuming that
this shift is due to quantum effects, the apparent band gap of
the NPs can be estimated as EBG ∼ 3.88 eV (see Figure S2 in
the Supporting Information). This putative EBG of TiO2 NPs is
significantly higher than that of bulk TiO2 (3.2 and 3.0 eV for
anatase and rutile phases, respectively), suggesting significant
size-quantization.53,103−105 The prepared micelle/TiO2 micro-
emulsion has very low light scattering effects even at
wavelengths below 350 nm due to the small average size of
the TiO2 NP and narrow size distribution, being an ideal
system for spectroscopic studies.
The morphology and crystallinity of the synthesized TiO2

NPs were studied by transmission electron microscopy (TEM).
The micrographs in Figure 3 show nearly spherical particles

with an estimated mean diameter of 3.5 ± 0.7 nm (average
from 123 particles). The particles have a relatively narrow size
distribution, as shown on the histogram in Figure 3c. These
measurements are consistent with the DLS results showing a
mean diameter for the “naked” TiO2 NPs which is slightly
smaller than the mean hydrodynamic diameter of the TiO2−
micelle system. High resolution TEM (HRTEM) images
(Figure 3a) show, for some particles, clear crystal planes with
an average spacing of 2.186 ± 0.004 Å (mean from 6 NPs),
which matches well the literature values of the (111) planes of

Figure 2. (a) DLS measurements of microemulsions without (gray
bars) and with (black bars) TiO2 NPs. Dashed lines indicate the
corresponding mean diameter values for each sample. (b) Absorption
spectra of microemulsions without (gray) and with (black) TiO2 NPs.
The inset shows a photograph of the micelle and micelle−TiO2
microemulsions.

Figure 3. TEM micrographs of TiO2 nanoparticles synthesized in
AOT reverse micelles. (a) High magnification image showing
crystallinity in the circled TiO2 nanoparticle. Scale bar = 5 nm. (b)
Representative region showing TiO2 nanoparticles as dark circles and
excess AOT surfactant as dark gray areas. Scale bar = 50 nm. (c)
Histogram of nanoparticle diameter constructed by analyzing TEM
micrographs; see details in text. The dashed line indicates the mean
diameter value.
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bulk rutile TiO2 (2.188 Å, (111) plane); no interplanar spacing
in the anatase phase matches this value. Even though this
information is not sufficient to categorically assign a crystal
structure to the synthesized nanoparticles, since this would
require a more detailed study involving diffraction experiments,
the results suggest the rutile phase as the most likely one.
However, given the large number of factors that affect the
observation of NP crystalline structure in TEM micrographs,106

we cannot make a definitive assignment of the crystalline nature
of the prepared TiO2 nanoparticles based only on HRTEM
images.
Dye−TiO2 NP Systems. Assembly. Binding of perylene 1

and 2 to TiO2 NPs in a microemulsion was carried out by
addition of 100 μL of dye stock solution (∼10−4 M) in THF to
3 mL of a TiO2−NP−micelle suspension ([TiO2] = 0.109 g/L)
in n-heptane (for pump−probe experiments, the dye/TiO2 NP
concentration ratio was increased 2 times). The microemulsion
was left incubating for >4 h, and absorption spectra were
recorded at periodic time intervals immediately after addition of
the dye, as shown in Figure 4. A control sample of micelles
without TiO2 was prepared as described in the Materials
section and analyzed in an analogous manner. The
hypsochromic shift observed in the absorption spectra of
dyes 1 and 2 in the presence of TiO2 is indicative of opening of
the anhydride ring and suggests binding of the resulting

dicarboxylic form of the dye to the semiconductor.65−71,73,74

Further evidence for dye binding to the oxide surface comes
from time-resolved experiments that are described in detail
below and which show the formation of the dye•+−TiO2(e

−)
charge separated state. Other authors have confirmed binding
of dyes (containing carboxylic acid moieties) to TiO2 films
using FTIR by monitoring the frequency shift of the carbonyl
band upon acid deprotonation and binding to the oxide
surface.107,108 In the micelle systems described herein, AOT
surfactant molecules are in an ∼105-fold excess relative to dye
molecules (vide inf ra); thus, the IR absorption of the AOT
ester groups dominates the carbonyl band signal and precludes
observation of dye binding to TiO2 by vibrational spectroscopy.
In both systems, 1-TiO2 and 2-TiO2, the binding of the dye was
a relatively slow process, as shown by the kinetic traces in the
insets of Figure 4a,b. When 3 was added to a TiO2 NP
microemulsion, no significant changes were observed in the
absorption and emission spectra over time, indicating that the
dye’s anhydride groups are not hydrolyzed. Under these
conditions, the attachment of the dye to the TiO2 surface
through the possible binding modes of the carboxylic acid
species is precluded.
Figure 5 shows the absorption, fluorescence emission, and

excitation spectra of the dyes in samples described above after
incubation for 17 h. No further spectral changes were observed
beyond this time. The absorption spectrum of 1 in the presence
of TiO2 NPs (Figure 5a, solid line) shows clear contributions
from two distinct species, referred to as 1-C and 1-OB (for
closed-unbound and open-bound to TiO2, respectively), with
absorption peaks (Absmax) at ∼519 and 471 nm, respectively.
The presence of the TiO2 NPs is confirmed by the strong
absorption in the UV region (below 360 nm); see Figure 5a,
solid and dotted lines. The corresponding fluorescence
excitation spectrum (Figure 5a, dashed line) indicates that 1-
C is the species that contributes predominantly to the observed
fluorescence. The absorption and fluorescence excitation
spectra of the control sample without TiO2 NPs (Figure 5b)
show that 1-C is the only species present in the absence of
TiO2 NPs. Note that in this case the strong TiO2 absorption in
the UV region is not observed.
Analogous preparation and analysis using perylene 2 shows

similar results (Figure 5c and d). In this case, the observed shift
(∼25 nm) is significantly smaller than that observed in ethanol
upon full basic hydrolysis (∼134 nm); this difference could be
explained considering only partial hydrolysis of the dye in the
TiO2−micelle microemulsion. Thus, the spectra with peak
absorption at ∼690 and 665 nm are assigned to the anhydride
(closed, 2-C) and partially hydrolyzed (open bound, 2-OB, i.e.,
only one anhydride group is hydrolyzed) forms of 2,
respectively. Evidence for the putative partial hydrolysis of 2
in ethanol is shown as a small shift in the absorption and
emission spectra upon addition of a few equivalents of KOH;
see Figure 1c (blue dash-dotted line). As mentioned before, the
lack of an isosbestic point in Figure 1c suggests the presence of
more than two interconverting species for 2.
The absorption and emission spectra of 3 did not show

significant changes in TiO2−micelle vs empty micelle micro-
emulsions, as shown in Figure 5e and f. The lack of spectral
shift and low emission quenching suggest that the dye does not
open and bind to the oxide and consequently cannot effectively
photoinject an electron in its conduction band. The deficient
binding of the dye is rationalized as a consequence of the bulky
4-tert-butylphenyloxy groups which create a strong steric

Figure 4. Absorption spectra of 1 (a), 2 (b), and 3 (c) in a
microemulsion containing TiO2 NPs as a function of time. The inset
displays kinetic traces at the indicated wavelengths (circles and
squares) and corresponding monoexponential fittings (solid lines)
with a shared time constant.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp3086792 | J. Phys. Chem. B 2013, 117, 4568−45814574



hindrance for the insertion of the dye through the micelle
structure to reach the TiO2 NP surface. Analysis of the
calculated molecular structure for the dyes supports this
interpretation, indicating that the largest molecular dimension
(D) across the perylenes’ bay substituents varies in the series as
D1 (9 Å) < D2 (13 Å) < D3 (27 Å); see Figure S3b in the
Supporting Information.
Steady State Absorption and Emission Spectra and

Emission Anisotropy. Steady state fluorescence anisotropy
measurements were performed to gain insight on the location
of the dyes in micellar suspensions. Table 2 shows that the
fluorescence anisotropy of 1, 2, and 3 is considerably higher in
micellar suspensions than in the low viscosity solvent THF,
indicating that the movement of the dye is significantly
restricted and suggesting that it is preferentially located in the
ordered micellar environment. This preferential location of the

dye generates a relatively high local concentration of the dye in
the micellar environment which presumably facilitates the
binding of dye to the adjacent oxide surface in solutions of
micelles with TiO2 NPs. Under these conditions, the
fluorescence of 1 and 2 in the TiO2−micelle suspension is
highly reduced (∼70% quenched for 1-TiO2 and 2-TiO2
compared to the corresponding control samples without
TiO2). In the case of the 1-TiO2 system, the emission is
dominated by the spectrum of the closed anhydride species of
the dye (Scheme 1, C), while the absorption spectrum has a
major contribution corresponding to the open bound species
(OB). The lack of significant emission corresponding to the OB
species suggests an efficient fluorescence deactivation pathway
by electron injection from photoexcited dye into the TiO2
conduction band (see Scheme 2). The remaining emission of
the 1-TiO2 system, which is presumably from the nonbound C
species located in the micellar environment, is more polarized
than that of 1 in the micelle without TiO2. This indicates that
the TiO2 NP restricts the movement of the nonbound dye
presumably by creating a more rigid micelle due to the strong
electrostatic interaction of the positively charged TiO2 surface
and the negatively charged sulfonate group of the surfactant.
Similar observations were found for the 2-TiO2 system,
although it is difficult to discriminate the contribution of the
C species and partially OB species due to the relatively small
spectral shift in their emission spectra. The shape of the
fluorescence excitation spectra of the 2-TiO2 system is in
between the absorption spectra of the 2-TiO2 and 2-micelle
systems, indicating a significant contribution of both the C and
OB species to the observed fluorescence. In the case of the 3-
TiO2 system, the emission spectrum is dominated by the
emission of the C species and the steady state emission
anisotropy measurements in different environments show
similar trends to the other perylene systems, but not so
marked. This observation is consistent with the dye being
located in the outer layer of the micellar structure but not close
enough to attach to the TiO2 surface.

Time Resolved Fluorescence Anisotropy. Figure 6 shows
the fluorescence anisotropy decays of dyes 1, 2, and 3 in
different environments. The fluorescence anisotropy decay of 1
in heptane can be fitted with one fast decay lifetime of 81 ps.
However, when 1 is dissolved in a micelle solution (control
sample), the anisotropy shows a biexponential decay with
components of 81 ps (2%) and 1.67 ns (98%). The 81 ps
component is associated to the rotational correlation time of 1
in the heptane, whereas the 1.67 ns component could be
associated to the rotation of the dye within the surfactant layer
of the micelle. Alternatively, the 1.67 ns component can be
associated to the rotation of the whole dye−micelle assembly
(the decay closely matches the rotational correlation time of a
sphere with a diameter of ∼3.5 nm in hexane).83 The

Figure 5. (a) Absorption (solid black), emission (solid gray), and
normalized excitation spectra (dash) of perylene 1 in a microemulsion
containing TiO2 NPs and absorption of a microemulsion containing
TiO2 NPs (dotted line) but not the dye. (b) Same as part a but for a
microemulsion without TiO2. (c, d) Same as parts a and b,
respectively, for perylene 2. (e, f) Same as parts a and b for perylene
3. Excitation spectra were recorded with emission at 578, 735, and 610
nm for (a, b), (c, d), and (e, f), respectively. Emission spectra were
recorded with excitation at 470, 630, and 495 nm for (a, b), (c, d), and
(e, f), respectively. Emission spectra intensities were corrected as
described in the experimental section. Vertical dotted lines show
absorption maximum in microemulsions with and without TiO2 NPs
for each dye.

Table 2. Steady State Fluorescence Anisotropy (r) of
Perylene Dyes in Different Environmentsa

THF micelle micelle/TiO2

1 0.004 (0.002) 0.12 (0.01) 0.24 (0.01)
2 0.011 (0.001) 0.15 (0.02) 0.33 (0.03)
3 0.015 (0.007) 0.04 (0.01) 0.21 (0.01)

aAnisotropy was measured in an L-format geometry spectrofluorim-
eter. The reported numbers are the average and the standard deviation
(in parentheses) of the values obtained over the 520−610, 710−770,
and 550−640 nm spectral ranges for 1, 2, and 3, respectively.
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anisotropy decay of 1 in a micelle solution containing TiO2
NPs shows a biexponential decay with a 81 ps (15%)
component associated with the free dye in heptane and a
longer 2.74 ns (85%) component associated with the rotation
of the dye in the restricted surfactant layer or with the rotation
of the whole 1-TiO2/micelle assembly in heptane. Dye 2 shows
analogous behavior with slightly larger decay components in all
media; this difference is associated with the larger molecular
dimension D (see Figure S3b, Supporting Information) of 2 vs
1 which hinders the rotation of 2 relative to that of 1. Dye 3
dissolved in heptane and micelles shows analogous behavior to
1 and 2 but with slightly larger decay components consistent
with a larger steric hindrance for rotation due to the bulky t-
butylphenoxy groups. The anisotropy decay of 3 in micelles
with TiO2 NPs is very similar to that in micelles without NPs.
This observation is consistent with the lack of spectroscopic
evidence for opening of the anhydride groups and putative
binding to the TiO2 surface. Overall, the analysis of the time-
resolved data shows results in line with those of the steady state
anisotropy emission shown in Table 2.

Time Resolved Emission. TC-SPC measurements were
performed to investigate the nature of the steady state emission
quenching observed for the dye−TiO2 systems. Figure 7a

shows the fluorescence decay associated spectra (DAS) of the
1-TiO2 system. Global analysis of kinetics yields four decay
components (χ2 = 1.14) with lifetimes of 29 ps, 212 ps, 1.09 ns,
and 4.28 ns. To a first approximation, the 29 ps component
with maximum at 520 nm is associated with the 1-OB (open
bound species) and the rest of the components are associated
with the 1-C (closed unbound species) in different environ-
ments. On the basis of these assignments, the first fluorescence
DAS (29 ps) shows energy transfer from 1-OB (open bound
species) to 1-C, as indicated by the negative amplitude above
600 nm. The second (212 ps) and third (1.09 ns) components
show energy migration in between 1-C species which are in
slightly different environments toward the most solvated one,
with the lowest energy (4.28 ns component). Overall, the data
indicates the existence of a nonhomogeneous system with
several dyes per micelle. Analogous measurements on the 1-
micelle system (control sample without TiO2 NPs) show
longer lived multiexponential decays (see Figure S4a in the
Supporting Information) consistent with the high emission
quenching observed for 1-TiO2 vs 1-micelle in the steady state
measurements (vide supra).
Figure 7b shows the fluorescence decay associated spectra

(DAS) of the 2-TiO2 system. Global analysis yields four decay
components (χ2 = 1.10) with lifetimes of 487 ps, 2.8 ns, and 5.3
ns. The 487 ps component is associated with the 2-OB
(partially open bound species) and could be assigned in
principle to the photoinduced electron injection process from
2-OB to TiO2. However, some electron injection may occur

Figure 6. (a) Fluorescence anisotropy decays (data points) of 1 in
heptane (black), micelle solution (red), and TiO2−micelle solution
(blue). Smooth lines show exponential fits to the data. Samples were
excited and emission collected at the following wavelengths: heptane
and micelle: λex = 520 nm, λem = 600 nm; 1-TiO2: λex = 420 nm, λem =
510 nm. (b) Same as part a but for dye 2. Heptane: λex = 640 nm, λem
= 750 nm; micelle: λex = 640 nm, λem = 750 nm; 2-TiO2: λex = 640 nm,
λem = 750 nm. (c) Same as part a but for dye 3. Heptane, micelle, and
3-TiO2: λex = 515 nm and λem = 600 nm. The dye concentration was
∼10−6 M for all samples.

Figure 7. (a) Fluorescence decay associated spectra of the 1-TiO2
system; data was acquired with excitation at 480 nm. Data was globally
fitted (χ2 = 1.14) as described in the experimental section. Inset:
kinetic traces and corresponding fits (smooth line) at selected
wavelengths and the instrument response function (IRF). (b) Same
as part a for the 2-TiO2 system (χ2 = 1.10). Data was acquired with
excitation at 640 nm. The short-lived components were multiplied by a
factor to make them clearly visible.
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faster than the instrument resolution (∼10 ps) and therefore is
non-time-resolved in this experiment. The rest of the
components are associated with the 2-C (closed nonbound
species) in different environments. Analogous measurements
on the 2-micelle system (control sample without TiO2 NPs)
show a longer lived biexponential decay (2.9 and 4.9 ns, see
Figure S4b in the Supporting Information) consistent with the
high emission quenching observed for 2-TiO2 vs 2-micelle in
the steady state measurements (vide supra).
Time Resolved Absorption. Femtosecond pump−probe

experiments were performed to establish the kinetics of the
photoinduced electron transfer reaction of the dye−TiO2
system. Figure 8a shows the results for the 1-TiO2 system;

global analysis of kinetics (measured up to 40 ps time delay)
shows four decay components with lifetimes of 210 fs, 2.5 ps,
21.5 ps, and 212 ps. The 40 ps time window used in the
experiment was chosen to accurately determine the faster
components of the decay; the 212 ps component cannot be
accurately determined with this window and was fixed in the

analysis based on the information provided by the TC-SPC
experiments (vide supra). The decay associated spectra (DAS)
of the 210 fs component can be attributed to the formation of a
charge transfer state between 1-OB and TiO2 (i.e., 1•+-
TiO2(e

−)). It shows decay of stimulated emission and singlet
excited state absorption at ∼540 and 780 nm, respectively, and
formation (negative amplitude) of 1-OB radical cation with
characteristic absorption at ∼650 nm.75,109 The DAS of the 2.5
ps component can be attributed to the decay of 1-C, showing
ground state bleaching and stimulated emission at ∼500−700
nm and singlet excited state absorption at ∼780 nm. This DAS
can be associated with the process seen in the fluorescence
decays, i.e., energy migration in between 1-C species in
different environments. The 21.5 ps component is most likely
due to the energy transfer process between 1-OB and 1-C, as
seen in the fluorescence decay data (Figure 7a, 29 ps
fluorescence DAS). The DAS of the 212 ps component
shows a mixture of two main processes: (a) decay of singlet
excited state of the 1-C species (as seen in the fluorescence
decay data) and (b) decay of the 1•+-TiO2(e

−) charge
separated state with strong absorption at ∼650 nm and weak
absorption around 850−1000 nm characteristic of the 1-
OB75,109 radical cation species and free carrier (injected
electrons) in the TiO2 semiconductor,

110 respectively.
Transient absorption measurements on the 1-TiO2 system in

the nanosecond to millisecond time range were performed to
complement the pump−probe data on the faster time scale; the
results are shown in Figure 8b. Global analysis of the kinetics
shows three decay components: 1.14 μs, 14.5 μs, and a
component that does not decay within the 40 ms time window.
The 1.14 μs DAS is associated with the decay of triplet excited
states of 1-C and 1-OB showing transient absorption in the
∼500−650 nm range and ground state bleaching at 450 and
510 nm. The other two DAS are associated with the decay of
the 1•+-TiO2(e

−) state. They show the characteristic ground
state bleaching and induced absorption seen in the pump−
probe data (see Figure 8a, 212 ps DAS). The nondecaying
transient has ground state bleaching at ∼510 nm and is
associated with the charge transfer state formed with 1-C most
likely due to migration of charge from 1-OB to 1-C. The triplet
excited state is not clearly shown in these measurements, since
it is most likely quenched due to the presence of molecular
oxygen. To determine the lifetime of the nonresolved
component, a kinetic trace at 700 nm was recorded up to 10
ms; see the Figure 8b inset. Fitting of this trace yields two decay
components of ∼15 μs and ∼1.5 ms. As mentioned before,
both of these components are consistent with the decay of 1•+

species.
Flash photolysis measurements on the 2-TiO2 system in

argon saturated solution are shown in Figure 8c. Global fit to
the data yields two components: a long-lived component of 34
ms assigned to the decay of the 2•+-TiO2(e

−) charge transfer
state and a 68 μs DAS assigned to 2-OB and 2-C triplet states.
Measurements in air saturated solutions (see Figure S5 in the
Supporting Information) show only one DAS of 30 ms assigned
to the 2•+-TiO2(e

−) state with spectral features very similar to
the long decay measured in argon. The transients in the 520−
700 and 640−820 nm regions correspond to the 2-OB ground
state absorption recovery and the 2-OB radical cation
absorption decay, respectively.
Attempts to determine the formation rate of 2•+-TiO2(e

−) at
short time scales using the pump−probe technique showed
only features associated with the excited state decay (see Figure

Figure 8. (a) Decay associated spectra of the 1-TiO2 system measured
by pump−probe (fs to ps range). Data was acquired with laser
excitation at 460 nm. Inset: kinetic traces (data points) and
corresponding fits (smooth lines) at selected wavelengths. (b) Same
as part a but measured by flash photolysis (ns to μs range). Data was
acquired with laser excitation at 440 nm. (c) Decay associated spectra
of the 2-TiO2 system in argon saturated solution measured by flash
photolysis (ns to μs range). Data was acquired with laser excitation at
660 nm.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp3086792 | J. Phys. Chem. B 2013, 117, 4568−45814577



S6, Supporting Information). The lack of radical cation
absorption at early times is probably due to the long lifetime
of the 2•+-TiO2(e

−) state which precludes the recovery of the
2-TiO2 system ground state in the time between laser pulses (2
ms, pulse frequency = 500 Mz) coupled to slow sample mixing
due to the high viscosity of the solutions.
Rigorous analysis of time-resolved emission and absorption

data in a non-homogeneous system requires the use of a model
which considers a distribution of exponential decays to describe
the kinetics of each transient species. The distribution of decays
accounts for the distribution of available environments in the
heterogeneous system. In our analysis, we used the minimum
number of exponential components that adequately fitted the
experimental data within the experimental error. Thus, it is
likely that the reported decay components correspond to a
weighted mean value of the actual distribution of constants
associated with each species.
Distribution of Dyes in the Micellear Solution. To better

understand the dye−TiO2 assembly process, it is useful to
discuss the expected distribution of dyes in micellar systems.
The distribution of nonreacting dyes (i.e., in anhydride form) in
a micelle microemulsion can be calculated from the
concentration of dye and micelles (Cdye and Cm, respectively)
assuming Poisson statistics,111 as shown in eq 4:

λ=
!

λ−
P

n
e

n

n

(4)

where Pn is the probability of finding n dyes in a given micelle
and λm = Cdye/Cm is the average number of dyes per micelle. In
our experiments, λm > 10−3 (see the Supporting Information);
thus, the probability of finding two (or more) dyes in a given
micelle is less than one in a million. On the other hand,
considering that λNP = Cdye/CNP ∼ 0.77 (see the Supporting
Information) and assuming that the dyes are distributed
exclusively among micelles that contain TiO2 NPs, the
probability of finding two and three dyes per NP are P2 ∼
0.14 and P3 ∼ 0.03, respectively. Comparison of Cm ∼ 10−3 M
and CNP ∼ 1.3 × 10−6 indicates that in the TiO2−NP
microheterogeneous solutions a large fraction of the total
micelles does not contain TiO2 NPs. The results of these
calculations and the evidence for dye aggregation shown in the
time-resolved experiments (vide supra) suggest that in the
equilibrated 1-TiO2 and 2-TiO2 systems the dyes are
preferentially located in the small fraction of the micelles that
contain TiO2 NPs rather than being statistically distributed
among all the available micelles. This preferential dye location
can be explained considering the following mechanism. At early
times after dye addition, the dyes are statistically distributed
among all the available micelles in the solution by micelle-
collision mediated dye exchange. When a dye reaches a micelle
containing a TiO2 NP, it can attach to the oxide surface and it is
longer available to be exchanged with other micelles on
subsequent collisions. Eventually, all nonbound dyes “find”
micelles containing a TiO2 NP and attach to them. The slow
equilibration process shown in Figure 4a,b could in principle be
evidence of the proposed mechanism.
Photoiduced Electron Transfer. The spectroscopic results

discussed above show evidence that both the 1-TiO2 and 2-
TiO2 systems undergo photoinduced electron transfer to yield
the dye−TiO2 charge separated state. Global analysis of pump−
probe and flash photolysis results indicate that the apparent
forward and backward rate constants for the formation and

decay of the 1•+-TiO2(e
−) state are kF ∼ 4.8 × 1012 s−1 (1/210

fs) and kB < 6.9 × 104 s−1 (1/14.5 μs), respectively. On the
other hand, as it was mentioned above, it was not possible to
measure by pump−probe the kF of the 2•+-TiO2(e

−). TC-SPC
results for this system show a fluorescence decay with relatively
slow components; the shortest decay component of ∼490 ps
for 2*-TiO2 might in principle be associated with the formation
of the 2•+-TiO2(e

−); however, due to the limited time
resolution of the TC-SPC experiment, there is most likely a
much faster unresolved fluorescence decay component
associated with photoinduced electron injection on a shorter
time scale (<10 ps). Formation of 2•+-TiO2(e

−) was confirmed
by flash photolysis experiments showing clear features of charge
separated state that decayed on a very long time scale, kb = 33
s−1 (1/30 ms). For the 3-TiO2 system, the spectroscopic
studies indicate that the dye does not bind to the TiO2 NPs and
show no evidence of photoinduced electron injection. Thus, in
the following analysis only, the 1-TiO2 and 2-TiO2 systems will
be considered.
The experimentally determined electron transfer rate

constants can be discussed in terms of eq 5 and similar
equations that have been developed to describe electron
transfer from a single donating state to a continuum of
accepting states, such as those present in the conduction band
of TiO2 nanoparticles.

1,98,112−115
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where ρ(E) is the effective density of states at the energy E
relative to the conduction band edge, f(E) represents the Fermi
distribution function, H̅(E) is the average electronic coupling
between the dye excited state and all k states in the
semiconductor, and λ is the total reorganization energy. ΔG0

is the energy difference between the energy level of the excited
dye and the bottom of the conduction band and can be written
as ΔG0 = ECB − E(D+/D*). To a first approximation, H̅(E) and
λ are assumed to be the same for all the dye−TiO2 systems
given the analogous structure of the dyes and their expected
identical binding modes to the TiO2 surface. Under these
approximations and given that E(2+/2*) > E(1+/1*), the rate
constants for forward electron transfer are expected to follow
the relationship kF(2) > kF(1). The previous analysis suggests
that the ∼490 ps fluorescence quenching component seen on
the 2-TiO2 system is not due to the formation of the 2•+-
TiO2(e

−) state and that kF(2) > 4.8 × 1012 s−1.
Models for kB generally involve semiconductor effects such as

charge trapping and transport which are not well-defined in our
system, so no detailed analysis will be carried out for this case.
It is noteworthy to mention that approaches entirely based on
quantum-chemical calculations can be used to estimate dye−
TiO2 electron injection times.76,116 Such methods have been
successfully applied to the study of perylene−TiO2 systems
with phosphonic and carboxylic acid anchoring groups and
various spacer groups76 and will therefore be interesting to
apply to the systems described in this work.

■ CONCLUSIONS
We report the successful sensitization of TiO2 nanoparticles
inside reverse micelles by perylene dyes. These systems having
well dispersed oxide nanoparticles of small diameter (<5 nm)
spherical shape and relative narrow size distribution are good
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models for the study of dye−semiconductor photoinduced
electron transfer reactions in solution. Steady state and
transient absorption and emission spectroscopy indicate that
perylenes 1 and 2 efficiently attach to TiO2 nanoparticles inside
reverse micelles. The binding of the dyes to the oxide surface
involves the attachment of dicarboxylic acid groups produced
by hydrolysis of a cyclic anhydride. Binding of perylene 3 to the
NPs was inefficient presumably due to steric hindrance
resulting from the bulky t-butylphenoxy groups connected at
bay positions of the dye. The 1-TiO2 and 2-TiO2 systems
undergo fast photoinduced electron transfer (kf < 210 fs) to
form the dye•+−TiO2(e

−) charge separated state. The electron
injected into the semiconductor NP recombines with the dye
radical cation on a very long time scale (kb(1) > 14 μs and
kb(2) = 30 ms).
It is clear from these observations that the molecular

structure of the dye plays an important role in the phenomena
we observed. In principle, it should be possible to use dyes with
the required substitutions to target specific regions of micro-
heterogeneous media; it is also possible to modulate the redox
potential of the dyes and thereby control electron injection.
Therefore, one could use these design parameters to envision
applications of molecular systems to sensitize semiconductor
nanoparticles located in specific regions of a micro-heteroge-
neous environment. Additionally, one could imagine other
applications in which the dyes are used to map complex
landscapes by means of their fluorescence.
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