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I
nterfacial electron transfer in semicon-
ductor nanoparticles systems has drawn
significant interest because of its appli-

cation to solar cells,1,2 photocatalysis,3�6

environmental remediation,7,8 and solar hy-

drogen production.3 Bandgap excitation of

the semiconductor nanoparticles results in

charge separation. Because of the small size

(a few nanometers in diameter), the major-

ity of these charge carriers recombine via

nonradiative or radiative processes. Only a

small fraction (�10%) of these photogener-

ated electrons and holes can be utilized to

initiate the redox processes at the interface.

Coupling two semiconductors (e.g.,

CdS/TiO2,9�12 CdSe/ZnO,13�15

TiO2/SnO2
16,17) with suitable energetics can

significantly improve the selectivity and en-

hance the charge separation yield. The in-

terfacial charge transfer events investi-

gated by different techniques on different

time scales draw varying conclusions de-

pending upon the event and time scale be-

ing probed. Controversies often emerge re-

garding the quantum efficiency and the

rate of charge transfer.18 The present study

is aimed at providing a better understand-

ing of the events that influence the photo-

conversion yields and mapping out the

charge transfer kinetics at different

timescales.

Reverse micelles are thermodynamically

stable nanostructures composed of a polar

core encapsulated by surfactant molecules

in nonpolar media. These structures enable

the synthesis of semiconductor nanoparti-

cles.19 In previous studies reverse micelles

have been used to synthesize size-

controlled CdS20�23 and CdSe24 nanocrys-

tals in heptane/water/AOT. The surfactant,

dioctyl sulfosuccinate, commonly known as

Aerosol-OT (AOT) is the preferred choice for

attaining reverse micelles in nonpolar me-

dia because of its ability to accommodate

spherical water pools of controlled sizes.25

The size of the water pool, which is depend-

ent on the molar water-to-surfactant ratio,

wo � [H2O]/[AOT],26 directly controls the

size of the semiconductor particle synthe-

sized within the confined polar volume.22,24

Additionally, one can vary other param-

eters such as the ratios of precursor concen-

trations, temperature, and pH to control

the particle size of CdSe nanoparticles.27,28

Because of their size dependent absorp-

tion and emission properties CdSe nanopar-

ticles have been the choice of many recent

electron transfer investigations.29�37 Re-

verse micelles provide a quick, low cost,

room temperature methodology to synthe-
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ABSTRACT Photoinduced charge transfer events between 3 nm diameter CdSe semiconductor nanocrystals

and an electron acceptor, MV2�, have been probed in the subpicosecond�microseconds�seconds time scale by

confining the reactants in an AOT/heptane reverse micelle. The probe molecule, methyl viologen (MV2�) interacts

with the excited CdSe nanoparticle and quenches its emission effectively. The ultrafast electron transfer to MV2�,

as monitored from the exciton bleaching recovery of CdSe and the formation of MV�● radical, is completed with

an average rate constant of 2.25 � 1010 s�1. Under steady state irradiation (450 nm) the accumulation of MV�● is

seen with a net quantum yield of 0.1. Mediation of the electron transfer through TiO2 nanoparticles is achieved

by coupling them with the CdSe-MV2� system within the reverse micelle. This coupling of two semiconductor

nanoparticles increases the quantum yield of MV2� reduction by a factor of 2. The dual roles of TiO2 as an electron

shuttle and a rectifier are elucidated by transient absorption spectroscopy and steady state photolysis. The

presence of both TiO2 and MV2� in the reverse micelle creates a synergistic effect to enhance the electron transfer

rate constant by an order of magnitude. The time-resolved events that dictate the production and stabilization

of electron transfer product provide an insight into the photocatalytic systems that are potentially important in

solar hydrogen production and photocatalytic remediation.

KEYWORDS: light energy conversion · artificial photosynthesis · photoinduced
electron transfer · semiconductor nanocrystals · photocatalysis · reverse
micelles · CdSe · viologen radical
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size quantized CdSe nanoparticles of a narrow size dis-
tribution.24 Reverse micelles also allow for control of the
medium immediately surrounding the CdSe nanoparti-
cles as well as the incorporation of electron acceptor
molecules. Scheme 1 shows a schematic diagram of the
semiconductor and methyl viologen assembly within
the polar core of the reverse micelle. Electrons accumu-
lated within the conduction band of the CdSe (ECB �

�0.6 V vs NHE)38 are energetic enough to transfer to
MV2� (E0 (MV2�/MV�●) � �0.445 V vs NHE)39 and TiO2

(ECB � �0.5 V vs NHE).33,39 The electron transfer be-
tween CdSe�MV2� and CdSe�TiO2 has been probed
by several research groups.30,32,33,40�43 Because of its
pH independent redox properties viologen compounds
have been used as a probe to investigate electron trans-
fer reactions in semiconductor particulate systems.44

An in-depth analysis of the charge transfer events at dif-
ferent timescales (subpicosecond to minutes), how-
ever, is lacking.

The efficiency and kinetics of interparticle electron
transfer between CdSe and MV2� and the stabilization
of electron transfer product (MV�●) have now been in-
vestigated using time-resolved transient spectroscopy
in different time domains. In addition, the effect of TiO2

as an electron mediator for enhancing the electron
transfer yield has also been investigated. A better un-
derstanding of the electron transfer processes in a con-
fined medium should enable one to develop efficient
solar energy harvesting assemblies.

RESULTS AND DISCUSSION
Absorption and Emission Characteristics. CdSe nanoparti-

cles synthesized in reverse micelle suspensions show
size quantization effects. The size of the water pool ra-
dius, which provides the control of the CdSe particle di-
ameter, is proportional to wo for 1� wo �20. In the
present experiments we maintained w0 � 9.4 in order
to obtain a water pool of diameter �8 nm. Figure 1
shows the absorption and emission spectra of CdSe
and the absorption spectrum of TiO2 nanoparticles em-

ployed in the present study. The CdSe nanoparticles ex-
hibit a characteristic exciton band at 500 nm and emis-
sion maximum at 540 nm. Based on the excitonic peak
position (500 nm) we estimate the diameter of the
CdSe particle to be �3 nm and thus confirm it to be in
the quantized regime.45 The absorption of TiO2 nano-
particles (�5 nm diameter) shows onset of absorption
below 370 nm thus representing relatively large band-
gap. We determined the particle concentration [p] of
the stock solution by dividing molar concentration [C]
with the agglomeration number n (equation 1)

[p] ) [C] ⁄ n

where n ) (4 ⁄ 3πNar3) ⁄ Vm ) 2525r3 ⁄ Vm (1)

Vm is the molar volume of the semiconductor, r is the
particle radius in nm, and Na is Avogadro’s number. All
concentrations reported are particle concentrations.

Interaction between Excited CdSe and Methyl Viologen. CdSe
nanoparticles undergo charge transfer at the interface
following bandgap excitation. Methyl viologen is a suit-
able probe for identifying the factors responsible for in-
terfacial charge transfer in semiconductor photocata-
lyst systems. A micellar stock solution of 6 mM MV2� (wo

Figure 1. Absorption spectra of (a) 6.6 �M CdSe and (b) 20 �M
TiO2 nanoparticles in AOT/heptane; (c) the emission spectrum of
CdSe nanoparticles. Normalized to 1.Scheme 1. Electron transfer between CdSe and methyl viol-

ogen in a confined medium.

Figure 2. Emission of 6.6 �M CdSe in AOT/heptane: (a) 0, (b)
0.66, (c) 1.21, (d) 1.64, and (e) 2.00 mM MV2� (excitation
wavelength 400 nm).
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� 9.4) was prepared by mixing an aqueous solution of
MV2� with AOT/heptane under rapid stirring. A known
amount of the MV2� in AOT/heptane was then mixed
with the CdSe suspension in AOT/heptane to probe the
interaction with excited CdSe nanoparticles. Figure 2
shows CdSe emission spectra recorded at different con-
centrations of MV2�. With increasing concentration of
MV2� we observed a decrease in emission. The emission
quenching represents excited-state interaction be-
tween excited CdSe and MV2� to induce electron trans-
fer at the interface (reactions 2�5),

CdSe + hvf CdSe(h + e) (2)

CdSe(h + e)f CdSe + hv' (3)

CdSe (h + e) + MV2+f CdSe (ht) + MV+• (4)

CdSe (ht) + MV+•f CdSe + MV2+ (5)

where h and e represent holes and electrons, respec-
tively, and ht represents shallow and deep-trap holes.
The effective quenching of CdSe emission seen at such
low concentrations of MV2� is an indication that these
molecules are associated with CdSe and represent static
quenching of CdSe emission. The association constant
for the interaction between the CdSe quantum dots

and MV2�/TiO2 was determined from the double
reciprocal plot analysis.12,46 The linear plot of 1/(�-
�obsd) versus 1/[MV2�] gave a value of 644 � 34
M�1 for a CdSe�MV2� system. In a similar fashion
we also analyzed the quenching of CdSe emission
by TiO2 nanoparticles. The value of the association
constant for the CdSe�TiO2 complex was 3.2 �

0.3 � 105 M�1. (see Figures S1 and S2 in Support-
ing Information for the plots and analysis.)

Photoinduced Electron Transfer. As shown
earlier30,33,41,42,47,48 the ultrafast charge transfer
dynamics in semiconductor nanoparticle systems
can be probed with femtosecond transient ab-
sorption spectroscopy. For example, El-Sayed and
co-workers47 demonstrated that the electron

transfer between CdS and methyl viologen occurs
within 200�300 fs to produce relatively stable violo-
gen radicals. In a follow-up study30 they probed the
electron transfer between CdSe and quinones. The ul-
trafast electron transfer from excited CdSe to quinone
was followed by the rapid decay of the radical ion with
a decay lifetime of 2.5 ps indicating the failure to
achieve long-lived charge stabilization. By comparing
the stabilities of the electron transfer products the re-
searchers were able to identify the role of acceptor mol-
ecule as electron shuttle or sink.30

The transient absorption spectra recorded follow-
ing laser pulse excitation of CdSe nanoparticles in the
absence and presence of MV2� are shown in Figure 3
panels A and B, respectively. In the absence of MV2�

the photoinduced charge separation results in the
bleaching of the CdSe excitonic band. Nearly 80% of
the bleaching recovery is seen during the period of 1.6
ns as these charge carriers undergo recombination or
are transferred across the semiconductor interface to an
electron shuttle or sink. The charge recombination dy-
namics of CdSe nanocrystals has been discussed in
detail.36,37,48�52 In the presence of MV2� we observed
a quick recovery of the bleaching, within 100 ps, indicat-
ing fast disappearance of photogenerated electrons
from CdSe nanocrystals. The simultaneous appearance
of the absorption band in the red region (broad maxi-
mum at �605 nm) confirms the interfacial electron
transfer to MV2� to produce MV�● radical. The forma-
tion of MV�● reflects an ultrafast interfacial charge
transfer event and agrees with the observation made
in the transient absorption study of CdS and MV2�●.47

The bleaching recovery of the CdSe at 510 nm (Fig-
ure 4A) was analyzed using biexponential fit (equation
6) and the results are summarized in Table 1.

∆A(t) ) a1e(t⁄τ1) + a2e(t⁄τ2) (6)

Parameters a1 and a2 are the relative amplitudes of
each lifetime; 	1 and 	2 are the fast and slow compo-
nents of the excited-state lifetime, respectively. The av-
erage lifetime, 
	�, is determined from the equation 
	�

Figure 3. Transient absorption spectra recorded following 387 nm laser pulse ex-
citation of 2.2 �M CdSe nanoparticles in AOT/heptane (A) in the absence and (B) in
the presence of 2 mM MV2�. The difference absorbance spectra were recorded
(a) 2 ps, (b) 40 ps, (c) 400 ps, and (d) 1.2 ns after laser pulse excitation.

Figure 4. Absorption-time profiles monitored at (left) 510 nm and (right) 605
nm following 387 nm laser pulse excitation of 2.2 �M CdSe nanoparticles in
AOT/heptane in the (a) absence and (b) presence of 2 mM MV2�. The biexpo-
nential fit are shown as sold lines.
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� [�(ai	i
2)]/�(ai	i)].

53 The average
rate constant for the disappear-
ance of electrons, k, is obtained
from the reciprocal value of aver-
age lifetime. The bleaching recov-
ery of CdSe alone exhibited an av-
erage lifetime of 348 � 18 ps. In
the presence of methyl viologen

the average lifetime decreased to 44 ps, suggesting a

rapid disappearance of electrons as they are transferred

to the acceptor molecules. The electron transfer occurs

with a rate constant of 2.25 � 0.12 � 1010 s�1. By com-

paring the average rate constants (Table 1) of CdSe

bleaching recovery with MV2� (e�h recombination �

electron transfer) and without MV2� (e�h recombina-

tion), we calculated that 87% of the electrons generated

following the laser pulse excitation are transferred

across the interface. The fast component (	1 � 3.26 ps)

of the recovery, however, indicates an upper limit for

the time constant for the electron transfer. Indeed, the

growth of absorption at 605 nm confirms the produc-

tion of MV�● within a period of 10 ps.

To probe the back electron transfer between MV�●

and the holes trapped in CdSe (reaction 5) we per-

formed nanosecond laser flash photolysis experiments.

The absorption time profiles recorded following 337 nm

laser pulse excitation of CdSe nanoparticles in the ab-

sence and presence of MV2� are shown in Figure 5. The

formation of MV�● was seen only when the sample

was excited in the presence of CdSe. The transient ab-

sorption showed a quick decay exhibiting �50% of the

signal within 5 s as MV�● underwent recombination

with holes trapped at shallow traps (reaction 5). A sig-

nificant amount of MV�● eludes this recombination pro-

cess and remains stable during the probe time scale

several 100 s.

MV�● is stable in inert atmosphere and often serves

as a relay to capture and store electrons. When the

CdSe�MV2� solution was subjected to steady state illu-

mination we observed an accumulation of MV�● in de-

aerated AOT/heptane suspension. Figure 6 shows the

growth of absorbance at 605 nm corresponding to the

accumulation of MV�● with irradiation time (see Sup-

porting Information for the absorption spectra of

MV�●). A narrow band-pass filter allowed selective exci-

tation of CdSe at 450 � 10 nm. The photogenerated

MV�● attained a steady state concentration of �36 M

in about 150 s. Although the initial electron transfer (re-

action 4) is an ultrafast process, the rate of the back re-

action (reaction 5) increases steadily with higher MV�●

concentration (or hole concentration), leading to equal-

ization of the rates. Thus, steady state concentration is

attained. Upon stopping the illumination we observed

a slow decay of the absorption as MV�● undergoes re-

combination with remaining deep trapped holes and/or

oxidized species. The slow back electron transfer oc-

curs with a pseudo-first-order rate constant of �10�2

s�1, making the MV2�/MV�● an excellent relay to cap-

ture and store electrons. Earlier studies have used this

relay and Pt catalyst particles to produce hydrogen.54,55

The quantum yield of MV�● was determined using

ferrioxalate actinometry.56 On the basis of the steady

state absorbance of MV�● (�605 � 13700 M�1 cm�1)62 we

obtained a quantum yield of 0.1 for the electron trans-

fer using CdSe as a photocatalyst in a confined medium.

TABLE 1. Kinetic Parameters of CdSe Bleaching Recovery

sample a1 �1 (ps) a2 �2 (ps) �2 
�� (ps) k (1010s�1)

1. CdSe 0.03 � 0.001 14.47 � 1.27 0.97 � 0.03 348.3 � 19.6 0.992 348.0 � 18.1 0.29 � 0.01
2. CdSe� MV2� 0.19 � 0.001 3.26 � 0.11 0.81 � 0.03 45.0 � 2.4 0.997 44.4 � 2.3 2.25 � 0.12
3. CdSe�TiO2 0.07 � 0.001 16.67 � 0.87 0.93 � 0.02 225.9 � 11.5 0.996 224.7 � 11.3 0.45 � 0.23
4. CdSe�TiO2�MV2� 0.37 � 0.020 0.62 � 0.03 0.63 � 03 4.0 � 0.2 0.996 3.65 � 0.11 27.4 � 0.83

Figure 5. Absorption time profile recorded at 605 nm fol-
lowing 337 nm laser pulse excitation of 2.2 �M CdSe in de-
aerated AOT/heptane (a) in the absence and (b) presence of
2 mM MV2�. Inset shows trace of the transient absorption
spectra of MV�● 10 �s after the pulse.

Figure 6. MV�● production following the steady state il-
lumination (450 nm) of 2.2 �M CdSe nanoparticles and 2
mM MV2� and the decay of MV�● upon stopping the
illumination.
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It should be noted the steady state yield of 10% is sig-

nificantly lower than the initial transfer of 87% of elec-

trons from excited CdSe into MV2�. The charge recom-

bination processes are responsible for decreased yield

in the steady state.

Electron Transfer Mediation with TiO2 Nanoparticles. One ap-

proach to improving the charge separation in a semi-

conductor particulate system is to couple two semicon-

ductor nanoparticles with suitable energetics (Scheme

2). As shown earlier, charge rectification and charge

separation in CdS and CdSe nanoparticles can be

greatly improved by coupling them with TiO2 or ZnO

nanoparticles.12,57,58 In addition, interparticle electron

transfer between CdS and TiO2 in a reverse micellar so-

lution of heptane/water/AOT can be modulated by

varying the particle size.22

In the present investigation we introduced TiO2 col-

loids into a CdSe suspension in AOT/heptane contain-

ing MV2� and probed the electron transfer process

(Scheme 2). Formation of MV�● in a CdSe�TiO2 coupled

system under steady state irradiation is shown in Fig-

ure 7. The beneficial effect of TiO2 in improving elec-

tron transfer yield can be seen from the increase in the

MV�● yield with increasing TiO2 concentration. A 2-fold

increase in quantum yield from 0.1 in CdSe to 0.2 in

CdSe�TiO2 systems suggests improved charge separa-

tion in the coupled system. It should be noted that the

TiO2 is not subjected to direct excitation since it has no

absorption in the visible. The 450 � 10 nm irradiation

thus allows selective excitation of CdSe nanoparticles in

a CdSe�TiO2 composite system.

The improved charge separation and suppression

of back electron transfer in CdS/TiO2 is also indicative

of the fact that the Fermi level of the composite be-

comes more negative (or more reductive) as compared

to CdSe alone. By employing a Nernst equation and de-

termining the equilibrium concentration of MV2� and

MV�● we estimate Fermi level of �0.343 and �0.361 V

vs NHE for CdSe and CdSe�TiO2 systems (see Support-

ing InformationTable S1 for details). The equilibrated

Fermi level of the CdSe�TiO2 is likely to have synergetic

effects in the forward electron transfer as well as higher

electron transfer yields.

To assess the role of TiO2 in enhancing the net elec-

tron transfer yield we probed the electron transfer pro-

cess using femtosecond and nanosecond transient ab-

sorption spectroscopy. The bleaching recovery of CdSe

absorption band (510 nm) and the absorption of MV�●

(605 nm) were monitored to elucidate the effect of TiO2

on the kinetics and yield of electron transfer (Figures 8

and 9). The recovery of the bleaching was analyzed by

biexponential kinetics (equation 6). The lifetimes and

average rate constant values are shown in Table 1. Simi-

lar to MV2�, TiO2 also interacts with excited CdSe nano-

particles with electron transfer. The excited-state inter-

action of CdSe with TiO2 is reflected in the increased

recovery rate of the transient bleaching (reaction 7). In

addition we also observe quenching of CdSe emission

by TiO2 (see Supporting InformationFigure S2), provid-

ing additional supportive evidence for excited-state in-

teraction between CdSe and TiO2. The photoinduced re-

actions between CdSe�TiO2 and MV2� are summarized

in eq 7�9.

CdSe (h + e) + TiO2f CdSe (h) + TiO2 (e) (7)

TiO2 (e) + MV2+f TiO2 + MV+• (8)

TiO2 + MV+•f TiO2 (e) + MV2+ (9)

Because of the close lying energy levels of TiO2 con-

duction band and reduction potential of MV2�/MV�●

we expect the system to attain quick equilibration via

reactions 4, 5, 8, and 9. Such a collective interaction of

MV2� with CdSe and TiO2 in AOT/heptane suspension

has a pronounced effect on the electron transfer. The

Scheme 2. Coupling CdSe nanoparticles with TiO2 to boost
the efficiency of electron transfer to MV2�.

Figure 7. Growth of MV�● concentration with irradiation
(450 nm) of CdSe and MV2� solution in AOT/heptane con-
taining different concentrations of TiO2: (a) 0, (b) 2.5, (c) 10,
and (d) 20 �M. The left-hand axis represents absorbance at
605 nm and right-hand axis represents corresponding quan-
tum yields obtained from actinometry.
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ability of TiO2 nanoparticles
to trap electrons is also likely
to influence the overall
charge transfer in the com-
posite. Both the recovery of
CdSe bleaching and the peak
growth at 605 nm show the
electron transfer to be ex-
tremely fast. The average
rate constant of electron
transfer observed in the
presence of TiO2 and MV2�,
as measured from the CdSe
bleaching recovery, was 2.74
� 1011 s�1. This value is sig-
nificantly higher than the
values obtained in the presence of MV2� (k � 2.25 �

1010 s�1) or TiO2 (k � 4.45 � 109 s�1) alone. It is evident
that the presence of both TiO2 and MV2� in the reverse
micelle creates a synergistic effect to provide an order
of magnitude enhancement in the electron transfer
rate. This rapid rate of electron transfer can also be seen
in the growth of MV�● radical. Both the faster rate of
electron transfer (k � 1010 s�1) and higher absorbance
at 605 nm support the assertion that efficient interac-
tion of MV2� and TiO2 with CdSe yields better charge
separation.

The role of TiO2 in improving the long-term surviv-
ability of MV�● was probed by nanosecond laser flash
photolysis. The transient decay traces were recorded at
605 nm following 337 nm laser pulse excitation of CdSe
suspension containing MV2� and different concentra-
tions of TiO2 (Figure 9). All traces show partial decay
during the first few microseconds as the MV�● radicals
undergo recombination with holes from shallow traps
(reaction 5). The radicals that evade such recombination
process stabilize as evident from the unperturbed tail
absorption. No detectable transient absorption was
seen when CdSe was excluded from the system. Hence,
we ruled out contribution arising from direct excita-
tion of TiO2 or methyl viologen. The recombination rate
constant as determined from
the first order kinetics of the
initial decay in the absence of
TiO2 is 1.1 � 106 s�1. In the
presence of TiO2 the recombi-
nation rate slows down, yield-
ing a rate constant of 0.45 �

106 s�1. Thus, the charge re-
combination rate is reduced
by a factor of �2 when TiO2 is
incorporated into the
CdSe�MV2� system. No sig-
nificant change in the recom-
bination rate constant could
be seen at TiO2 concentrations
greater than 10 M.

The effect of charge stabilization was also evident

from the net residual absorption at the end of the de-

cay trace in Figure 9A. We estimated the fraction of the

stabilized charge transfer product by determining the

ratio of Atail/Amax. The residual absorption at the end of

the trace was accounted for the absorption due to sta-

bilized charge. The dependence of charge stabilization

efficiency (� � Atail/Amax � 100) on the TiO2 concentra-

tion is shown in Figure 9B. We observed an increase in �

(from 28% to 38%) with increasing TiO2 concentration.

The increase in the net charge transfer efficiency high-

lights the role of TiO2 in suppressing the back electron

transfer process and further supports the observations

made in the steady state irradiation experiments. At

higher TiO2 concentrations � reaches a plateau. The

nanosecond and femtosecond transient absorption

measurements presented here confirm the indirect role

of TiO2 as an electron mediator for promoting the

charge transfer between CdSe and MV2� and facilitat-

ing charge stabilization with greater efficiency.

The energy levels of CdSe�MV2� and

CdSe�TiO2�MV2� are compared in Scheme 3. The en-

ergy levels of these three components dictate the net

charge transfer process. While TiO2 acts as an electron

mediator (or electron shuttle), MV2� serves as an elec-

Figure 8. (A) The bleaching recovery at 510 nm and (B) the transient absorption at 605 nm recorded fol-
lowing 387 nm laser pulse excitation of 2.2 �M CdSe nanoparticles in AOT/heptane solution: (a) blank, (b)
20 �M TiO2; (c) 2 mM MV2�; and (d) 20 �M TiO2 and 2 mM MV2�.

Figure 9. (A) The absorption-time profiles recorded following the laser pulse excitation of 2.2 �M CdSe
and 2 mM MV2� in AOT/heptane at different concentration levels of TiO2; (B) the dependence of charge
stabilization efficiency (�) on the TiO2 concentration.
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tron sink as the photogenerated electrons are ulti-
mately stored in the form of MV�●. To achieve maxi-
mum storage (MV�● formation) the electron transfer
between these individual components should be fast.
In an earlier study Grätzel and co-workers39,59 reported
diffusion controlled electron transfer between TiO2 and
MV2� on a microsecond time scale. Such diffusion lim-
ited reduction of MV2� can also arise from other reduc-
ing intermediates.60 In addition, the electrostatic effects
induced by surface charge of the semiconductor nano-
particles dictate the rate of electron transfer to
MV2�.61,62

In the present experiments the electron transfer be-
tween excited CdSe and TiO2 and electron rich TiO2 and
MV2� are ultrafast processes. This observation is in
agreement with the ultrafast event of risetime of 10 ps
identified previously for the electron transfer between
TiO2 and MV2�.63 Since all three components
(CdSe�TiO2�MV2�) are confined in the polar core of
the reverse micelle (Scheme 2), the composite collec-
tively serves as a donor�shuttle�acceptor assembly
and thus promotes quick electron transfer to attain
charge equilibration. TiO2 has also been shown to serve

as a rectifier in CdSe�TiO2 systems by suppressing the
flow of electrons in the reverse direction.11,64 Thus, TiO2

in the reverse micelle is able to play dual roles, acting
as both an electron shuttle by promoting ultrafast elec-
tron transfer to MV2� and as a rectifier by suppressing
the charge recombination process between MV�● and
trapped holes. The electron transfer in the picosecond
time scale as well as the charge stabilization events in
the nanoseconds�microseconds�seconds leading to
the ultimate accumulation of the electron transfer prod-
uct highlight intricacies of the charge transfer pro-
cesses of semiconductor quantum dot systems.

CONCLUSIONS
The transient absorption spectroscopy of CdSe

and MV2� in a confined medium (heptane/water/
AOT reverse micelle) provides an insight into the
electron transfer processes at different time scales.
The quenching of excited CdSe by MV2� is an ul-
trafast charge transfer event that occurs with a rate
constant of 2.2 � 1010 s�1 ps. The quenching is sig-
nificantly enhanced in the presence of TiO2 suggest-
ing a synergistic effect. A net quantum yield of 0.1
was estimated for the production of MV�● in a steady
state photoirradiation experiment. The electron
transfer yield was enhanced by a factor of 2 by intro-
ducing TiO2 mediator into the system. The role of
TiO2 in suppressing the charge recombination pro-
cess and stabilization of MV�● radical has been con-
firmed from the nanosecond laser flash photolysis
and steady state photolysis experiments. The elec-
tron transfer events as probed by the survivability of
MV�● radical at different times (subpicoseconds to
seconds) provide an insight into the photocatalytic
processes in semiconductor nanoparticle systems. A
better understanding of these intermediate charge
transfer events is important when designing a pho-
tocatalyst for solar hydrogen production or environ-
mental remediation.

EXPERIMENTAL SECTION
Materials. Reagent grade sodium sulfite (anhydrous), perchlo-

ric acid (70%), and AOT (sodium salt of dioctyl sulfosuccinate)
were purchased from Alfa Aesar. Selenium powder (200 mesh),
methyl viologen, anhydrous cadmium sulfate (99% purity),
n-heptane, and 2-propanol were purchased from Fisher Scien-
tific. Titanium isopropoxide (98% purity) was purchased from
Acros.

Absorption and Emission Measurements. Absorption spectra were
recorded using a Cary 50 Bio UV�vis spectrophotometer. Emis-
sion spectra were recorded with an SLM S-8000C spectrofluo-
rometer. Samples were excited at 400 nm. Emission lifetimes
were measured using a Horiba Jobin Yvon single photon count-
ing system. All samples were degassed in N2.

Laser Flash Photolysis Experiments. The nanosecond laser flash
photolysis experiments were conducted using a nitrogen laser,
Laser Photonics PRA/model UV-24, operated at 6 mJ/ pulse (337
nm, fwhm-10 ns). Laser excitation was at a right angle with re-
spect to the monitoring light beam. Transient time-absorption

profiles were recorded at a preselected wavelength of 605 nm,
which corresponds to the characteristic absorption maximum of
the methyl viologen radical. The detection system consisted of
a pulsed xenon lamp (1kW) as the monitoring light source and
SPEX 270 M monochromator coupled with Hamamatsu R955
photomultiplier. The signal from the photomultiplier was pro-
cessed by a LeCroy 7200 digital storage oscilloscope and a PC-AT
compatible computer. Rectangular quartz cells with dimensions
0.5 � 1 cm were used. Typically 10�15 laser shots were aver-
aged to record each kinetic trace. All solutions were deaerated
by purging with N2.

Femtosecond Transient Absorption Spectroscopy. Ultrafast transient
absorption experiments were conducted using a Clark-MXR
2010 laser system (387 nm, 1 mJ/pulse, fwhm 130 fs, 1 kHz rep-
etition rate) and an Ultrafast Systems (Helios) detection system.
The white light probe was generated by feeding 5% of the fun-
damental laser output (775 nm) through an optical delay line
and focusing it on a quartz crystal. The optical delay provided a
probe time window of 1.6 ns with a step resolution of 7 fs. The

Scheme 3. Energy level diagram (not to scale) illustrating direct and TiO2-
mediated electron transfer from excited CdSe to MV2�. Curved arrows repre-
sent forward electron transfer, while dashed arrows represent back elec-
tron transfer.
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pump beam was attenuated at 5 J/pulse with a spot size of 2
mm (diameter) at the sample position where it was merged with
the white light incident on the sample cell at an angle �10°. Af-
ter passing through the sample the probe beam was focused
on a 200 m core fiber connected to an Ocean Optics S2000
UV�vis CCD spectrograph (425�800 nm). Typically 1000 excita-
tion pulses were averaged to obtain the transient spectrum at a
set delay time. Kinetic traces at appropriate wavelengths were
assembled from the time-resolved data. All measurements were
conducted at room temperature by flowing deaerated sample
through a quartz flow cell.

Steady State Absorption Spectra. The Ocean Optics S-2000 UV�vis
CCD Spectrograph was used to record absorption spectra in real
time at preset time intervals. The deaerated sample was concur-
rently excited with a collimated light from 250 W xenon lamp
passed through a 450 nm bandpass filter. CCD integration time
was 300 ms and each data point was an average of 15
measurements.

Preparation of CdSe Colloids. A stock solution of 0.10 M sodium
selenosulfate, Na2SeSO3, was prepared by adding 0.395 g of Se
powder and 1.26 g of Na2SO3 to 50 mL of distilled water.24 The
solution was held at 70 °C for 24 h and a clear solution was ob-
tained. Two separate micelle solutions of equal wo were pre-
pared. In one vial 150 L of 1 M CdSO4 and 850 L of distilled wa-
ter were added to 15 mL of 0.394 M AOT in heptane. In the
second vial 900 L of 0.1 M Na2SeSO3 and 100 L of distilled wa-
ter were added to an equal volume (15 mL) of 0.394 M AOT/
heptane. The two solutions were then mixed under vigorous stir-
ring to produce CdSe particles. The net reaction is shown in
reaction 10. The suspension was stirred for an additional 2 h so
that the growth process was completed. An excess of Cd2� was
used to ensure the neutralization of SeSO3

2� and thus control the
overall growth of particles.

Cd2++ SeSO3
2-+ 2OH-f CdSe + SO4

2-+ H2O (10)

Preparation of the TiO2 Colloids. TiO2 nanoparticles in reverse mi-
cellar suspension were synthesized via hydrolysis of a
Ti�alkoxide precursor. Dropwise addition of a titanium
isopropoxide/2-propanol solution to a micellar solution (0.394
M AOT/heptane) containing dilute HClO4 (aq) under mild mix-
ing produced a stable suspension of TiO2 nanoparticles. The
presence of dilute HClO4 (�0.001 M) facilitates stabilization of
the TiO2 nanoparticles and prevents particle growth during stor-
age.22
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