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bstract

We have investigated the mechanism of squarylium cyanine (SQC) and Ru(dcbpy)2(NCS)2 (N3) co-sensitization of colloidal TiO2 by means
f time-resolved spectroscopies. Picosecond time-resolved fluorescence measurements combined with solvent–effect tests revealed a planar and
twisted conformer of the lowest singlet-excited state SQC (1SQC*). Quenching of 1SQC* fluorescence by adsorption on TiO2 and further by

o-adsorption with N3 was observed, which are ascribed to the 1SQC*-to-TiO2 and 1SQC*-to-N3•+ electron transfer (ET) reactions based on
emtosecond time-resolved absorption results. The planar and the twisted 1SQC* conformers are able to inject electrons into the conduction band
f TiO2 with the rates of 1/2.76 ns−1 and 1/0.30 ns−1, and to reduce N3•+ with the rates of 1/2.56 ns−1 and 1/0.28 ns−1, respectively. The latter pair

− •+
f rates are significantly larger than those of the TiO2(e )-to-N3 back electron transfer (BET) reactions. In addition, ground state SQC is also
ound to be able to efficiently reduce N3•+ with a rate constant of 1/0.32 ns−1. These results imply that minor amount of SQC as a co-adsorbate
an effectively intercept the TiO2(e−)-to-N3•+ BET, a mechanism which accounts for the improvement of light-to-electricity conversion efficiency
f dye-sensitized solar cells through N3 and SQC co-sensitization (D. Zhang et al., J. Photochem. Photobiol. A: Chem. 135 (2000) 235).

2006 Elsevier B.V. All rights reserved.
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. Introduction

The dye-sensitized nanocrystalline semiconductor solar cell
DSSC) developed by Grätzel and co-workers has been attract-
ng extensive research interests owing to its high light-to-
lectrical energy conversion efficiency [1–4]. Practically, the
SSC device, which utilizes the porous nanocrystalline TiO2
lm sensitized by transition metal complex Ru(dcbpy)2(NCS)2
dcbpy = 4,4′-dicarboxy-2,2′-bipyridine] (N3) as the working
lectrode, achieves a conversion efficiency as high as ∼10%
4,5].

Time-resolved spectroscopies have been widely used in char-

cterizing the dye–TiO2 interfacial carrier dynamics, and have
stablished that N3 injects electrons from its electronically
xcited states into the conduction band of TiO2 nanocrystals with

∗ Corresponding authors. Tel.: +86 10 82616163; fax: +86 10 82616163.
E-mail address: jpzhang@mail.iccas.ac.cn (J.-P. Zhang).
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quantum efficiency close to unity [6]. These forward electron
ransfer (ET) reactions proceed on a few tens of femtoseconds
nd a few picoseconds, respectively, from the singlet and triplet
etal-to-ligand charge transfer states 1MLCT* and 3MLCT*

7–11], whereas the back electron transfer (BET) from the con-
uction band TiO2(e−) to the one-electron oxidized N3 (N3•+)
s much slower, i.e. on the timescales of submicroseconds to

illiseconds [2,6,8]. It is generally accepted that an excellent
lectric contact between the �*-electron orbital of bipyridine
igand and the vacant 3d0 orbital of Ti4+, bridged by the carboxyl
roup, provides the structural basis for the extremely efficient ET
eactions, and that the unique redox property of N3/N3•+ ensures
n extremely large forward-to-backward ET ratio [12,13]. In
ddition to the above kinetic advantages of the TiO2–N3 sys-
em, the light harvester N3 exhibits broad optical absorption in

he entire visible spectral range with a weaker extension into the
ear-infrared region.

Despite the high light-to-electrical energy conversion effi-
iency, the action spectrum of N3-sensitized DSSC does not

mailto:jpzhang@mail.iccas.ac.cn
dx.doi.org/10.1016/j.jphotochem.2006.03.007
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For time-resolved fluorescence experiments, the excitation
laser pulses at 590 nm were provided by an optical paramet-
ric amplifier (OPA-800CF, Spectra Physics) which was pumped
P. Zuo et al. / Journal of Photochemistry and

ully match the solar spectrum, and the efficiency of light har-
esting is limited by the poor molar extinction coefficient of N3
14,200 M−1 cm−1 at 534 nm for maximum [6]). To improve
he efficiency, seeking for new organic dye sensitizers is impor-
ant. Numerous pigments such as cresyl violet [14,15], eosin-Y
16], rhodamine-6G [17], coumarin [18,19], porphyrin deriva-
ives [20], carotenoid acids [21–23], phthalocyanines [24,25],
anthene [26,27] and squaraine [28,29], etc. are capable of ultra-
ast electron injection at the dye–semiconductor interface. Other
irections for improving the light-to-electrical energy conver-
ion efficiency by blocking the BET [30,31], by suppressing
he density of electron-trap state at the surface of nanocrys-
alline semiconductor particles [9], and by controlling the degree
f aggregation of adsorbed dye molecules with co-adsorbate
olecules (spacers) [32–34], etc. were also reported.
Squarylium derivatives in solid forms had been considered as

deal photoconductors in building photovoltaic solar cells owing
o their large extinction coefficient and broad absorption spectral
ange [35]. They had also been shown to be good sensitizers of
olloidal TiO2, e.g., Kamat et al. demonstrated that a squaraine
s able to inject electron from its lowest singlet-excited state
S1) into the conduction band of TiO2 with a time constant of
20 ps [28]. This forward ET reaction can be highly efficient

ecause of the nanosecond lifetime of the S1 state, the perfor-
ance of charge separation, however, suffers from the BET in a

ubnanosecond timescale.
Ehret et al. reported a multi-pigment sensitized DSSC, for

hich a number of co-adsorbed cyanine dyes with high extinc-
ion coefficients and broad range of optical absorption were
sed [24]. Recently, Wang et al. have demonstrated the chloro-
hyll derivative and carotenoid co-sensitized DSSC [36]. Pre-
iously, some of the present authors showed that the light-to-
lectrical energy conversion efficiency of N3-sensitized DSSC
ould be improved by the co-adsorption with a squarylium cya-
ine dye in minor amount (molar ratio 1–5%), and more than
0% improvement was achieved not only in the squarylium
yanine absorption range (550–650 nm) but also in its non-
bsorption range (400–540 nm) [37]. The above are among few
xamples that utilize the multi-pigment strategy to build prac-
ical DSSC devices, and they all show significant improvement
f the light-to-electrical energy conversion efficiency. In these
tudies, the extension of action spectrum and the optimization
f redox properties among pigments have been considered as
he reasons for improving the performance of DSSC [24,37].
owever, a detailed mechanistic study on the charge and/or exci-

ation energy transfer reactions involving in the co-sensitization
till remains absent. Most recently, a time-resolved spectro-
copic investigation on the chlorophyll derivative-carotenoid
o-sensitization of nanocrystalline TiO2 showed that carotenoid
an be used as a spacer molecule to effectively reduce the radi-
al cation of chlorophyll derivative [38]. In the present work,
e have attempted to investigate the mechanism of N3 and

quarylium cyanine co-sensatization of TiO2 by means of time-

esolved spectroscopies. It is shown that squarylium cyanine as
co-adsorbate functions as a sensitizer by injecting electrons

nto the conduction band of TiO2 and, more importantly, as a
iO2-to-N3 BET blocker by reducing the one-electron oxida-
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ion product N3•+. Both the lowest singlet-excited state and the
round state of the squarylium cyanine play important roles in
mproving the conversion efficiency.

. Materials and methods

.1. Sample preparation

N3 was synthesized using a previously established pro-
edure [6]. The synthesis of 1,3-bis(N-3-sulphopropyl-3,3-
imethyl-2-methylene indolenine)squarylium cyanine pyridyl
alt (Scheme 1; abbreviated as SQC) and its characterization are
iven in detail in ref. [39]. The extinction coefficient of SQC in
thanol was determined to be ε632 nm = 2.04× 105 M−1 cm−1.
he colloidal TiO2 particles were prepared by hydrolysis of

etrabutyl titanate in ethanol, and the average size of TiO2 parti-
les was about 5 nm in diameter as determined by transmission
lectron microscopy morphology. The stable and transparent
iO2 colloid at a concentration of 0.05 M, without any stabi-

izer added, was diluted to desired concentration using absolute
thanol (pH ∼3) immediately before spectroscopic measure-
ents.
In time-resolved spectroscopic measurements, a number

f preparations with different N3-to-SQC relative concentra-
ions were used. For time-resolved fluorescence spectroscopy,
he concentration of SQC was fixed at 1.6× 10−6 M, while
hat of N3 was adjusted to the N3-to-SQC molar ratios of
:1 and 50:1. For femtosecond time-resolved absorption spec-
roscopy, the concentration of N3 and SQC were 2.0× 10−4 and
.0× 10−5 M, respectively. For both fluorescence and absorp-
ion measurements, TiO2 was kept at 0.01 M in ethanol. By the
se of Kamat’s method [40] and based on our data of fluores-
ence quench, the apparent SQC–TiO2 association constant was
etermined to be 1320 M−1, and the degree of association to be
93%.
In our previous work for the construction of practical

ell devices, we used a much higher concentration of SQC
0.5× 10−3 M) and observed the adsorption-induced formation
f H-aggregation [37]. In the present work, we have intended to
void the aggregation of SQC both free in ethanol and adsorbed
n TiO2 particle with the above diluted solution.

.2. Time-resolved spectroscopies
cheme 1. Schematic structure of 1,3-bis(N-3-sulphopropyl-3,3-dimethyl-2-
ethylene indolenine)squarylium cyanine pyridyl salt (SQC).
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Fig. 2. Normalized fluorescence kinetics for SQC and N3 free in ethanol (a) and
mixed with colloidal TiO2 (b). In both panels, curves for SQC are shown in solid
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y the output (800 nm, ∼130 fs, 0.7 mJ, 1 kHz) from a regen-
rative amplifier (Spitfire, Spectra Physics). Fluorescence was
ollected and sent to a polychromator (C5094, Hamamatsu Pho-
onics) before arriving at the photocathode of a streak camera
C2909, Hamamatsu Photonics). Time-resolved fluorescence
pectra were recorded with a temporal resolution of∼30 ps and
spectral resolution of 1 nm. The excitation pulse energy was

.1 �J/pulse.
For time-resolved absorption measurements, the pulsed laser

ource was the same as that described above. The setup
as based on a magic-angle pump-probe scheme in which

upercontinuum probe and multichannel detection were used
41]. The time resolution of the femtosecond spectrometer
as about 150 fs (full-width-at-half-maximum of the instru-
ental response function). The excitation pulsed energy was

.2 �J/pulse at 532 nm as measured at the flow-type sample cell
optical path length 1 mm). All the spectroscopic measurements
ere carried out at room temperature (298 K).

. Results

.1. Steady state spectroscopies

In the absence of N3, SQC/TiO2 exhibits an absorption
aximum at 638 nm which shifted to red for ∼6 nm with

espect to that of free SQC (Fig. 1, inset). This significant
mount of spectral shift implies the formation of SQC–TiO2
omplex via chemical adsorption. Fig. 1 shows the absorption
pectrum of N3/SQC/TiO2 with a N3-to-SQC molar ratio of
0:1. Here again, the absorption maximum of SQC (638 nm)
xhibits a 6-nm red-shift with reference to free SQC, i.e. the

o-adsorption with N3 did not cause any further change of
he SQC absorption. On the other hand, no N3-to-SQC sin-
let excitation energy transfer (EET) can be recognized from
he fluorescence excitation profile, which is understandable in

ig. 1. Steady state absorption spectrum of N3/SQC/TiO2 in ethanol (thicker
olid line) recorded on a UV–vis spectrometer (U-3310, Hitachi), fluorescence
mission spectrum (thinner solid line; λexc = 590 nm) and fluorescence excitation
pectrum (broken line; λobs = 700 nm) recorded on a fluorescence spectropho-
ometer (F-2500, Hitachi). Inset: Absorption band peaks for SQC in ethanol
solid line) and with TiO2 (broken line) (N3: 4.9× 10−5 M, SQC: 1.0× 10−6 M,
iO2: 0.01 M).
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ines, N3/SQC (50/1) in dotted lines, and N3/SQC (5/1) in broken lines. In (b)
he fitting curve for SQC free in ethanol is shown in light gray for comparison
λexc = 590 nm; λpr = 640 nm).

iew of the extremely short-lived 1MLCT* state of N3 (<100 fs)
7].

.2. Time-resolved fluorescence spectroscopy

.2.1. Identification of two conformers of 1SQC*
When free in ethanol, the fluorescence kinetics of SQC and

hose of N3/SQC mixtures are almost identical (Fig. 2a), indicat-
ng that N3 did not affect the population of the emissive lowest
inglet-excited state of SQC (hereafter referred to as 1SQC* or
1). For free SQC in ethanol (Fig. 3a), the fluorescence kinetics
urves at 20 representative wavelengths were simultaneously fit
o a bi-exponential function. The analyses yielded a longer (τ1)
nd a shorter (τ2) decay time constant as listed in Table 1, corre-
ponding to the decay associated fluorescence spectra (DAFS)
f component-1 and component-2, respectively.

It is seen in the top panel of Fig. 3a that the summation of
AFS spectra of component-1 and component-2 agrees well
ith the steady state fluorescence spectrum, indicating that

hese two components contribute predominantly to the over-
ll fluorescence. The two DAFS components exhibit a similar
ull-width-at-half-maximum (∼25 nm), however, component-
’s peak wavelength (642 nm) is 4 nm longer than component-2’s
638 nm). In addition, the kinetics behavior at the shoulder band
700 nm) and the main band (640 nm) are identical as justified
y a close comparison between their kinetics traces, suggesting
hat these two bands originate from the same electronic state.

A solvent–effect test was made to identify the origins of the
wo fluorescence components. In Table 1, it is clear that on
oing from ethanol to ethylene glycol, the relative amplitude of
omponent-2 decreases and eventually vanishes. This system-
tic change in kinetics tightly correlates to the increase of solvent
iscosity and, therefore, strongly suggests the formation of a
wisted 1SQC* conformer following the Franck–Condon (FC)
xcitation. Specifically, component-2 having a shorter maximal

avelength originated from the twisted 1SQC* conformer, while

omponent-1 from the planar FC-excited conformer. Bis[4-
dimethylamino)phenyl]squaraine, as a structural analogue of
QC, was also reported to form twisted conformers after FC-
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Fig. 3. Results of simultaneously fitting 20 representative kinetics traces: (a) SQC, (b) SQC/TiO2 and (c) N3/SQC/TiO2 (50/1) in ethanol. For each column, top
panel shows the steady state fluorescence spectrum (solid line), and the summation of DAFS spectra of component-1 and component-2 (open diamond); middle
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anel shows the integrated spectrum in the delay time range of 2.45–2.75 ns (s
difference spectrum obtained by subtracting the integrated spectra between d
AFS spectra of component-2 (open square) (λexc = 590 nm; DAFS: decay asso

xcitation based on spectroscopic evidence [42]. In addition,
he planar and the twisted conformations of the excited-state
quaric acid derivatives had been proven, both experimentally
nd theoretically, to be important relaxation pathways [43].

recent theoretical work also showed that the planar form
f a model squaraine is energetically stable in its S0 state,
nd rapid geometrical change takes place along the potential
nergy surface of the S1 state following the vertical excitation
29].

.2.2. Quench of 1SQC* fluorescence upon adsorption on
iO2 and co-adsorption with N3

As shown in Fig. 2b and Table 1, upon adsorbing on colloidal

iO2 particles the fluorescence lifetimes of 1SQC* decrease
rastically with reference to free SQC, i.e. from 1.67 ns to 1.04 ns
nd from 0.72 ns to 0.21 ns, respectively, for the planar and the
wisted conformers. This is in accordance with the significant

f
T
i
(

able 1
ecay time constants (τi) obtained by simultaneously fitting 20 kinetics curves at sel

olvent (η (mN s/m2))b Dyes

thylene glycol (13.35) SQC
,2-Propanediol (11.3) SQC
imethyl suphoxide (2.47) SQC

thanol (1.074) SQC
SQC/TiO2

N3/SQC/TiO2 (5/1)
N3/SQC/TiO2 (50/1)

he N3-to-SQC molar ratios and the relative amplitudes in percentage are given in pa
a The model function a0 + a1× exp(−t/τ1) + a2× exp(−t/τ2) was used.
b Viscosity η at 25 ◦C taken from ref. [54].
ne), and the DAFS spectra of component-1 (open circle); bottom panel shows
times of 2.45–2.75 ns from that between 0.0 ns and 0.5 ns (solid line), and the

fluorescence spectrum).

eduction of the overall fluorescence quantum yield, i.e. from
.64 to 0.26, as measured by steady state fluorescence spec-
roscopy. The quench of 1SQC* fluorescence is going to be
ttributed to the 1SQC*-to-TiO2 ET reaction. Compared to SQC
ree in ethanol, the adsorption on TiO2 considerably increased
he composition of component-1, i.e. from 48% to 70%, sug-
esting the restriction by SQC–TiO2 interaction on the torsion
reedom around the C–C bonds between the central C4-unit and
he sulphonate anion groups (Scheme 1).

Compared to SQC/TiO2, the co-adsorption of the major sen-
itizer N3 in N3/SQC/TiO2 did not alter the DAFS spectra as
een by comparing Fig. 3b and c, but significantly shortened
he 1SQC* fluorescence lifetimes, i.e. from 1.04 ns to 0.74 ns

or component-1 and 0.21–0.12 ns for component-2 (Fig. 2b;
able 1). In the absence of TiO2, to the contrary, simply mix-

ng N3 and SQC did not alter the SQC fluorescence lifetimes
Fig. 2a). These results imply that the co-adsorption on TiO2

ected wavelengths from the time-resolved fluorescence spectraa

Component-1 (τ1 (ns)) Component-2 (τ2 (ns))

1.36 (100) ––
2.08 (92) 1.01 (8)
0.84 (86) 0.30 (14)

1.67 (48) 0.72 (52)
1.04 (70) 0.21 (30)
0.85 (70) 0.17 (30)
0.74 (73) 0.12 (27)

rentheses.
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Fig. 4. Subpicosesond time-resolved absorption spectra for (a) SQC, (b)
SQC/TiO2 and (c) N3/SQC/TiO2 at the delay times of 0.5 ps (thinner solid
line), 2.0 ps (broken line) and 15.0 ps (dotted line). In each panel, a thicker
solid line stands for the 15-ps-minus-0.5-ps spectrum, arrows indicate the direc-
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ion of intensity evolution. Inset: Each panel shows the kinetics of the dynamic
tokes shift (DSS) of the negative band around 636 nm (N3: 2.0× 10−4 M, SQC:
.0× 10−5 M, TiO2: 0.01 M; λexc = 532 nm).

rings N3 to the close proximity of SQC molecules which results
n further quench of 1SQC* fluorescence.

.3. Time-resolved absorption spectroscopy

Femtosecond time-resolved absorption measurements were
arried out to study the mechanism of SQC and N3 co-
ensitization of TiO2. Fig. 4 shows the transient spectra at the
elay time of 0.5 ps, 2.0 ps and 15.0 ps together with the spec-
ra obtained by subtracting the 0.5-ps transient from the 15-ps
ne (thicker solid curves in each panel). The difference spectra
tress the spectral features of photo-induced transient species in
hich the effect of bleaching of ground state absorption (BLC)

s removed.
The excited-state dynamics of N3–TiO2 in femtosecond-

o-picosecond timescales had been extensively studied (see,

.g. [7,8,44]), and the squaraine–TiO2 system was also previ-
usly examined with picosecond time-resolved absorption spec-
roscopy [28]. The present work emphasizes on the interplay
etween N3 and SQC as the co-adsorbates of TiO2, and focuses

i
n
f
d
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n the excited-state dynamics of 1SQC* with a much higher
ime resolution.

.3.1. Assignments to the transient spectra
For SQC free in ethanol (Fig. 4a), the negative band around

40 nm exhibits apparent dynamic Stokes shift (DSS), this band
riginate from the S1→S0 stimulated emission (SE) superim-
osing on the negative BLC at ∼632 nm. The total amount of
SS is �λDSS∼ 4.5 nm which roughly coincides with the wave-

ength deference between the planar and the twisted 1SQC*
4 nm). The inset of Fig. 4a shows the time-evolution of the peak
avelength from which a time constant of spectral equilibration
as determined as τDSS∼ 2.38 ps. This DSS was mainly caused
y conformational relaxation of 1SQC*, whereas the contribu-
ion from solvation is negligible because of the small change in
ipole moment between the S0 and the S1 states and the rather
eak photo-induced CT character confined primarily in the cen-

ral C4O2 unit [45,46]. In parallel with DSS, the Sn←S1 excited
tate absorption (ESA) in the range of 460–560 nm increases and
hows slight spectral narrowing, which is a clear indication of
he vibrational relaxation in the S1 state [47].

For SQC/TiO2 (Fig. 4b), the major negative band also shows
SS but with a smaller �λDSS (∼2 nm) and a much shorter time

onstant of spectral equilibration (τDSS∼ 0.38 ps) with respect
o free SQC. In the 15-ps-minus-0.5-ps spectrum, a sizable ESA
ppears in the region of 560–640 nm that is not seen in the case of
ree SQC. This new ESA signal is ascribed to SQC•+ because
t closely resembles the characteristic absorption spectrum of
QC•+ reported by Kamat et al. [28]. The presence of SQC•+
learly indicates a fast 1SQC*-to-TiO2 ET reaction, however,
his does not mean a ET time constant of 15 ps: with reference
o the 15-ps-minus-0.5-ps spectrum, the 2-ps-minus-0.5-ps one
xhibits little SQC•+ signal, whereas the 100-ps-minus-0.5-ps
ne is more than two-fold stronger (data not shown), i.e. the
QC•+ population at 15 ps is still in the process of building up.

In Fig. 4c, SQC/N3/TiO2 shows BLC signals at 590 nm and
40 nm similarly as SQC/TiO2 does. In addition, broad and
ntensive signals appear in the range of 460–560 nm (negative)
nd 680–770 nm (positive), which are assignable to the BLC of
3 and the ESAs of N3* and/or N3•+, respectively [8]. For N3-

o-TiO2 ET reactions on a timescale longer than 0.5 ps which is
he case here, 3MLCT* is the predominant donor state because
MLCT* deactivates within a few tens of femtoseconds [7].

.3.2. Analyses of the kinetics traces at selected
avelengths

In Fig. 4b for the case of SQC/TiO2, both the 590-nm and the
40-nm BLC bands decrease due to the cancellation effect from
he positive-going SQC•+ absorption, therefore, the kinetics at
90 nm and 640 nm can be used to probe the dynamics of SQC•+.
n addition, the kinetics at 530 nm can be used to probe 1SQC*.
s for the case of N3/SQC/TiO2 (Fig. 4c), the 750-nm trace
s used to probe the transient species 3N3* and/or N3•+. The
egative signals in 460–540 nm increase slightly in the initial
ew picoseconds, according to ref. [8], this rise is due to the
ecay of the positive ESA from the radical anions of the dcbpy
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Fig. 5. Experimental kinetics traces (open circles) and fitting curves (solid lines)
at the indicated wavelengths for (a) SQC, (b) SQC/TiO2 and (c) N3/SQC/TiO2.
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Table 2
Time constants (τi) and amplitudes at selected probe wavelengths (λpr) derived
from curve fitting to the subpicosecond kinetics in Fig. 5

Sample λpr (nm) Group-1 Group-2

τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ns)

SQC τ2 = 3.79 τ3 = 51.90 τ4 = 0.90
530 −0.018 (r) 0.029
640 0.060 (r) 0.016 (r) −0.120

SQC/TiO2 τ1 = 0.54 τ2 = 2.87 τ3 = 89.72 τ4 = 1.07
530 −0.003 (r) 0.008 0.006
590 −0.004 −0.007 −0.003
640 −0.007 0.005 (r) −0.025 −0.035

N3/SQC/TiO2
a τ1 = 0.61 τ2 = 14.25 τ3 = 316.97 τ4 = 1.98

540 0.003 (r) −0.002 −0.044
640 −0.010 −0.006 0.014 (r) −0.035
750 −0.006 (r) 0.002 0.025
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inetics traces taken from the corresponding time-resolved absorption spectra
n Fig. 4. For fitting parameters see Table 2.

igands. To trace the BET dynamics associated with the N3•+
eduction, we focus on the 540-nm BLC kinetics. The kinetics
races at selected probing wavelengths are presented in Fig. 5.

We simultaneously fit the kinetics curves to a multi-
xponential model function for each case in Fig. 5, the results
re listed in Table 2. The exponential components can be cate-
orized into group-1 and group-2 according to their timescales.
lthough the kinetics of free SQC may obey exponential behav-

or, those of the other two cases do not necessarily so because
f the heterogeneity of the binding forms of N3 and SQC, and
ecause of the superposition of ESA and BLC signals. This
ircumstance results in considerable deviation of the time con-
tants from those obtained by time-resolved fluorescence spec-
roscopy.

. Discussion
The time-resolved spectroscopic results clearly show (i) the
uench of 1SQC* fluorescence upon adsorption on TiO2 and
urther co-adsorption with N3 and, (ii) the formation of SQC•+
n picosecond timescales following femtosecond pulsed exci-

t
t
t
(

or each sample, kinetics traces are simultaneously fit to a summation of expo-
entials. “r” in parentheses denotes a rise component.
a N3-to-SQC molar ratio, 50:1.

ation. Hereafter, we examine the mechanism of N3 and SQC
o-sensitization of TiO2 on the basis of the above kinetics data.

.1. The role of 1SQC* in co-sensitization

For free SQC (Fig. 5a; Table 2), the longest time constant,
4 = 0.90 ns, is not too far from an average of the amplitude-
eighted lifetimes of the two fluorescent components in Table 1

1.17 ns). The rise component τ3 (51.9 ps) with 20% amplitude
een only in the 640-nm trace is possibly originated from the
ibrational relaxation process in the ground state of SQC. Upon
inding to TiO2 (Fig. 5b; Table 2), a decay phase with τ3∼ 90 ps
s clearly seen in the kinetics trace at 530 nm for 1SQC*, the same
ecay phase found also in the 640-nm and the 590-nm traces can
e ascribed to the cancellation effect from the positive-going
ise of the SQC•+ absorption. We therefore attribute this 90-ps
hase to the 1SQC*-to-TiO2 ET reaction, which is responsible
or the quench of 1SQC* fluorescence. The longest time con-
tant, τ4 = 1.07 ns, is very close to the fluorescence lifetime of
omponent-1 (Table 1, 1.04 ns).

By the use of the fluorescence lifetimes in Table 1 for SQC
ree in ethanol and bound to TiO2, the time constants (efficiency)
f 1SQC*-to-TiO2 ET reaction for the planar and the twisted
onformers are estimated to be 2.76 ns (38%) and 0.30 ns (70%),
espectively. The relatively higher ET efficiency from the twisted
SQC* is in consistence with the fact that the corresponding
AFS of component-2 underwent a 4-nm bathochromic shift
pon binding to TiO2, whereas component-1 did not (Fig. 3a
nd b), and accordingly, the twisted conformer of 1SQC* must
nteract stronger with TiO2 than the planar conformer does (vide
nfra). The apparent difference between the ET time constants
etermined by transient absorption and by time-resolved flu-
rescence spectroscopies is due to the severe superposition of

ransient absorption and the complication from the kinetics men-
ioned before. We take the ET time constants determined by
ransient absorption (90 ps) and by time-resolved fluorescence
300 ps) as the lower and upper limits, respectively.
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The 1SQC*-to-TiO2 ET reaction holds both structural and
hermodynamical basis: the sulphonate anion groups in SQC can
helate to Ti4+sites at the surface of nanocrystalline TiO2, which
s similar as the phosphonate group in a perylene-derivative chro-

ophore [48]. In addition, the electron-rich C4O2 unit of SQC in
round state forms weak van der Waals interaction with the tita-
ium center on the TiO2 nanoparticle (leading to the SQC–TiO2
omplex), which can be significantly enhanced upon electronic
xcitation [29]. Energetically, the oxidation potential of 1SQC*
−1.39 V versus SCE), as obtained based on the oxidation poten-
ial of SQC (0.56 V versus SCE) and the spectroscopic data, is
ell above the bottom of the conduction band of TiO2 (−0.5 V
ersus SCE).

Compared to SQC/TiO2, the co-adsorption of N3 resulted
n a significant prolongation of the BLC kinetics at 640 nm
s clearly seen in Fig. 5c and Table 2 for N3/SQC/TiO2. This
trongly suggests that it was the ET from 1SQC* to N3•+ rather
han the EET from 1SQC* to N3 led to the additional quench
f 1SQC*, because the deactivation of 1SQC* via EET would
therwise accelerate the recovery of the 640-nm BLC. There-
ore, 1SQC*-to-N3•+ ET, in addition to 1SQC*-to-TiO2 ET, is
lso responsible for the observed fluorescence quench of 1SQC*
Fig. 2b). The time constants of 1SQC*-to-N3•+ ET are 2.76 ns
nd 0.28 ns for the planar and the twisted conformers, respec-
ively, as estimated on the basis of the fluorescence results in
able 1.

.2. The role of ground state SQC in co-sensitization

An important piece of information from the femtosecond
esults of N3/SQC/TiO2 (Fig. 5c; Table 2) is the identification
f a 317-ps rise phase (τ3) in the 640-nm trace, which also
ppears as a decay phase in either the 540-nm or the 750-nm
race. This phase is ascribed to the SQC-to-N3•+ ET reaction
ecause it was neither found for free SQC nor for SQC/TiO2.
ere, the electron donor state of SQC must be its ground state,
ecause ET reactions from 1SQC* would not cause any appar-
nt increase in the 640-nm BLC kinetics. Thus, the ground state
QC also plays a role in reducing N3•+. This reaction is energet-

cally favorable in view of the redox potentials of SQC/SQC•+
0.56 V versus SCE) and N3/N3•+ (0.85 V versus SCE), and
s in accordance with our previous report on the photocurrent
ction spectra of the N3/SQC/TiO2 DSSC, for which significant
nhancement (>10%) of photocurrent response was observed
ven in the spectral range of 400–500 nm where SQC shows
ittle optical absorption [37].

.3. Excited state dynamics in early timescales

We now consider the early-stage spectral dynamics in
igs. 4 and 5 and the corresponding time constants of group-
in Table 2. These time constants can hardly be correlated to

he formation of SQC•+ from 1SQC*, because no decay phases

ith similar timescales are found in the kinetics of 1SQC* at
30 nm. These subpicosecond-to-picosecond timescales mainly
eflect the conformational and vibrational relaxation processes
n 1SQC* as discussed below.

[
p
p
t

obiology A: Chemistry 183 (2006) 138–145

From free SQC to SQC/TiO2 and further to N3/SQC/TiO2
Fig. 4, insets), λDSS and τDSS decrease, respectively, in the
rders of 4.5 nm, 2.0–1.0 nm and 2.38 ps, 0.38–0.13 ps. This
rend of DSS change indicates the acceleration of conforma-
ional relaxation in 1SQC* upon binding to TiO2 and further
pon co-adsorption with N3, both of which restrict the confor-
ational freedoms of 1SQC*. In the case of free SQC (Fig. 5a;
able 2), the rise phase (τ2 = 3.79 ps) in both 530-nm and 640-
m traces is attributed to the vibrational relaxation in 1SQC*.
pon binding to TiO2 (Fig. 5b; Table 2) the relaxation pro-

esses became slightly faster, i.e. shortened to 2.87 ps. In addi-
ion, the decay time constant τ1 = 0.54 ps, found only in the
40-nm kinetics and close to that of the conformational relax-
tion (τDSS = 0.38 ps), reflects an apparent decay caused by the
SS of the BLC band. Finally, global kinetics analyses on
3/SQC/TiO2 (Fig. 5c; Table 2) have identified a rise phase

τ2 = 14.25 ps) in the 540-nm and 750-nm traces, which can
e ascribed to the 3MLCT*-to-TiO2 ET reactions whose typ-
cal timescales are 1–60 ps [8]. Here, we concluded that the
forementioned 1SQC*-to-TiO2 or 1SQC*-to-N3•+ ET reac-
ions proceed from both conformationally and vibrationally
elaxed 1SQC* molecules.

. Conclusion

We have investigated the mechanism of N3 and SQC co-
ensitization of colloidal TiO2 by the use of time-resolved spec-
roscopies. Following the subpicosecond-to-picosecond confor-

ational and vibrational relaxation, 1SQC* injects electron into
he conduction band of TiO2 in the timescale of 90–300 ps.
ince this ET reaction is much slower compared to the N3-to-
iO2 ET reaction, SQC must be a less-efficient photo-sensitizer
f TiO2. However, when it is used as a co-adsorbate of N3,
oth its lowest singlet-excited state and ground state can effec-
ively regenerate N3 from N3•+, these secondary ET reactions
∼300 ps) are significantly faster than the TiO2(e−)-to-N3•+
ET reaction (�s–ms), therefore, allowing SQC to be an effi-
ient BET interceptor. The timescale of the SQC-to-N3•+ ET
eactions (∼317 ps) is also of practical significance compared to
he timescale of N3•+ reduction by I−/I3

− electrolyte (∼10 ns
2,49] or∼�s [36]). Practically, only an adequate minor amount
f SQC can enhance the light-to-electricity conversion efficiency
f the N3/SQC/TiO2 DSSC because of the above kinetics reason
nd the rather narrow absorption range of SQC (550–650 nm).

The above co-sensitization mechanism readily accounts
or our previous observation that SQC as a minor co-
dsorbate considerably enhanced the photocurrent response of
he N3/SQC/TiO2 DSSC, i.e. more than 10% improvement in
he conversion efficiency was achieved not only in the spec-
ral region where SQC strongly absorbs light, but also in
he region where it shows little absorption [36]. The recent
rogress in cyanine–cyanine [24,50], chlorophyll–carotenoid
36], cyanine–squaraine [51,52] and pigment–protein complex

53] co-sensitization points to a new direction for improving the
erformance of dye-sensitized solar cell. To construct a multi-
igment co-sensitized DSSC is in a sense to mimic a photosyn-
hetic organism in which the pigment assembly is arranged in
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n organized manner to best realize the physiological functions
uch as charge transfer, light harvesting and photoprotection.
or the multi-pigment co-sensitization of TiO2, a number of
rganic dyes with tailored excited state dynamics and redox
roperties can be attached or even assembled onto the surface of
anocrystalline TiO2, which may allow, beside the sensitization
f semiconductor, more functionalities for the improvement of
he efficiency as well as the durability of DSSC devices. Obvi-
usly, the understanding in the mechanism of co-sensitization is
f particular importance for this purpose.
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[7] G. Benkö, J. Kallioinen, J.E.I. Korppi-Tommola, A.P. Yartsev, V. Sund-
ström, J. Am. Chem. Soc. 124 (2002) 489–493.
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