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ABSTRACT

The photosensitization effect of three perylene dye deriva-
tives on titanium dioxide nanoparticles (TiO2 NPs) has been
investigated. The dyes used, 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-tetracarboxy dianhydride (3) have in common
bisanhydride groups that convert into TiO2 binding groups
upon hydrolysis. The different substituents on the bay posi-
tion of the dyes enable tuning of their redox properties to
yield significantly different driving forces for photoinduced
electron transfer (PeT). Recently developed TiO2 NPs having
a small average size and a narrow distribution (4 � 1 nm)
are used in this work to prepare the dye-TiO2 systems under
study. Whereas successful sensitization was obtained with 1
and 2 as evidenced by steady-state spectral shifts and tran-
sient absorption results, no evidence for the attachment of 3
to TiO2 was observed. The comparison of the rates of PeT

(kPeT) for 1- and 2-TiO2 systems studied in this work with
those obtained for previously reported analogous systems,
having TiO2 NPs covered by a surfactant layer (Hernandez
et al. [2012] J. Phys. Chem. B., 117, 4568–4581), indicates
that kPeT for the former systems is slower than that for the
later. These results are interpreted in terms of the different
energy values of the conduction band edge in each system.

INTRODUCTION
Photoinduced electron transfer (PeT) at dye-semiconductor interfaces
plays a central role in a number of technological applications such
as solar cells (1–4), light-emitting diodes (5,6), field effect transis-
tors (7–9), advanced catalytic processes (10,11), optoelectronic
transducers, etc. The detailed study of photoinduced processes in
functioning devices is in general complicated by the spatial hetero-
geneity of the organic–inorganic interfaces at the nanoscale. The
large number of possible dye to semiconductor binding geometries
(including dye binding modes, nanoparticle size and distribution)

and the potential for generation of dye aggregates are some of the
main factors that contribute to the heterogeneity of these systems
and limit the detailed study of PeT processes.

One of the strategies used to try to understand and minimize
the heterogeneity effect is to study electron transfer processes in
well-defined model nanoassemblies comprised of organic dyes
bound to metal oxide particles in suspension (12–21). We
recently published a study of PeT processes on a system consist-
ing of perylene dyes bound to TiO2 NPs inside a micellar struc-
ture (dye-TiO2@micelle) (22). We selected perylene dyes
because they are highly photostable and amenable to the tuning
of both their redox and their TiO2 binding properties through
chemical functionalization (23–31). To reduce the size distribu-
tion of the inorganic nanoparticles in our previous work, we per-
formed the synthesis of TiO2 particles inside the water pool of
reverse micelles (which function as a controlled size nano-reac-
tor). However, the presence of surfactant groups surrounding the
titanium dioxide nanoparticles (TiO2 NPs) (TiO2@micelles) hin-
dered the binding of some of the dyes due to steric effects and
potentially affected the PeT processes in dye-TiO2@micelle nano-
assemblies due to the electric field generated by the surfactant
polar heads and corresponding counterions.

Herein we report on the study of PeT on dye-TiO2 systems
assembled from TiO2 NPs prepared without surfactant molecules
and suspended in an organic solvent. Steady-state and transient
absorption results indicate that in these systems a significant por-
tion of dyes 1 and 2 can bind to TiO2 NPs and undergo PeT
whereas dye 3 is observed to not bind to naked TiO2. The rate
constants for charge injection and charge recombination for dye
1- and dye 2-TiO2 systems are discussed and compared to those
previously acquired with TiO2 NPs prepared within micellar sys-
tems. Advantages and disadvantages for both preparations in
terms of the dye-nanoparticle assembly and of charge injection
and charge recombination rates are discussed.

MATERIALS AND METHODS

Materials. Titanium tetrachloride (≥97.0%) and dichloromethane (anhy-
drous, 99.5%) were purchased from Sigma-Aldrich and used as received,
all other materials for the preparation of compounds 1, 2 and 3 were the
same as reported in reference (22).

Synthesis. Perylenes 1 (1,7-dibromoperylene-3,4,9,10-tetracarboxy
dianhydride), 2 (1,7-dipyrrolidinylperylene-3,4,9,10-tetracarboxy dianhy-
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dride) and 3 1,7-bis(4-tert-butylphenyloxy)perylene-3,4,9,10-tetracarboxy
dianhydride were prepared following literature procedures (22,30,32).

Titanium dioxide nanoparticles of (4 � 1) nm size (see Figure S1)
were prepared by a nonhydrolytic condensation method involving the
elimination of alkyl halide between metal alkoxides and metal halides
(33–35) (M. J. Llansola-Portoles, unpublished). The resulting TiO2 NPs
were dried in ultrahigh vacuum at 25°C for 8 h to remove physisorbed
HCl, which was produced in the synthesis, from the surface of the TiO2

NPs. After drying, the resulting NP powder was added to freshly distilled
THF to achieve the desired NP concentration. Small amounts of HCl
remain present on the surface of the TiO2 NPs (see Supporting Informa-
tion). Therefore, the NPs zeta potentials kept positive preventing agglom-
eration and further condensation of the NPs in THF.

Binding of perylenes 1 and 2 to TiO2 NPs was carried out by addition
of 100 lL of a stock solution of the dyes (~10�4

M) in THF to 3 mL of
a TiO2 NP suspension ([TiO2] = 0.1 g L�1) in THF (for pump-probe
experiments dye concentration was increased 10 times in an attempt to
maximize the amount of dye attached and thus improve the signal corre-
sponding to dye-TiO2 assemblies). The system was left incubating for
>12 h and absorption spectra were recorded at periodic time intervals
immediately after addition of the dye.

Instruments and measurements. Absorption spectra were measured on
a Shimadzu UV-3101PC UV-vis-NIR spectrometer. Steady-state fluores-
cence spectra were measured using a Photon Technology International
MP-1 spectrometer, measurements were corrected for the detection sys-
tem response. Excitation was provided by a 75 W xenon-arc lamp and a
single grating monochromator. Fluorescence was collected at 90° to the
excitation beam. Fluorescence was detected via a single grating mono-
chromator and an R928 photomultiplier tube operating in the single pho-
ton counting mode.

Fluorescence decay measurements were performed by the time-corre-
lated single-photon-counting method (TC-SPC). The excitation source
was a fiber supercontinuum laser based on a passive modelocked fiber
laser and a high-nonlinearity photonic crystal fiber supercontinuum gener-
ator (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 Filer (Fianium AOTF) to obtain excitation
pulses at desired wavelength. Fluorescence emission was detected at the
magic angle using a double grating monochromator (Jobin Yvon Gemini-
180) and a microchannel plate photomultiplier tube (Hamamatsu
R3809U-50). The instrument response function was 35–55 ps. The spec-
trometer was controlled by software based on the LabView programming
language and data acquisition was done using a single photon counting
card (Becker-Hickl, SPC-830). Fluorescence anisotropy decays were
obtained by changing the detection polarization of the fluorescence path
parallel or perpendicular to the polarization of the excitation light. The
anisotropy decays then were calculated according to Eq. (1), where IVV(t)
(or IVH(t)) is the fluorescence decay when the excitation light is vertically
polarized and only the vertically (or horizontally) polarized portion of flu-
orescence is detected, denoting that the first and second subscripts repre-
sent excitation and detection polarization, respectively. The factor G
which is equal to the ratio of the sensitivities of the detection system for
vertically and horizontally polarized light can be determined either by
so-called tail matching of IVV(t) and IVH(t) or by IHV(t)/IHH(t).

rðtÞ ¼ IVVðtÞ � GIVHðtÞ
IVVðtÞ þ 2GIVHðtÞ ð1Þ

The femtosecond transient absorption apparatus consisted of a kilo-
hertz pulsed laser source and a pump-probe optical setup. Laser pulses of
100 fs at 800 nm were generated from an amplified, mode-locked Tita-
nium Sapphire kilohertz laser system (Millennia/Tsunami/Spitfire; Spectra
Physics). Part of the laser pulse energy was sent through an optical delay
line and focused on to a 3 mm sapphire plate to generate a white light
continuum for the probe beam. The remainder of the pulse energy was
used to pump an optical parametric amplifier (Spectra Physics) to gener-
ate excitation pulses, which were selected using a mechanical chopper.
The white light generated was then compressed by prism pairs (CVI)
before passing through the sample. The polarization of pump beam was
set to the magic angle (54.7°) relative to the probe beam and its intensity
adjusted using a continuously variable neutral density filter. The white
light probe is dispersed by a spectrograph (300 line grating) onto a
charge-coupled device camera (DU420; Andor Tech.). The final spectral

resolution was about 2.3 nm for over a nearly 300 nm spectral region.
The instrument response function was ca 150 fs.

The nanosecond–millisecond transient absorption measurements were
made with excitation from an optical parametric oscillator driven 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.

All TC-SPC and transient absorption data were globally analyzed
using locally written software (ASUFIT) (36) developed under MATLAB
(Mathworks Inc.) environment. The model and procedure for global fit-
ting have been described in detail in reference (22). Decay associated
spectra (DAS) obtained from global analysis can have positive or nega-
tive amplitudes as a function of wavelength. Positive amplitudes are
obtained where absorbance difference signals (ΔA) are: a) positive
(ΔA>0) and decreasing (becoming less positive) in time (δ(ΔA)/δt<0) or
b) negative (ΔA<0) and increasing (becoming more negative) in time
(δ(ΔA)/δt<0). While negative DAS amplitudes occur where ΔA signals
are: a) positive (ΔA>0) and increasing (becoming more positive) in time
(δ(ΔA)/δt>0) or b) negative (ΔA<0) and decreasing (becoming less
negative) in time (δ(ΔA)/δt>0). These global analysis procedures have
been extensively reviewed and random errors associated with the reported
lifetimes obtained from fluorescence and transient absorption measure-
ments are typically ≤5%.

Transmission electron microscopy (TEM) were collected using a Phi-
lips CM200 TEM at 200 kV/Cs 1.2 mm/PTP Resolution: 0.25 nm/
Focused Probe: 0.5 nm/Imaging Modes: TEM/STEM.

Multivariate curve resolution (MCR). MCR with alternating least
squares (MCR-ALS) procedures were applied using a MATLAB-based
routine developed by R. Tauler and A. de Juan. The software is available
for free at www.ub.es/gesq/mcr/als2004.htm. Non-negativity (measured
and estimated absorbances and concentrations in an experiment will
always be nonnegative) and closure (sum of concentrations is forced to
be equal to a constant value at each stage) constraints were used to
obtain a unique solution. More details on the application of the method
and program use can be found in the operating manual at http://www.ub.
edu/mcr/als2004/manual.pdf.

RESULTS AND DISCUSSION

Dye structure and energetics

The molecular structures of the perylene derivatives used as sen-
sitizers in this work are shown in Scheme 1a. All dyes have two
anhydride groups that are subject to hydrolysis under basic con-
ditions (see Scheme 1b) or in the presence of TiO2 NPs to yield

Scheme 1
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the corresponding dicarboxylate groups (22). In their hydrolyzed
“open form,” the dyes are able to bind to the surface of TiO2

NPs through the dicarboxylate anchoring group by chemical
bonding and/or electrostatic attraction (22,37,38) to yield the
open, bound dye species. The redox properties of the dyes were
tuned by the attachment of electron donating or withdrawing
groups at the bay positions. Scheme 1c shows the energy dia-
gram of the dye-TiO2 system taken from reference (22). In this
diagram, the energy for the conduction band edge (ECB) of the
TiO2 NPs was estimated as the flat band potential (Vfb) of poly-
crystalline TiO2 in water at pH = 2 (Vfb,W/pH=2 = �0.52 V, vs
Standard calomel electrode, SCE) to account for the concentra-
tion of protons inside the micelle water pool (where the TiO2

NPs were synthesized) (22,39). On the other hand, the TiO2 NPs
used for the experiments described in this work are suspended in
a THF solution, which contains trace amounts of acidic water.
The Vfb of TiO2 in neat THF has been reported as Vfb,

THF = �2.34 V (vs SCE) (39). However, the Vfb in nonaqueous
solutions is mainly determined by the potential establishment of
proton adsorption–desorption equilibrium involving solvent mol-
ecules and TiO2 (39). As such equilibrium is not possible in no-
naqueous aprotic solvents (e.g. THF) the Vfb value in these
solvents is strongly affected by trace amounts of protic impurities
(e.g. the presence of trace amounts of water leads to significantly
positive shifts in Vfb) (39). Considering these factors, the effec-
tive ECB value for the TiO2 NPs used in this study cannot be
accurately defined, but it is estimated to fall between �0.52 and
�2.34 V (vs SCE). As will be discussed, transient-absorption
experiments show evidence for PeT in 1-TiO2 and 2-TiO2 sys-
tems indicating that the effective ECB in these systems must be
only slightly more negative than �0.52 V so that PeT from the
dyes excited state to the TiO2 CB is thermodynamically favor-
able.

Dye-TiO2 nanoassemblies

Steady-state absorption. The binding of the dyes to TiO2 NPs
was followed by monitoring over time the shift of their absorp-
tion spectra in the presence of NPs. This is possible because
upon opening of the anhydride ring and binding to TiO2 the
absorption spectra of the dyes shift to higher energies (25–
27,30,40). This shift can be associated with a reduction in the
effective conjugation length of the chromophore (24,25,27,41)
and has been previously characterized for the dyes used in this
work in ethanolic solution and upon binding of 1 and 2 to TiO2

(22). Figure 1 shows the absorption spectra as a function of time
following addition of dye to a TiO2 NP suspension in THF. For
the 1-TiO2 system a significant absorbance shift was observed
after 12 h (Fig. 1a) indicating that binding of the dye is slow
under the studied conditions. In contrast, significant changes in
the absorption occurred within 30 min for the 2-TiO2 system
(Fig. 1b, inset). The magnitude of the absorption shift (~70 nm)
observed upon incubation of dye 2 with surfactant-free (“naked”)
TiO2 NPs (2-TiO2) is significantly larger than that previously
observed upon incubation with TiO2 NP covered by a layer of
surfactant molecules (2-TiO2@micelle) (~24 nm) (22). In addi-
tion, the absorption shift observed for the 2-TiO2 system is simi-
lar to that previously observed upon exhaustive basic hydrolysis
of dye 2 in ethanol solution (where presumably both anhydride
groups are hydrolyzed yielding a maximum absorption shift of
~130 nm) (22). These observations are consistent with the idea

that binding of dye 2 to naked TiO2 NPs can occur at least partly
through both dicarboxylic acid groups (product of the hydrolysis
of both anhydride rings) whereas dye 2 binds to TiO2@micelle
NPs via one dicarboxylic acid moiety (resulting from hydrolysis
of only one anhydride ring). The surfactant molecules on the
TiO2@micelle NPs presumably preclude the formation of dye-
NP geometries where both anhydride rings are close enough to
the NP surface (and/or remaining water pool) to hydrolyze and
bind simultaneously. Thus, dye-NP binding geometries involving
both dicarboxylic groups in one particle and others where the
dye acts as a bridge between two NPs are in principle possible
for naked TiO2 NPs, but very unlikely for TiO2@micelle NPs.

To identify the spectra of the different species present upon
hydrolysis and subsequent binding of 2 to TiO2 NPs we used
MCR techniques. Analysis of the absorption spectra time
sequence shown in Fig. 1b using the MCR-ALS method (42) is
shown in Fig. 1c. The results indicate the presence of three spe-
cies with distinct peak absorptions at 691 nm (Species A),
658 nm (Species B) and 620 nm (Species C) that can be in prin-
ciple associated with the hydrolysis of none, one and both anhy-
dride rings, respectively. The inset shows the concentration of
each species as a function of time indicating a stepwise intercon-
version between species, i.e. A ↔ B ↔ C. The assignment of

Figure 1. (a) Time sequence of absorption spectra collected after addi-
tion of 1 to a suspension of titanium dioxide nanoparticles in THF.
[Dye] = ~10�6

M, estimated [NP] = ~0.1 mg mL�1. (b) Same as (a) for
dye 2. The first and last spectra were collected at 0 and 105 min, respec-
tively. The inset displays kinetic traces at specific wavelengths. (c) Spe-
cies spectra obtained by multivariate curve resolution analysis of data in
(b). The inset shows the concentration time evolution for each species
(line style coded).

Photochemistry and Photobiology, 2013, 89 1377



A, B and C species to the closed, mono-hydrolyzed and di-
hydrolyzed dye species is further supported by MCR analysis of
data corresponding to the basic hydrolysis of 2 in ethanol (see
Figure S2a), which also shows the presence of three interconvert-
ing species (driven by basic titration) with spectral features anal-
ogous to the species shown in Fig. 1C. Similar analysis of the
data corresponding to the incubation of dye 2 with TiO2@mi-
celle NPs (22) yields only two species with peak absorptions at
688 and 664 nm (see Figure S2b) presumably corresponding to
the closed and mono-hydrolyzed species.

In contrast to the spectral shift observed for 1 and 2 in the
presence of TiO2 NPs, the absorption spectrum of dye 3 did not
significantly shift over time under the same conditions (see Fig-
ure S3). This result suggests that dye 3 does not bind to naked
TiO2 NPs and thus no additional experiments to investigate PeT
were performed with this dye-TiO2 NP system. Further evidence
and discussion for the lack of binding of 3 is given in the time-
resolved fluorescence anisotropy section (see below).

Steady-state and time-resolved emission. Recently we reported
a large quenching of dye emission (due to PeT) upon binding of
1 and 2 to TiO2 in a micellar system (22). Attempts to quantita-
tively determine dye emission quenching for 1 and 2 in solution
by steady-state fluorescence measurements with and without
naked TiO2 NPs failed due to the presence of unattached dyes
and of dye aggregates (see time-resolved fluorescence measure-
ments below), which partially dissolve over time and then bind
to the TiO2 NPs.

Time-resolved fluorescence measurements (TC-SPC) were
performed to investigate the kinetics of the emission of dyes 1
and 2 in the presence of TiO2 NPs (see Figure S4a and b,
respectively). Results for solutions of 1 incubated with TiO2

NPs show fluorescence decay-associated spectra (DAS) with
three components of 100 ps, 850 ps and 3.9 ns (v2 = 1.18).
The 100 and 850 ps components could be associated with dye
aggregates where the dye is in the closed form suspended in
solution and showing significant autoquenching. It is well
known that perylenes are prone to aggregate and crystallize to
afford typically weakly luminescent particles (43,44). The main
driving force for aggregation comes from strong intermolecular
p�p-stacking interactions resulting from the extended p-system
and large quadrupole moment of perylenes. The most likely flu-
orescence quenching mechanisms in these putative aggregates
are: (1) enhancement in the rate of internal conversion to the
ground state due to increased coupling of electronic excitation
to lattice vibrations, (2) exciton (dipole–dipole) interactions and
(3) efficient energy transfer to nonemitting defects or impurities
(45,46). Alternatively, the 100 and 850 ps components could be
associated with the emission of the dye when physisorbed on
the surface of NPs in its closed form and thus with a low elec-
tronic coupling for PeT. The 3.9 ns component is associated
with the emission from 1 in its closed form and nonaggregated
in solution. On the other hand, the fluorescence DAS of solu-
tions of 2 incubated with TiO2 NPs yielded two fluorescence
DAS components (v2 = 1.12) with lifetime of 71 ps and 2.5 ns.
The 71 ps component with maximum at 740 nm could be asso-
ciated with aggregates of 2 closed species, which show a short
fluorescence lifetime due to autoquenching. The 2.5 ns compo-
nent is associated with 2 in its closed form and nonaggregated
in solution.

Time-resolved fluorescence anisotropy. To further investigate
the diffusion rotational properties of the emitting species in the

studied samples we performed time-resolved fluorescence anisot-
ropy measurements. Figure 2 shows time-resolved fluorescence
anisotropy decays of the dyes in THF solutions with and without
the addition of TiO2 NPs. As seen in Fig. 2a, the decay of dye 1 in
solution can be fitted with a single exponential lifetime of 115 ps
similar to that observed in n-heptane (81 ps) (22). In the presence
of TiO2 NPs, the anisotropy decay can only be satisfactorily fitted
with two exponential components (115 and 890 ps). The shorter
component can be associated with the reorientation dynamics of
free dye in solution or energy transfer among dyes in aggregates
since both situations are possible and create a fast depolarization
effect in the emission. The 890 ps component can be ascribed to
the presence of dye molecules physisorbed on the surface of TiO2

NPs or covalently bound to surface defects such that the effective
dye-TiO2 electronic coupling (H) for PeT is very small and conse-
quently the dye fluorescence is not significantly quenched. These
putative dye-TiO2 assemblies are significantly larger than a free
dye in solution and consequently have much slower reorientation
dynamics. To test this, we calculated the radius of a sphere with an
890 ps rotational correlation time in THF (see Supporting Informa-
tion); the obtained value, r = 1.2 nm, is in close agreement with
the size of our TiO2 NPs (diameter 4 � 1 nm). An analogous situ-
ation, but with longer time constants, is observed for dye 2 (see

Figure 2. (a) Fluorescence anisotropy decays (data points) of 1 in THF
without (circles) and with titanium dioxide nanoparticles (triangles).
Smooth lines show exponential fits to the data. Samples were excited and
emission collected at the following wavelengths: kex = 450 nm
kem = 550 nm. (b) Same as (a) for dye 2: kex = 600 nm kem = 760 nm.
(c) Same as (a) for dye 3: kex = 450 nm and kem = 550 nm. Dye con-
centration was ~10�6

M for all samples.

1378 Manuel J. Llansola-Portoles et al.



Fig. 2b). The free dye in solution shows a mono-exponential decay
with a lifetime of 253 ps and in the presence of NPs it shows a bi-
exponential decay with 253 ps and 1.36 ns components. These
results are consistent with the larger molecular size of 2 vs 1 (22)
and consequently slower reorientation. In contrast to this, dye 3
shows fast mono-exponential decays for both situations, the free
dye in solution (265 ps) and in the presence of TiO2 NPs (188 ps)
(see Fig. 2c). The results indicate that dye 3 does not exhibit physi-
sorption or bind to TiO2 NPs which is consistent with the lack of
absorption shift observed when the dye is incubated in the pres-
ence of NPs (see Figure S3). The lack of binding of dye 3 to
TiO2@micelles NPs was previously reported by our group and
rationalized invoking strong steric interactions between surfactant
molecules and the bulky t-butylphenoxy groups of the dye which
prevented the formation of geometries where one anhydride ring
was close enough to the TiO2 surface to achieve binding (22). The
new results presented herein indicate that even in absence of
micelles in the system, the t-butylphenoxy groups present strong
steric hindrance to reach dye-TiO2 NPs geometries necessary for
efficient attachment.

Time-resolved absorption. Time-resolved transient absorption
techniques were used to investigate the kinetics of PeT in the
dye-TiO2 nanoassemblies. Measurements in the femtosecond to
nanosecond (pump-probe) and nanosecond to microsecond
(flash-photolysis) time ranges were performed in an attempt to
measure the kinetics of formation and recombination, respec-
tively, of the dye•+-TiO2(e

�) charge separated state.
Figure 3a and c shows pump-probe results for the 1-TiO2 sys-

tem with excitation at 490 nm. Global analysis of the kinetic
data shows four decay components with lifetimes of ~500 fs,
2.3 ps, 45 ps, and 2.7 ns (see Fig. 3a). The DAS of the 500 fs
component can be attributed to PeT from 1 open, bound species
to TiO2 to form the 1•+-TiO2(e

�) state. The following spectral
features support this assignment: (1) decay of stimulated emis-
sion (negative amplitude) corresponding to 1 open, bound at
~520 nm (see Figure S5a, red dashed line), (2) formation of 1
radical cation (negative amplitude) with characteristic induced
absorption at ~630 nm and (3) formation of free carriers
(injected electrons) in the TiO2 semiconductor (TiO2(e

�)) (nega-
tive amplitude) with absorption around 1000 nm. The 2.3 and
45 ps components show a mixture of two main processes: (1)
decay of singlet excited state of the 1 closed species (as seen in
the TC-SPC data, Figure S4a) and (2) decay of the 1•+-TiO2(e

�)
charge separated state with positive amplitudes at ~630 nm (1•+

absorption) and 850�1000 nm (TiO2(e
�) absorption). The last

2.7 ns DAS can be attributed mostly to the decay of singlet
excited state of 1 closed form (presumably free in solution),
showing ground state bleaching and stimulated emission from
~520 to 570 nm, and induced absorption at 470 and 750 nm.

Transient absorption measurements on the 1-TiO2 system in the
nanosecond to millisecond time range were performed to comple-
ment the pump�probe data; the results are shown in Fig. 3b. Glo-
bal analysis of the kinetics in argon-saturated solution yields two
components, 2.5 ms and 12 ls (excitation at 440 nm). The 2.5 ms
component is associated with the decay of the 1•+-TiO2(e

�) state
showing positive amplitude signals around 630 nm (1•+ absorp-
tion, see kinetic trace in Fig. 3b inset) and up to ~950 nm
(TiO2(e

�)). The 12 ls component is oxygen sensitive and it is
associated with the decay of triplet excited states of 1 (in open and
closed forms) showing transient absorption in the ~500–700 nm
range and ground state bleaching at 450 and 520 nm (small dip).

Figure 4a and c show pump-probe results with excitation at
650 nm for 2-TiO2 nanoassemblies. Global fit to the data yields
four DAS components of 260 fs, 3.4 ps, 130 ps and 1.9 ns (see
Fig. 4a). The 260 fs component is mainly associated with
singlet energy transfer from the open form of the dye to the
closed one and possibly, to some extent, to the formation of the
2•+-TiO2(e

�) charge separated state. This component shows the
following spectral features: (1) stimulated emission decay (nega-
tive amplitude) of 2 open species in the 660–730 nm region
(consistent with the red dashed spectra in Figure S5b), (2) for-
mation of stimulated emission of the dye in its closed form with
a positive amplitude around 760 nm and (3) 2•+ transient
absorption formation (negative amplitude) above 650 nm. In
addition to this, the ground state bleaching of open dye 2
(around 600 nm) decays to some extent with the same lifetime
(260 fs) and there is no rise with 260 fs at 1000 nm. Therefore,
we do not have strong spectral evidence of 2•+-TiO2(e

�) forma-
tion on the time scales measured. It is likely that charge separa-
tion is very fast and occurs in less than 150 fs (instrument
response time of our apparatus). Transient absorption at
1015 nm supports this assumption showing a kinetic trace with

Figure 3. (a) Decay associated spectra of 1-TiO2 nano-assemblies in
THF solution measured by pump-probe (fs to ns range). Data were
acquired with pump laser excitation at kex = 490 nm. (b) Same as (a)
measured by flash-photolysis (ns to ls range) upon kex = 440 nm. (c)
Kinetics traces (data points) and fits (smooth lines) at selected wave-
lengths corresponding to the data shown in (a).
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instantaneous rise, limited by instrument response (see Fig. 4c,
violet data points). The 3.4 ps DAS component is assigned to
solvation-induced band-shift of the emission band of 2 closed
species. The 130 ps and 1.9 ns components show a mixture of
two main processes: (1) recovery of ground state bleaching and
stimulated emission of 2 closed species (presumably slightly
aggregated and/or physisorbed on the NPs) consistent with its
close temporal match to the emission DAS components shown
in Figure S4b (71 ps and 2.5 ns) and (2) recovery of ground
state bleaching of the open-bound form of 2 (due to recombina-
tion of the 2•+-TiO2(e

�) state) showing negative amplitude in
the region around 640 nm.

Figure 4b shows flash-photolysis results with excitation at
640 nm for the 2-TiO2 system. Global analysis of the data yields
two DAS components of ~500 ns and 3.7 ls. The shorter com-
ponent is associated with the triplet state of the dye in its closed
and open forms showing ground state absorption bleaching
recovery (negative amplitude) from 570 to ~800 nm (2 closed
species, see Fig. 4a, solid black spectrum) and triplet state tran-
sient absorption decay (positive amplitude) below 550 nm. The
3.7 ls component is associated with the decay of the 2•+-
TiO2(e

�) charge separated state. This long component shows

ground state bleaching of 2 fully open bound species in the 500–
650 nm region (consistent with the solid red spectra, Figure S5b)
and 2•+ transient absorption above 650 nm (consistent with pre-
viously reported transient features of 2•+ [22]).

A comparison of the dynamics of PeT in dye-TiO2@micelle
NPs vs dye-TiO2 systems shows that the PeT rate (kPeT
Scheme 1c) for 1-TiO2 (kPeT [1, naked] = 1/500 fs) is slower
than that for 1-TiO2@micelle (kPeT [1, micelle] = 1/210 fs). On
the other hand, for both the 2-TiO2@micelle and 2-TiO2 sys-
tems, the corresponding kPeT rates are faster than the time resolu-
tion of our pump-probe instrument, so no comparison can be
made in this case. Regarding the kinetics of recombination of the
dye•+-TiO2(e

�) state (kBeT, Scheme 1c), kBeT (1, naked) = 1/
2.5 ms is slower than kBeT (1, micelle) ~1/1.5 ms and kBeT (2,
naked) = 1/3.7 ls is faster than kBeT (2, micelle) ~1/30 ms.

The measured PeT rate constants can be discussed in terms of
Eq. (2) (12,47–51), where q (E) is the effective density of states
at the energy E relative to the conduction band edge (ECB), f(E)
represents the Fermi distribution function, �HðEÞ is the average
electronic coupling between the dye excited state and all k states
in the semiconductor, k is the total reorganization energy, and
DG0 = ECB � E(D+/D*). To a first approximation �HðEÞ and k
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.

kPeT ¼ 2p
�h

Z 1

�1
qðEÞð1� f ðEÞÞ HðEÞj j2ð4pkkBTÞ�1=2e�

ðkþDG0þEÞ2
4kkBT dE

ð2Þ

As was discussed before, the ECB (naked) is more negative
than ECB (micelle), thus |DG0(naked)| < |DG0(micelle)| and
kPeT(naked) < kPeT(micelle) (assuming PeT in the normal Marcus
region [52]), which is consistent with the experimental results.

Since models for kBeT involve charge trapping and transport
effects which are not well defined in our NPs no detailed analy-
sis is presented for this case.

CONCLUSIONS
The main objective of this work was to study the sensitization
effect of perylene dyes in surfactant-free TiO2 NPs with small
average size and relatively narrow size distribution in THF. In
principle, these particles present the opportunity to construct
simple dye-TiO2 systems, as compared to the previously
reported dye-TiO2@micelle assemblies, to investigate PeT pro-
cesses. The added surfactant layer in the later systems presum-
ably affects the dye-TiO2 PeT processes due to the highly
directional electric field produced by the surfactant polar groups
and corresponding counterions. Thus, in this sense the dye-
TiO2@micelle systems are complex ones characterized by a lar-
ger number of variables as compared to the dye-TiO2 systems
used in this study. However, problems related to dye aggrega-
tion in THF and the potential formation of dye-NP aggregates in
which two NPs can be linked by bridging perylenes (due to its
ability to function as bifunctional anchors) created unanticipated
complications in the formation of the dye-TiO2 systems studied
herein. In the case of bridging, the micelle structure provides an
organizing scaffold that prevents the formation of NPs aggre-
gates. The results of this study highlight the importance of sev-
eral factors including solubility, the presence of multiple

Figure 4. (a) Decay associated spectra of 2-TiO2 nano-assemblies in
THF solution measured by pump-probe (fs to ns range). Data were
acquired with pump laser excitation at kex = 650 nm. (b) Same as (a)
measured by flash-photolysis (ns to ls range). kex = 640 nm. (c) Kinetic
traces (data points) and fits (smooth line) at selected wavelengths corre-
sponding to the data shown in (a).
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anchoring groups and steric hindrance of bay groups that affect
binding geometries that must be considered in the design of
perylene derivative dyes as PeT sensitizers for inorganic semi-
conductor NPs.
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