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bstract

Steady-state, FT-IR and time-resolved spectroscopic measurements were carried out on the two novel synthesized �-conjugated rigid naph-
hothiophene compounds, 7-methoxynaphtho[1,2-b]thiophene (7MNT) and 7-methoxynaphtho[1,2-b]thiophene-2-carboxylic acid (7MTCA) in
hloroform (CHCl3) medium as well as in presence of TiO2 nanoparticles. 7MTCA multichromophoric system contains both electron donor
–OCH3) and acceptor functionalities (–COOH) at the two different ends of the rigid naphthothiophene moiety whereas in 7MNT only the electron
onor functional group, –OCH3, is present. Thus 7MNT looks like the donor part of 7MTCA where –COOH group overlaps, due to its free
otation, with the electron rich site 7MNT part. The experimental findings observed from steady-state absorption, fluorescence and time-resolved
pectroscopic (fluorescence lifetime and transient absorption) measurements demonstrate that the survival duration of charge-separated species
ormed within 7MTCA due to intramolecular photoinduced electron-transfer (PET) reactions between the donor –OCH3 and acceptor –COOH
unctional groups, attached at the two different ends of this compound, could be enhanced by inhibiting the energy wasting charge recombination
rocess through complexation of the carboxylate group (–COOH) with TiO2 nanoparticles. Thus, in the present investigation TiO2 appears not to

ct as an acceptor but its presence helps to survive or protect the charge-separated species formed within 7MTCA. The possibility of designing of
ow-cost artificial (model) solar energy conversion devices by linking the organic donor–acceptor (DA) systems like 7MTCA with TiO2 core is
inted.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In contemporary materials research, organic–inorganic
anocomposites become a highly exciting area [1–6]. This type
f research possesses immense importance not only from the
asic research point of view but it has strong technological rele-
ance, e.g., for constructing light emitting diodes, photovoltaic
ells, future solar cells, etc. [7–15]. The key process involved

n the solar cells is a photoinduced electron-transfer (PET)
etween the organic molecules and the nanocrystalline inorganic
hase to generate the charge carriers [16,17]. Lately to develop
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ystems which act as both light-absorbing dye and a charge trans-
ort materials, attempts are made to combine nanocrystalline
emiconductors like TiO2, CdSe, ZnO, etc., with �-conjugated
rganic or polymer systems [18–20]. Some authors reported the
ET process in heterosupramolecular assemblies of nanostruc-

ured TiO2 or other similar nanocrystalline semiconductors (like
nO, SnO2, etc.) and various donor–acceptor contained organic
olecules including the systems having the carboxylate group,

COOH [7,21–30].
Our primary objective is to investigate the interaction of TiO2

anoparticles in chloroform (CHCl3) solvent with �-conjugated

igid naphthothiophene system, 7-methoxynaphtho[1,2-
]thiophene-2-carboxylic acid (7MTCA), containing both the
onor (–OCH3) and acceptor (–COOH) functionalities at the
wo different ends of the naphthothiophene moiety (Fig. 1).

mailto:tapcla@rediffmail.com
dx.doi.org/10.1016/j.jphotochem.2007.01.012
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Fig. 1. Molecular structures of the compounds 7MNT and 7MTCA.

s –COOH group is known to have a strong binding affinity,
hrough hydrogen bonding or other mechanisms like formation
f bidentate complex, with TiO2 nanosurface, the present
nvestigations were made to see whether such type of binding
n the ground state has some effects on the charge-separated
pecies formed due to photoinduced electron-transfer reactions
etween the donor and acceptor functional groups. Attempts
re also made to examine whether survival duration of the
harge-separated species could be enhanced by retarding the
nergy wasting charge recombination process through binding
echanisms of TiO2 with the acceptor functionality –COOH
hich is generally employed as an anchor to the semiconductor
anosurface [8]. To understand more clearly the photophys-
cal properties of 7MTCA, the similar investigations were
lso made on 7-methoxynaphtho[1,2-b]thiophene (7MNT)
here no –COOH group is present but it contains only the
onor functionality –OCH3. Thus, 7MNT behaves as a donor
art of the other multichromophoric system, 7MTCA. Our
rimary aim of the present investigation is to develop some
anocomposite systems of organic solutes being attached with
iO2 nanoparticles. These simple nanocomposite systems have
n advantage over various triads, tetrads, pentad systems to
roduce charge-separated states having prolonged lifetime. In
onor–acceptor multichromophoric systems, considerable ener-
ies are lost during the multi-step electron-transfer processes in
rtificial long-range charge separation. Thus to design low cost
etero-supramolecular assemblies for solar-energy conversion
evices, avoidances of such energy wasting and high-cost

ulti-step synthesis are absolutely necessary. The results

btained from the steady-state and time-resolved spectroscopic
nvestigations on this simple rigid naphthothiophene system
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MTCA, containing both the donor and acceptor functional-
ties, in presence of TiO2 nanoparticles are described in this
aper.

. Experimental

.1. Materials

The synthesis and characterization of the compounds 7-
ethoxynaphtho[1,2-b]thiophene (7MNT) and 7-methoxy-

aphtho[1,2-b]thiophene-2-carboxylic acid (7MTCA) have
een described elsewhere [31]. Chloroform (CHCl3) (E. Merck,
ermany) of spectroscopic grade was used as received.

.2. Preparation of TiO2 nanoparticles

Nanocrystals of TiO2 were prepared by arrested hydroly-
is of titanium isopropoxide (TIP) in anhydrous chloroform
CHCl3) containing a little amount of 1-propanol and double
istilled water in presence of the stabilizer stearic acid fol-
owing the method described by Janssen and Beek [8a]. In a
ypical synthesis we take a reaction mixture containing 50 ml
HCl3, 1.5 ml 1-propanol, 0.05 ml TIP and 0.044 gm stearic
cid. Another reaction mixture were prepared by mixing 1 ml
-propanol and 8 �l double distilled water which were then
dded with the 1st reaction mixture drop wise with constant
tirring. A clear solution of TiO2 nanoparticles stabilized by
tearic acid were obtained after 24 h. Then TiO2 nanoparticles
ere precipitated by adding acetonitrile to the above solution

eparated by centrifugation and washed with ethanol several
ime and finally vacuum dried at 60 ◦C for 24 h. The UV–vis
pectroscopy can be used to determine the diameter of semicon-
uctor nanoparticle due to its quantum-confined phenomena.
he UV–vis spectrum of nanoparticles in chloroform shows
n absorption onset at about 340 nm. According to the earlier
eports [32,33], an onset at 340 nm implies the average particle
iameter of about 2 nm. Colloidal TiO2 solution was prepared by
issolving the desired amount of TiO2 particles into chloroform
CHCl3). The size of the TiO2 nanoparticles was also estimated
rom high resolution Transmission Electron Micrograph (TEM)
s shown in Fig. 2. The particle diameter varies in the range of
–4 nm. The average diameter of TiO2 nanoparticle is found to
e 4 nm.

.3. Spectroscopic apparatus

At the ambient temperature (296 K), steady-state electronic
bsorption and fluorescence emission spectra of dilute solu-
ions (10−4 to 10−6 mol dm−3) of the samples were recorded
sing a 1 cm path length rectangular quartz cells by means of
n absorption spectrophotometer (Shimadzu UV–vis 2101PC)
nd F-4500 fluorescence spectrophotometer (Hitachi), respec-
ively. FT-IR spectra were recorded by using a FTIR 8400S
ere carried out using the Time Master fluorimeter from Photon
echnology International (PTI). The system measures fluo-
escence lifetimes using PTI’s patented strobe technique and
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state between the donor and acceptor sites of the DA system
7MTCA.

Fig. 4 shows the absorption spectra of 7MTCA in CHCl3 and
the effect of increasing the TiO2 concentration. Every time, the
Fig. 2. TEM picture of TiO2 nanoparticles.

ated detection. The software FeliX32 controls all acquisition
odes and data analysis of the Time Master system. The sam-

le was excited using a thyratron gated Nitrogen flash lamp
width ∼ 2 ns) capable of measuring fluorescence time-resolved
cquisitions at a flash rate of 25 KHz. The quality of fit has
een assessed over the entire decay, including the rising edge,
nd tested with a plot of weighted residuals, the other statistical
arameters, e.g., the reduced χ2 and the Darbin–Watson param-
ters. All the solutions for room temperature measurements
ere deoxygenated by purging with argon gas stream for about
0 min.

.4. Laser flash photolysis

Transient absorption spectra were measured using nanosec-
nd flash photolysis set-up (Applied Photophysics) containing

Nd:YAG laser (DCR-11, Spectra Physics) (laser flu-
nce ∼ 13 mJ cm−2). The samples were excited by 355 nm laser
ight (FWHM = 8 ns). Triplet spectra were monitored through
bsorption light from a pulsed Xe lamp (250 W). The pho-
omultiplier (IP28) output was fed into a combiscope (Fluke
M3394B, 200 MHz) and the data were analyzed using Fluke
iew Combiscope software.

.5. Electrochemical measurements

The redox potentials were measured in acetonitrile solvent
y cyclic voltammetric method using the PAR model VersaStat
I electrochemistry system. Three electrode systems including

g/AgCl as standard were used in the measurements. Tetraethy-

ammonium perchlorate (TEAP) was used as the supporting
lectrolyte. The oxidized species of 7MNT has been prepared
y constant current charger (model DB 300 DB Electronics,
ndia).

F
i
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∼

ig. 3. Steady-state UV–vis absorption spectra of 7MNT (solid
ine) (conc. ∼5 × 10−6 mol dm−3) and 7MTCA (dotted line) (conc.

4.12 × 10−5 mol dm−3) in CHCl3.

. Results and discussion

.1. Steady-state (UV–vis and FT-IR) studies

The steady-state UV–vis absorption spectra of the molecule
MNT (containing only the donor functional group OCH3)
nd the donor–acceptor (DA) system 7MTCA, in chloroform
CHCl3) were measured and shown in Fig. 3. In the DA system,
ot only the absorption maximum of the donor part is shifted,
ut also a new broad band peaking at 340 nm and extending up to
75 nm is observed. The additional band in the DA system pos-
esses the typical features of charge-transfer (CT) transition and
ndicates the presence of appreciable interaction in the ground
ig. 4. UV–vis absorption spectra of 7MTCA (conc. ∼2.3 × 10−5 mol dm−3)
n CHCl3 in the presence of TiO2 nanoparticles: (1) 0 mol dm−3; (2)
.34 × 10−5 mol dm−3; (3) 3.98 × 10−5 mol dm−3; (4) 5.29 × 10−5 mol dm−3.
Inset) UV–vis spectra of the TiO2 colloidal solution (conc.
3.4 × 10−3 mol dm−3) in CHCl3.
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Fig. 5. (a) FT-IR spectra of stearic acid (solid line) and TiO2 coated with stearic
acid (broken line). (b) FT-IR spectra of 7MTCA (broken line) and 7MTCA
binded TiO2 nanoparticles (solid line).
S.K. Pal et al. / Journal of Photochemistry a

ixture of 7MTCA and TiO2 was prepared by adding desired
mount of colloidal solution of TiO2 into the solution of 7MTCA
n CHCl3 and then sonicated for 30 min at 30◦ C. With the addi-
ion of TiO2 nanoparticles, the entire absorption spectra undergo
hyperchromic effect without any noticeable spectral shift. As

he shape of the CT absorption band and its position remain
naltered with addition of TiO2, it is apparent that the pos-
ibility of complex formation of 7MTCA with TiO2 is very
lim. It shows that TiO2 simply modifies the CT absorption
and of 7MTCA without undergoing CT interaction with the
rganic solute. The change of absorption with TiO2 concentra-
ion at a fixed wavelength was analyzed by using the Langmuir
dsorption isotherm [16,17] and an association constant of
a = 5 × 104 M−1 between 7MTCA and TiO2 nanoparticle was
stimated from the well-known Benesi–Hildebrand plot. The
bserved high association constant along with the spectral
hanges indicates a strong interaction between the DA system
nd the TiO2 nanoparticle in the ground state and the formation
f ground surface complexes between the two. The most likely
nteraction model between the 7MTCA and TiO2 particles is that
he COOH/COO− group of 7MTCA molecule coordinates either
irectly or through a hydrogen bond to the TiO2 surface [34,35].
ith 7MNT molecule, which contains only donor group and no

cceptor being present unlike 7MTCA, no such hyperchromic
ffect was found in presence of TiO2 which further confirms
he possibility of complexation of carboxylate group of 7MTCA
ith TiO2 nanoparticles. UV–vis measurements of a synthesized

ompound, 5-nitro-benzo[b]thiophene-2-carboxylic acid which
ontains no –OCH3 donor functionality but only acceptor groups
NO2 and –COOH at both the ends of the rigid benzothiophene
oiety, reveal that no charge-transfer band is apparent unlike

he presently studied molecule 7MTCA where both donor and
cceptor groups are present. Thus, the direct participation of the
onor functionality (–OCH3) in charge-transfer reactions with
he acceptor group –COOH is confirmed. However, as UV–vis
easurement is not enough to investigate the molecular structure

f adsorbed molecules (7MTCA and TiO2), Fourier transform
nfrared (FT-IR) technique was used to gain further information
bout the nature of binding of the DA system 7MTCA with TiO2
urface.

Fig. 5a shows the FT-IR spectra of stearic acid (solid line) and
iO2 coated with stearic acid (broken line). The C–H stretching
ibrations of the alkyl chain of stearic acid are observed in both
he spectra of Fig. 5a between 2849 and 2955 cm−1. The spec-
rum of pure stearic acid shows the C O stretching vibration
t 1703 cm−1. This band is completely converted into the three
ew bands in the spectrum of the stearic acid coated with TiO2
anoparticles. The new bands at 1630, 1530 and 1445 cm−1

riginate from carboxylate binding to the TiO2 surface [8a].
ig. 5b exhibits the FT-IR spectra of 7MTCA (broken line)
nd 7MTCA binded TiO2 nanoparticles (solid line). It is appar-
nt from Fig. 5b that the C O stretching vibration of 7MTCA
esides at 1670 cm−1. This band completely disappears in the

pectrum of 7MTCA binded with TiO2 nanoparticles and con-
erted into the three bands at 1622, 1533 and 1464 cm−1. A
ew side bands also develop in the FT-IR spectra of binded
MTCA with TiO2. These bands were absent in the spectrum of

Fig. 6. Fluorescence emission spectra of 7MNT (conc. ∼5 × 10−6 mol dm−3)
with excitation wavelength ∼305 nm (solid line), 7MTCA (conc.
∼4.12 × 10−5 mol dm−3) with excitation wavelength∼305 nm (dashed
line) and 340 nm (doted line) in CHCl3.
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Table 1
Time-resolved fluorescence data in CHCl3 (fi, fractional contribution) at the
ambient temperature

System λex (nm) λem (nm) τ1 (ns) f1 τ2 (ns) f2 χ2

7MNT 297 370 0.7 1.0 – – 1.01
7MTCA 297 370 0.34 0.61 2.4 0.39 1.03
7MTCA 297 425 0.34 0.26 2.4 0.74 1.07
7MTCA 375 410 0.34 0.47 2.4 0.53 1.04
7MTCA

+ TiO
375 410 0.34 0.46 2.4 0.54 1.03
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observed quenching phenomena of CT band of 7MTCA. The
static nature of quenching mode also supports our presump-
tion on the formation of ground surface complexes between
2

he monoexponential decay: I(λ, t) = A exp(−t/τ). The biexponential decay: I(λ,
) = A1 exp(−t/τ1) + A2 exp(−t/τ2), fi = Aiτi/(

∑
iAiτj).

tearic acid coated with TiO2. From these observations it reveals
hat 7MTCA is attached with the TiO2 surface via carboxylate
inding.

.2. Steady-state and time-resolved fluorescence

The steady-state fluorescence emission spectra of 7MNT and
MTCA in chloroform are reproduced in Fig. 6. On excitation of
MTCA at the isosbestic point [36] it was observed that the flu-
rescence emission band of 7MNT spanning between 340 and
75 nm, was somehow quenched and a new long wavelength
and peaking at 410 nm appeared. On the other hand, a fluo-
escence band of considerable intensity with the same energy
aximum (∼410 nm) was found after excitation at the CT

bsorption band of 7MTCA at 340 nm. It is apparent from this
bservation that the band at 410 nm should be the CT emission
and whose formation is largely facilitated in system containing
onor and acceptor sites [37].

The time-resolved fluorescence data (Table 1) shows that
he fluorescence decay of the donor 7MNT is monoexponential
ith lifetime 0.7 ns, but the fluorescence decay of 7MTCA is
iexponential with lifetimes 0.34 and 2.4 ns. As the monitoring
avelength of 7MTCA changes from shorter wavelength side

370 nm) to longer wavelength side (425 nm) of the emission
and, the fractional contribution of the short lived component
0.34 ns) decreases with the increase of the contribution of
onger lived one (2.4 ns). From these observations it is appar-
nt that the short and longer component should correspond to
he quenched lifetime of the donor and the lifetime of the CT
uorescence, respectively. As at 355 nm TiO2 has no absorption
t 10−5 mol dm−3 concentration, which was used for fluores-
ence lifetime measurements (inset of Fig. 4 is for TiO2 at
10−3 mol dm−3), only 7MTCA gets excited by this wave-

ength and the possibility of formation of valence band holes and
onduction band electron is very slim as TiO2 remains unexcited.

Assuming that the fluorescence quenching totally originates
rom the singlet electron-transfer, the rate constant, kSET and
fficiency, φSET of intramolecular electron-transfer were deter-
ined using Eqs. (1) and (2) [38]:
SET = 1

τ
− 1

τ0
(1)

SET = 1 − τ

τ0
(2)

F
s
s

2.3 × 10−5 mol dm−3) (λex = 355 nm) in CHCl3 in the presence of TiO2

anoparticles: (0) 0; (1) 1.34 × 10−5 mol dm−3; (2) 2.67 × 10−5 mol dm−3; (3)
.29 × 10−5 mol dm−3; (4) 6.59 × 10−5 mol dm−3; (5) 7.87 × 10−5 mol dm−3.

here τ0 and τ are the unquenched and quenched lifetimes
f the donor, respectively. kSET and φSET were obtained to be
1.5 × 109 s−1 and ∼0.51, respectively.
Fig. 7 shows the CT emission spectra of 7MTCA in the pres-

nce of varying amounts of TiO2 nanoparticles. Addition of
olloidal solution of TiO2 to a solution of 7MTCA resulted in
he quenching of CT fluorescence of the DA system 7MTCA.
he quenching of emission spectra of 7MTCA in the presence of
iO2 nanoparticles exhibits upward curvature in Stern–Volmer
SV) plot (Fig. 8). This non-linear behavior of SV plot may be
ue to the domination of static mode in the quenching reaction
echanism [39]. On the other hand, the fluorescence lifetimes of

MTCA in CHCl3 remain unaffected with the addition of TiO2
anoparticles (Table 1). This observation rules out the possi-
ilities of the presence of any dynamic quenching mode in the
ig. 8. Stern–Volmer (SV) plot from steady-state fluorescence emission inten-
ity measurements in the case of 7MTCA in the presence of TiO2 in CHCl3 fluid
olution.
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Fig. 9. Transient absorption spectra of 7MTCA (excitation wavelength
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between the donor (OCH3) and acceptor (–COOH) groups of
the present DA system. As it is apparent from the UV–vis
spectral measurements, the presence of TiO2 nanoparticles lead
to the formation of ground surface complexes between the

Table 2
Changes observed in the values of the parameters φR, τip, kCR and kCST of
7MTCA in presence of TiO2 nanoparticles
355 nm) at the ambient temperature at delay times: (1) 4 �s; (2) 5 �s; (3)
�s; (4) 8 �s; (5) 12 �s, measured in CHCl3. (Inset) Steady-state electronic
bsorption spectra of radical cation of 7MNT in CHCl3.

MTCA and TiO2 nanoparticles as described in the previous
ection.

.3. Transient absorption

The transient absorption spectra of the DA system 7MTCA
n CHCl3, in the absence and also in the presence of TiO2
anoparticles, were measured by direct excitation of ground
tate CT band at 355 nm, using the third harmonic of Nd:YAG
aser system. The spectra are shown in Fig. 9. A transient at
00 nm was found. It is observed from the UV–vis spectral
easurements of the product obtained from the electrochemical

xidation of 7MNT that 7MNT cationic band absorbs at 500 nm.
he oxidized species of 7MNT has been prepared [31] by con-
tant current charger (model DB 300 DB Electronics, India).
he naphthothiophene cation radical, produced by electrochem-

cal oxidation of 7MNT, exhibits electronic absorption band at
00 nm (inset of Fig. 9). Thus, the band observed in the tran-
ient spectra of 7MTCA around 500 nm in both the absence and
resence of TiO2 could be logically assigned as the band of rad-
cal cation of 7MNT. Methoxy group being an efficient electron
onor group undergoes mesomeric interaction with the electron
cceptor functionality –COOH by delocalization of its lone pair
f electrons through the aromatic system. Thus as a product of
he photoinduced electron-transfer reactions, a radical cationic
pecies (which absorbs at 500 nm) is formed.

The time profiles of the absorption of the cationic species at
00 nm in the absence and also in the presence of TiO2 nanoparti-
les are reproduced in Fig. 10. From the decay analysis it appears
hat the ion-pair lifetime (τip) of the cationic species in the triplet
tate in the presence of TiO2 is relatively larger (∼2.03 �s)
han the corresponding value observed in the absence of TiO2
∼1.78 �s). Thus, from the above observations it appears that the
ifetime of the charge-separated species is somewhat enhanced

n the presence of TiO2 nanoparticles.

The yield, φR, of the charge-separated species was obtained
rom the time profile of the transient absorption band both
n absence and presence of TiO2 nanoparticles. The φR is

S

7
7

ig. 10. The time profiles of the absorbance (�A) of the cationic bands of
MTCA (∼500 nm) in the absence (decay 1) and in the presence (decay 2) of
iO2 nanoparticles in CHCl3.

etermined experimentally [40] by taking the ratio of the con-
tant absorbance at long delay times (absorbance mostly due
o charge-separated species) and the initial value estimated by
xtrapolating the ion-absorbance to t = 0.

The yield φR of the charge-separated species is related with
he rate parameters associated with charge recombination (kCR)
nd charge-separated (kCST) species formation by the first order
xpression [40]:

ip = 1

(kCR + kCST)

R = kCSTτip

The values ofφR, τip, kCR and kCST of the donor–acceptor sys-
em 7MTCA in absence and in presence of TiO2 nanoparticles
re shown in Table 2.

From the observed values it is apparent that charge recombi-
ation rate within the present donor–acceptor system 7MTCA
as a tendency to slow down with concomitant enhancement
f kCST and φR values when TiO2 is added to the solution of
MTCA in CHCl3. This experimental finding demonstrates that
he survival duration of charge-separated species formed within
MTCA as a product of photoinduced electron-transfer reac-
ion increases in presence of TiO2 due to retardation of energy
estructive charge recombination process.

In the absence of TiO2 nanoparticles, charge-separated
pecies are formed due to intramolecular electron-transfer
ystems τip (�s) φR kCR (×105 s−1) kCST (×104 s−1)

MTCA 1.78 0.09 5.1 5.1
MTCA + TiO2 2.03 0.17 4.1 8.4
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COOH group of the DA system and TiO2 particle. From the
resent investigation, it seemingly indicates that the forma-
ion of ground surface complexes may be responsible for the
nhancement of the longevity of the charge-separated species
y reducing the back electron-transfer rate. It is possible that
ue to the strong binding of carboxylate group (–COOH)
ith TiO2, the overlapping integral between the group and the

est electron rich site, i.e., donor part 7MNT of the molecule
MTCA should be decreased resulting in reduction of recom-
ination rate processes. Thus, in the present investigation TiO2
ppears not to act as an acceptor but its participation in the
trong complex formation with the –COOH group of 7MTCA
elps to survive or protect the charge-separated species formed
ithin this organic DA compound 7MTCA due to photoin-
uced intramolecular electron-transfer reactions between the
onor (OCH3) and acceptor functionalities (–COOH) present
n it. The non-participation of TiO2 as an acceptor is further
onfirmed from the electrochemical measurements which have
een described below.

The oxidation and reduction potentials of 7MTCA, estimated
rom the cyclic voltammetry (details are given in Section 2.5),
re found to be +0.45 and −0.98 V, respectively. According to
he earlier observations [31], the oxidation potential should be
ue to the presence of the donor part (functionality) containing
ethoxy group (–OCH3) and the reduction potential should be

ue to the acceptor part carboxylate group (–COOH). The energy
f conduction band of TiO2, measured from cyclic voltam-
etry, is −1.1 V. Since the one electron reduction potential

f the acceptor part of 7MTCA is less negative than conduc-
ion band of TiO2, electron-transfer from the donor part of
MTCA to TiO2 is thermodynamically unfavorable. However,
urther investigations are underway on other naphthothiophene
ype rigid molecular systems using TiO2 nanoparticles. From
he present experimental findings of enhancement of survival
uration of charge-separated species, formed within 7MTCA,
n presence of TiO2 nanoparticles due to retardation of energy
asting charge recombination process, it reveals that hetero-

upramolecular assemblies for solar-energy conversion devices,
.g., low-cost organic photovoltaic cells [41, 1 and references
herein] could possibly be designed with 7MTCA (or similar
imple naphthothiophene compounds having the electron donor
nd acceptor functionalities) and TiO2 nanoparticles, of which
he former organic molecule should be attached with the TiO2
ore. Synthesis of such systems is underway.

. Concluding remarks

Both steady-state and time-resolved spectroscopic measure-
ents demonstrate the formations of charge-separated species

oth in the excited singlet and triplet states due to the pho-
oinduced intramolecular electron-transfer between the donor
–OCH3) and acceptor (–COOH) functional groups of 7MTCA.
he presence of TiO2 nanoparticles does not retard the for-

ard electron-transfer process within 7MTCA but instead the
ecay kinetics of the cationic band observed from the transient
bsorption spectra shows the enhancement of the lifetime of the
harge-separated species in the presence of TiO2 nanoparticles,

[
[

[

otobiology A: Chemistry 189 (2007) 86–93

.e., the radical ion-pair formed within 7MTCA is protected due
o strong binding between the carboxylate group, –COOH and
he TiO2 nanoparticles. Thus, in the present investigation TiO2
ppears not to act as an acceptor but through formation of strong
omplex, as evidenced from FT-IR measurements, with –COOH
unctionality of the organic molecule 7MTCA helps to survive
r protect the charge-separated species formed within this com-
ound. The possibility of building up of low cost artificial solar
nergy conversion devices (e.g., photovoltaic cells) by attaching
he DA system 7MTCA with the TiO2 core is predicted.
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18] J. He, G. Benkö, F. Korodi, T. Polivka, R. Lomoth, B. Akermark, L. Sun,

A. Hagfeldt, V. Sundström, J. Am. Chem. Soc. 124 (2002) 4922.



nd Ph

[

[

[
[

[

[

[

[

[
[

[

[

[

[
[
[
[

[
[

[

[

S.K. Pal et al. / Journal of Photochemistry a

19] A.F. Nogueira, M.A. De Paoli, I. Montanari, R. Monkhouse, J. Nelson, J.R.
Durrant, J. Phys. Chem. B 105 (2001) 7517.

20] G. Benkö, M. Hilgendorff, A.P. Yartsev, V. Sundström, J. Phys. Chem. B
105 (2001) 967.

21] X. Marguerettaz, D. Fitzmaurice, J. Am. Chem. Soc. 116 (1994) 5017.
22] X. Marguerettaz, R. O’Neil, D. Fitzmaurice, J. Am. Chem. Soc. 116 (1994)

2629.
23] X. Marguerettaz, G. Redmond, S.N. Rao, D. Fitzmaurice, Chem. Eur. J. 2

(1996) 420.
24] L. Cusack, S.N. Rao, J. Wenger, D. Fitzmaurice, Chem. Mater. 9 (1997)

624.
25] X. Marguerettaz, A. Merrins, D. Fitzmaurice, J. Mater. Chem. 8 (1998)

2157.
26] A. Merrins, X. Marguerettaz, S.N. Rao, D. Fitzmaurice, Chem. Eur. J. 7

(2001) 1309.
27] S. Pelet, M. Grätzel, J. Moser, J. Phys. Chem. B 107 (2003) 3215.

28] S. Hattori, T. Hasobe, K. Ohkubo, Y. Urano, N. Umezawa, T. Nagano,

Y. Wada, S. Yanagida, S. Fukuzumi, J. Phys. Chem. B 108 (2004)
15200.

29] A. Furube, R. Katoh, T. Yoshihara, K. Hara, S. Murata, H. Arakawa, M.
Tachiya, J. Phys. Chem. B 108 (2004) 12583.

[

[

otobiology A: Chemistry 189 (2007) 86–93 93

30] S. Hattori, K. Ohkubo, Y. Urano, H. Sunahara, T. Nagano, Y. Wada, N.V.
Tkachenko, H. Lemmetyinen, S. Fukuzumi, J. Phys. Chem. B 109 (2005)
15368.

31] S.K. Pal, T. Sahu, T. Misra, T. Ganguly, T.K. Pradhan, A. De, J. Photochem.
Photobiol. A: Chem. 174 (2005) 138.

32] N.A. Kotov, F.C. Meldrum, J.H. Fendler, J. Phys. Chem. 89 (1994) 8827.
33] B. Enright, D. Fitzmaurice, J. Phys. Chem. 100 (1996) 1027.
34] K. Kalyanasundaram, M. Grätzel, Coord. Chem. Rev. 77 (1998) 347.
35] D. Duonghong, J. Ramsdan, M. Grätzel, J. Am. Chem. Soc. 104 (1982)

2977.
36] J. Kawakami, H. Itoh, H. Mitsuhashi, S. Ito, Anal. Sci. 15 (1999) 617.
37] M. Maiti, T. Misra, T. Bhattacharya, C. Basu, A. De, S.K. Sarkar, T. Gan-

guly, J. Photochem. Photobiol. A: Chem. 152 (2002) 41.
38] L.P. Zang, B. Chen, L.Z. Wu, C.H. Tung, H. Cao, Y. Tanimato, J. Phys.

Chem. A 107 (2003) 3438.
39] T. Sahu, S.K. Pal, T. Misra, T. Ganguly, J. Photochem. Photobiol. A: Chem.
171 (2005) 39.
40] T. Ganguly, D.K. Sharma, S. Gauthier, D. Gravel, G. Durocher, J. Phys.

Chem. 96 (1992) 3757.
41] S. Fukuzumi, H. Kotani, K. Ohkubo, S. Ogo, N.V. Tkachenko, H. Lemme-

tyinen, J. Am. Chem. Soc. 126 (2004) 1600.


	Role of TiO2 nanoparticles on the photoinduced intramolecular electron-transfer reaction within a novel synthesized donor-acceptor system
	Introduction
	Experimental
	Materials
	Preparation of TiO2 nanoparticles
	Spectroscopic apparatus
	Laser flash photolysis
	Electrochemical measurements

	Results and discussion
	Steady-state (UV-vis and FT-IR) studies
	Steady-state and time-resolved fluorescence
	Transient absorption

	Concluding remarks
	Acknowledgments
	References


