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and geopolitical complexity of fossil fuel

dependence have prompted exploration
of new and efficient solar energy conver-
sion technologies.”™* Efforts are being
made to mimic natural photosynthesis with
sensitizing dyes and short band gap semi-
conductors. Of particular interest are the
quantum-dot-sensitized solar cells (QDSCs)
as they offer band gap tunability through
size control.’~ " Utilization of hot electrons
and generation of mutiple charge carriers
have made semiconductor quantum dots
potentially important building blocks in
light energy conversion devices.'* '®

An essential requirement for efficient
conversion of solar energy is a good spectral
match between sensitizer absorption and
incident solar radiation. Semiconductor
quantum dots such as CdS and CdSe absorb
only in the visible. Coupling with metal
nanoparticles can extend the absorptivity
and/or improved efficiency due to localized
surface plasmons.'®'” Another approach to
maximize the absorption of incident photons
would be to couple the short band gap
semiconductor with an IR dye molecule.'® 2’
The participation of both the semiconductor
QD and the dye components in the solar cell
resulted in cooperative photocurrent genera-
tion. Effective utilization of a QD as an an-
tenna to capture photons and transfer energy
to the sensitizing dye in a dye-sensitized solar
cell (DSSQ) is yet to be realized.

In recent years, a bifunctional linker mo-
lecule, HS—R—COOH, is widely used to link
CdSe and TiO, nanoparticles.?*?* The role
of bifunctional surface modifiers, such as
mercaptopropionic acid, in linking CdSe
quantum dots (QDs) to mesoscopic TiO,
films and its influence on the charge transfer
kinetics have been elucidated.*** Since
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ABSTRACT Manipulation of energy and
electron transfer processes in a light harvest-
ing assembly is an important criterion to
mimic natural photosynthesis. We have now
succeeded in sequentially assembling CdSe
quantum dot (QD) and squaraine dye (SQSH)

on Ti0, film and couple energy and electron transfer processes to generate photocurrent in a
hybrid solar cell. When attached separately, both CdSe QDs and SQSH inject electrons into Ti0,
under visible—near-IR irradiation. However, (dSe QD if linked to Ti0, with SQSH linker
participates in an energy transfer process. The hybrid solar cells prepared with squaraine dye

as a linker between CdSe QD and Ti0, exhibited power conversion efficiency of 3.65% and good

stability during illumination with global AM 1.5 solar condition. Transient absorption

spectroscopy measurements provided further insight into the energy transfer between excited
(dSe QD and SQSH (rate constant of 6.7 x 10'° s~") and interfacial electron transfer between

excited SQSH and Ti0, (rate constant of 1.2 x 10" s™"). The synergy of covalently linked

semiconductor quantum dots and near-IR absorbing squaraine dye provides new opportunities

to harvest photons from selective regions of the solar spectrum in an efficient manner.

KEYWORDS: quantum dot solar cells - squaraine linker dye - photosensitization-
transient absorption spectroscopy - photocurrent generation - CdSe

such linker molecules do not absorb in the
visible, they do not participate in the photo-
induced electron transfer process. A careful
design of a linker molecule with absorption
in the near-IR region should enable capture
of the photons over a wider spectral region.
We have now employed a bifunctional
squaraine dye as a linker since these classes
of dyes are widely used to capture photons
in the NIR region of dye-sensitized solar
cells.2®3° The squaraine dye (SQSH) thus
serves dual functionality. First, the linker
dye captures the NIR region of sunlight
and sensitizes the mesoscopic TiO, film,
and second, it provides a link between
CdSe QDs and TiO, moieties. The experi-
mental results that describe mechanistic
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Scheme 1. (A) Energy and electron transfer processes in TiO,/SQSH/CdSe hybrid assembly (red arrow is the energy transfer
from excited CdSe to SQSH, and blue arrow is the electron transfer from excited SQSH into TiO,). (B) Energy level diagram
illustrating sequential energy and electron processes in TiO,/SQSH/CdSe under visible light irradiation.
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Scheme 2. Synthetic strategy used for the NIR linker dye.

and kinetic details of the energy and electron transfer
in TiO,/SQSH/CdSe hybrid assembly and their effective
utilization in a hybrid solar cell are discussed in this
article (Scheme 1).

RESULTS AND DISCUSSION

Synthesis of NIR Linker Molecule (SQSH). The NIR linker
dye SQSH was synthesized by the stepwise synthetic
protocol as shown in Scheme 2. The (3-(acetylthio)-
propyl)-2,3,3-trimethyl-3H-indolium iodide (1) was
synthesized by the alkylation of 2,3,3-trimethylindole-
nin with 3-iodopropylthioacetate. The condensation
of 1 with 3,4-diethoxy-3-cyclobutene-1,2-dione gave
compound 2 in good yield. The hydrolysis of 2 with
NaOH afforded hydroxymercaptopropylcyclobut-3-
ene-1,2-dione derivative 3. The condensation of 3
with 5-carboxy-2,3,3-trimethyl-1-octyl-3H-indolium was
readily performed to give SQSH.

Optical Properties of CdSe-Attached NIR Linker Dye. Bifunc-
tional linker molecules with carboxylate and thiol
functional groups facilitate the binding of CdSe QDs
to TiO,. This approach has been found to be effective in
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linking size-selective semicondutor QDs to TiO,** and
gold*'*2 nanoparticles.

In the present study, we have used SQSH as the
linker with a strong absorption in the red NIR region.
We have also employed mercaptopropionic acid (MPA)
as a reference to assess the effectiveness of the ab-
sorptive property of the linker dye. Modification of
the TiO, film with SQSH and MPA was carried out by
immersing the TiO, film in EtOH and acetonitrile solu-
tion of each linker for 12 h, respectively. The electrodes
were then washed with EtOH to remove any excess
physisorbed linkers and immersed in a toluene suspen-
sion of 3.4 nm diameter CdSe QDs. The thiol group
binds strongly to CdSe nanoparticles. The carboxylate
group of the linker facilitates the binding to TiO,
nanoparticles. Figure 1 shows the absorption spectra
of TiO, electrodes modified with CdSe and linker
squaraine dye (SQSH). The absorption spectra of CdSe
linked to MPA (MPA/CdSe) show typical absorp-
tion characteristics (i.e., a sharp first excitonic peak
(1S3/21Se) at 550 nm with a broad second excitonic
peak (1P5/,1P,) at 450 nm below 600 nm, corresponding
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Figure 1. Absorption spectra of (a) SQSH, (b) MPA/CdSe,
and (c) SQSH/CdSe adsorbed onto TiO, films.

to its band gap of ~2.0 eV). SQSH exhibits a prominent
band in the red NIR region with a maximum at 640 nm.
The linker dye exhibits relatively less absorption in the
400—550 nm region. The absorption spectra of CdSe
linked to SQSH (SQSH/CdSe) exhibit strong absorption
from the visible region to the red NIR region of sunlight,
corresponding to both CdSe and linker dye. The small
increase in optical density of the MPA/CdSe film at the
CdSe region as compared to SQSH/CdSe arises from the
difference of adsorbed amount of linker molecules due
to different molecular size.

Energy Transfer between Excited CdSe and SQSH. The
SQSH dye in the TiO,/SQSH/CdSe hybrid assembly
serves as a linker between TiO, and CdSe. When
excited with visible light, the SQSH absorbs in the red
NIR region while CdSe absorbs below 600 nm. Since
these two components cover two different regions
of the visible spectrum, we can selectively probe the
contribution of each excitation event. First, we need
to evaluate the interaction between excited CdSe and
ground-state SQSH dye which is expected to dominate
during visible excitation. The emission spectra of SiO,
film modified with SQSH, MPA/CdSe, and SQSH/
CdSe recorded following the excitation at 450 nm are
shown in Figure 2. Since SiO, is an insulator, it does not
participate in an electron transfer quenching process.
The emission spectrum of SQSH deposited on SiO,
(spectrum a) exhibits the characteristic emission band
with a maximum at 670 nm. On the other hand, the
emission spectrum of the CdSe QDs attached to SiO,
exhibits characteristic band edge emission with a
maximum at 570 nm (spectrum b). Upon linking CdSe
QDs to linker dye (SQSH) on the SiO, surface, we
observe more than 80% quenching of the CdSe emis-
sion (spectrum c¢). In parallel, we observe that an
increase in the emission band of SQSH in spectrum ¢
shows an enhancement with respect to the blank SQSH
(spectrum a). Since we matched the absorbance at
450 nm, we expect to see minimal variation in the
absorbed photons by these films. The quenching of the
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Figure 2. Emission spectra of (a) SQSH, (b) MPA/CdSe, and
(c) SQSH/CdSe deposited on SiO, film (excitation wave-
length = 450 nm with matched absorbance for all three
films).

CdSe emission band and simultaneous increase in the
emission of SQSH indicate that an energy transfer
between excited CdSe and SQSH must be operative
in SQSH/CdSe deposited on SiO, films. The overlap
between CdSe emission and SQSH absorption and
close proximity of the chemically linked donor and
acceptor moieties make such an energy transfer pos-
sible. As indicated in the literature examples, excited
CdSe is quite effective in transferring energy to
dye molecules®* 3% and graphene.3”>® For example,
efficient FOrster resonance energy transfer (FRET) by
Mn- and Cu-doped semiconductor nanocrystal donors
to organic dye acceptors (rhodamine B and cresyl
violet) has been demonstrated.>® Similarly, FRET has
also been observed in electrostatically bound CdSe/
ZnS quantum dot (QD)/J-aggregates of cyanine
dye pairs.”® Further evidence for the energy transfer
between the excited CdSe and SQSH was obtained
by recording excitation spectrum with emission being
monitored at 670 nm. Increased emission response
observed in the CdSe absorption region (400—580 nm)
ascertains the role of CdSe as photon capturing
antenna and transfer energy to SQSH (Supporting
Information).

To further probe the interactive energy transfer
between excited CdSe and SQSH, we investigated
the dynamics of excited CdSe using transient absorp-
tion spectroscopy. The transient absorption spectra at
different delay times and the bleaching recovery re-
corded following the excitation of MPA/CdSe and
SQSH/CdSe linked to SiO, film are shown in Figure 3.
In the case of the MPA/CdSe film, the spectra exhibit a
strong bleach in the region of ground-state absorption.
On the other hand, the difference absorption spectra of
the SQSH/CdSe exhibit two strong bleaches arising
from ground-state absorption of CdSe (550 nm) and
SQSH (650 nm). The disappearance of ground-state
bleaching in both CdSe and SQSH suggests the con-
version of these two components into corresponding
excited states. The bleaching recovery of the MPA/CdSe
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Figure 3. Difference absorption spectra obtained upon femtosecond pump pulse (387 nm laser excitation) of (A) MPA/CdSe
and (C) SQSH/CdSe on SiO, film. Time-absorption profiles of (B) MPA/CdSe and (D) SQSH/CdSe on SiO; film at 550 nm. Inset:

time-absorption profiles of SQSH/CdSe on SiO, at 650 nm.

shows multiexponential decay with recovery times
stretched into nanoseconds. In the case of SQSH/CdSe,
a faster component of the bleaching recovery is seen at
550 nm. The lifetime of this component corresponds to
~15 ps. If we attribute this fast recovery to the energy
transfer to SQSH, we obtain a rate constant of energy
transfer of 6.7 x 10'°s™". Interestingly, this fast energy
transfer is also seen in the bleaching of SQSH at 650 nm.
The time-absorption profile recorded at 650 nm (inset
of Figure 3D) shows a prompt rise followed by a slower
growth in the bleaching signal during an initial period
of 20 ps. The prompt bleaching arises from the direct
excitation of the dye, while slow rise in the bleaching
corresponds to the energy transfer component. These
emission and transient absorption studies establish the
role of SQSH as an effective interceptor for capturing
energy from the excited CdSe. In the subsequent
steps, the excited SQSH injects electrons into TiO,
nanoparticles.

Interaction between Excited SQSH and Ti0,. The redox
potential of the sensitizing dye provides a thermody-
namic measure of the energetics of the ground and
excited states. The oxidation potential of the SQSH as
measured from the cyclic voltammogram (see Sup-
porting Information) is around ~0.97 V vs NHE. The
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oxidation potential of the singlet excited SQSH calcu-
lated from the ground-state oxidation potential and
the singlet energy (1.88 eV corresponding to the Eq ¢
transition at 660 nm) corresponds to —0.91 V vs NHE.
Thus, the excited SQSH is energetically capable of
injecting electrons into the TiO, (Ecg = —0.5 V vs NHE).
However, the conduction band for CdSe in non-sulfide
medium is around —0.70 V vs NHE.*' Thus, there is
relatively less driving force for the excited SQSH to
induce electron transfer to CdSe. As a result of this
energetic scheme, we expect the electron transfer
between excited SQSH and TiO, to dominate following
the visible excitation of the hybrid assembly, TiO,/
SQSH/CdSe.

Femtosecond transient absorption technique is a
convenient approach to probe the ultrafast de-
activation of excited dye on TiO, and other oxide
surfaces.* " In the present study, the dye (SQSH)
was linked to mesoscopic TiO, and SiO, films. These
two films were subjected to 387 nm laser pulse excita-
tion in a pump—probe spectrophotometer, and the
excited-state deactivation of the dye on the two oxide
surfaces was compared (reactions 1 and 2).

Si0, — SQSH + hy — Si0; —'SQSH*

1
— Si0; — SQSH + hv' M
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Figure 4. Difference absorption spectra obtained upon femtosecond pump pulse (387 nm laser excitation) of (A) SQSH on
SiO, and (C) SQSH on TiO; film. Time-absorption profiles of (B) SQSH on SiO, and (D) SQSH on TiO; film at 550 and 650 nm.
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The transient absorption spectra recorded at differ-
ent delay times following the laser pulse excitation
of SQSH linked to SiO, and TiO, films are shown in
Figure 4A,C. On SiO,, the observed spectral fingerprints
correspond to the singlet excited state with a bleach-
ing at 640 nm and broad absorption around 520 nm.
The lifetime of the SQSH* as monitored from the
bleaching recovery and the decay of the transient
absorption at 520 nm (Figure 4B) was ~300 ps. Since
SiO, is an insulator, it does not directly participate in
the electron transfer process. This is also evident from
the single exponential decay kinetics of the excited
state.

On the other hand, the difference absorption spec-
tra of the SQSH linked to the TiO, film exhibit two
absorption maxima around 550 nm and >725 nmand a
broader bleach around 650 nm (Figure 4C). The tran-
sient decay as well as bleaching recovery (Figure 4C)
exhibits a short and long-lived component. The fast
component, which corresponds to singlet excited state
of SQSH, decays with a lifetime of 8 ps. This faster decay
represents deactivation of the excited state via a
charge injection process (reaction 2). Indeed the
long-lived component confirms the formation of cat-
ion radical of the dye following the charge injection
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into TiO,. If we assume that the faster deactivation is
entirely due to the electron injection process, we
obtain arate constant of 1.2 x 10"" s~ . Similar ultrafast
electron injection rate constants have been reported

for other dye sensitization of TiO, films.
Evaluation of QDSC Performance. If indeed there is a

4547

synergy of energy and electron transfer processes in
the TiO,/SQSH/CdSe hybrid assembly, we should be
able to observe its effectiveness during the operation
of a photoelectrochemical solar cell. The mesoscopic
TiO, films modified with SQSH, MPA/CdSe, and SQSH/
CdSe were employed as photoanode, platinum coun-
ter electrode, and an electrolyte consisting of 0.22 M
Co(bpy)s(PFg),, 0.033 M Co(bpy)s(PFg)s, 0.1 M LiCIO,,
and 0.2 M 4-tert-butylpyridine in acetonitrile.

The solar cell characteristics of the TiO, film mod-

ified with SQSH, MPA/CdSe, and SQSH/CdSe were
recorded under AM 1.5 irradiation (100 mW cm™?).
Figure 5A shows the incident photon to current con-
version efficiency (IPCE) or external quantum effi-
ciency, and Figure 5B shows J—V characteristics of
three different solar cells. The maximum IPCE for the
solar cell employing SQSH alone corresponds to about
65% and matches the absorption band of the dye
(maximum at 650 nm). On the other hand, the CdSe
QDs attached to TiO, exhibit photoresponse below
530 nm with maximum IPCE of ~10% in the visible
region. The SQSH/CdSe hybrid assembly on the other

VoL.6 = NO.6 = 5718-5726 = 2012 ACNJANIC)

\ ]
N
Www.acsnano.org

5722



IPCE (%)

\ AN ..%“c
L) -,
L \":!».;".. I)-"o,.
‘C‘::}‘. ..'l‘

b 4
o L Sessssasak A Y
400 500 600 700
Wavelength (nm)

Current density (mA/cmz)

0.2 0.4 0.6 0.8
Voltage (V)

Figure 5. (A) IPCE spectra and (B) J—V characteristics of (a) SQSH, (b) MPA/CdSe, and (c) SQSH/CdSe using Pt counter electrode
and electrolyte of 0.22 M Co(bpy)s(PFs),, 0.033 M Co(bpy)s(PFe)s, 0.1 M LiClO,, and 0.2 M 4-tert-butylpyridine in acetonitrile.

TABLE 1. Solar Cell Performance Parameters®

dye Jic (mAam?) Vo (V) FF 7 (%)
SQSH 7.525 0.637 0.64 3.05
MPA/CdSe 0.686 0435 0.50 0.15
SQSH/CdSe 9.077 0.647 0.62 3.65

? performances of QDSSCs were measured with 0.18 cm? working area. Electrolyte:
0.22 M Co(bpy)s(PFe)y, 0.033 M Co(bpy)s(PFe)s, 0.1 M LiClO4, and 0.2 M 4-tert-
butylpyridine in acetonitrile.

hand exhibits collective response throughout the visi-
ble region. Whereas the IPCE increase in the 650 nm is
relatively small, significant increase in the IPCE is seen
at wavelengths below 550 nm. This increase in IPCE of
SQSH/CdS indicates the synergy of tapping energy and
electron transfer processes by capturing the photons
throughout the visible spectrum.

The J—V characteristics of the QDSC employing
various photoanodes are presented in Figure 5B, and
the cell parameters are summarized in Table 1. The
open-circuit voltages of SQSH and SQSH/CdSe are
similar, and it is greater than CdSe. A similar trend was
also evident in the short-circuit current and fill factors.
It is evident from the comparison of cell parameters
(short-circuit current density (Js)) of 9.07 mA cm~?,
open-circuit voltage (V,c) of 647 mV, and fill factor (FF)
of 0.62) that SQSH/CdSe exhibits superior performance.

EXPERIMENTAL METHODS

Materials. All reactions were carried out under an argon
atmosphere. Solvents were distilled from appropriate reagents.
Co(bpy)s(PFg), and Co(bpy)s(PFs); were synthesized using
the procedure described in the literature.*® 3-lodopropy-
Ithioacetate®® and 5-carboxy-2,3,3-trimethyl-1-octyl-3H-in-
dolium iodide®® were synthesized using a modified procedure
of previous references. The following materials were used for
the synthesis of CdSe quantum dots. Cadmium oxide (CdO, Alfa,
99.998%), Se powder (Aldrich, 99.5%, 100 mesh), trioctylphos-
phine oxide (TOPO, Strem Chemicals, 90%), trioctylphosphine
(TOP, Aldrich, 90%), and tetradecylphosphonic acid (TDPA, PCl

The power conversion efficiency (1) of 3.65% observed
for the SQSH/CdSe hybrid solar cell was greater than
the sum of solar cells employing SQSH (3.05%) or CdSe
(0.15%) linked to TiO, as photoanodes. This enhanced
efficiency observed during visible light illumination
confirms the synergy of effective coupling energy and
electron transfer processes in the hybrid solar cell.

CONCLUSIONS

The property of CdSe quantum dots as light harvest-
ing antenna has been successfully adopted in a cova-
lently linked TiO,/SQSH/TiO, hybrid assembly. The
linker dye with its absorption in the red near-IR region
couples CdSe QDs to TiO, and directly participates in
the excited-state electron transfer process. The ability
to capture energy from excited CdSe via FRET and to
inject electrons into TiO, is reflected in the broader
response of the solar cell with greater efficiency. The
synergy of achieving sequential energy and electron
transfer in a semiconductor—dye assembly seen in the
present study opens new ways to capture a broader
spectrum of incident photons and generate photocur-
rent in a solar cell with greater efficiency. A careful
design of such hybrid assemblies that facilitate se-
quential energy and electron transfer processes could
pave the way for developing new and efficient light
harvesting assemblies.

Synthesis, lot# 808001N11) were used as received. 'H and
3C NMR spectra were recorded on a Varian Mercury 300
spectrometer.

Optical and Electrochemical Measurements. All experiments were
carried out at room temperature. All solutions were deaerated
by bubbling with nitrogen or argon. Absorption spectra were
measured with a Varian Cary 50-Bio UV—vis spectrophotometer.
Emission spectra were recorded using an SLM-S 8000 spectro-
fluorometer. A Princeton Applied Research model PARSTAT
2263 was used for recording /—V characteristics. Newport
Oriel QE kit (QE-PV-SI) was used for measuring IPCE values.
Cyclic voltammograms were recorded with a Gamry PC-14
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potentiostat. A three-electrode system was used and consisted
of a SCE, working electrode, and platinum wire electrode.

Femtosecond Laser Flash Photolysis. Femtosecond transient ab-
sorption experiments were conducted using a CPA-2010 1 kHz
amplified Ti:sapphire laser system from Clark MXR, combined
with Helios optical detection system provided by Ultrafast
Systems. The fundamental output of the CPA-2010 laser system
(775 nm, 1T mJ per pulse, pulse width 150 fs) was split into
two beams: a pump (95%) and a probe (5%). The pump beam
was directed through a second harmonic generator to provide
387 nm excitation wavelength. The probe beam passed
through an optical delay rail, allowing regulation of an appro-
priate delay time between the pump and the probe.

Solar Cell Fabrication. The sensitized TiO, film is used as a
working electrode. The FTO plate (Pilkington TEC Glass-TEC 8,
Solar 2.3 mm thickness) used for the counter electrodes was
cleaned with an ultrasonic bath in H,0, acetone, and 0.1 M
aqueous HCl, subsequently. Counter electrodes were prepared
by coating with a drop of H,PtClg solution (2 mg of Ptin 1 mL of
ethanol) on the cleaned FTO plate and sintered at 400 °C for
15 min. The dye-adsorbed TiO, electrode and Pt counter
electrode were assembled into a sealed sandwich-type cell by
heating at 80 °C with a hot-melt ionomer film (Surlyn SX 1170-25,
Solaronix) as a spacer between the electrodes. A drop of
electrolyte solution (electrolyte of 0.22 M Co(bpy)s(PFe),, 0.033 M
Co(bpy)s(PFs)3, 0.1 M LiCIO4 and 0.2 M 4-tert-butylpyridine
in acetonitrile) was placed over a hole drilled in the counter
electrode of the assembled cell and was driven into the cell via
vacuum backfilling. Finally, the hole was sealed using additional
Surlyn and a cover glass (0.1 mm thickness).

1-(3-(Acetylthio)propyl)-2,3,3-trimethyl-3H-indolium iodide (1). 3-lo-
dopropylthioacetate (1.2 g, 5.35 mmol) and 2,3,3-trimethylin-
dolenin (0.852 g, 5.35 mmol) were dissolved in toluene and
refluxed under nitrogen for 11 h. The solvent was evaporated,
and the product was used without any further purification,
2.15 g (quantitative).

(E)-($)-3-(2-((2-Ethoxy-3,4-dioxocyclobut-1-enyl)methylene)-3,3-dimethylin-
dolin-1-yl)propyl ethanethioate (2). Compound 1 (1.64 g, 4.066
mmol), 3,4-diethoxy-3-cyclobutene-1,2-dione (0.577 g, 3.391
mmol), and 2 mL of triethylamine were dissolved in 25 mL of
ethanol and refluxed for 30 min. The solvent was removed from
the yellow solution, and the crude product was purified by
recrystallization with ethanol to afford 2 in 70% yield. "H NMR
(CDCl3): 0 7.29 (t,J=7.1Hz, 1H),7.27 (t,J= 7.1 Hz, 1H), 7.08 (d,
J=7.4Hz 1H),6.92 (d,J=7.4 Hz, 1H), 541 (s, 1H), 490 (g, J =
9.0 Hz, 2H), 3.89 (t, J = 6.0 Hz, 2H), 2.96 (t, J = 6.0 Hz, 2H), 2.38 (s,
3H), 2.04 (m, 2H), 1.62 (s, 6H), 1.55 (t, J = 9.0 Hz, 3H). "3C{'H}
NMR (CDCl5): 6 195.5, 187.9, 174.0, 168.3, 142.6, 141.0, 128.1,
123.0,122.3,108.4,81.7,70.2,48.2,41.8,30.9, 27.2, 26.7, 26.5,
17.1,16.2,10.9.

(E)-3-Hydroxy-4-((1-(3-mercaptopropyl)-3,3-dimethylindolin-2-ylidene)-
methyl)cyclobut-3-ene-1,2-dione (3). Compound 2 (04 g, 1.001
mmol) was dissolved in 40 mL of ethanol, and 2 mL of 1 M
NaOH solution was added under reflux and heated for 20 min.
The mixture was quenched with H,0O (30 mL) and adjusted to
pH 4 with 1 M HCl. The mixture was extracted with CH,Cl, three
times. The organic layer was separated and dried in MgSO,. The
solvent was removed in vacuo. The pure product was purified by
recrystallization with ethanol to afford 3 in 60% yield. "H NMR
(CDCl5):07.28 (t,J=7.2Hz,1H),7.26 (t, J=7.2Hz,1H),7.07 (d, )=
7.4 Hz, 1H), 6.93 (d, /= 7.4 Hz, TH), 5.40 (s, TH), 2.96 (t, /= 6.0 Hz,
2H), 2.58 (t,J = 6.0 Hz, 2H), 2.04 (m, 2H), 1.62 (s, 6H). "*C{"H} NMR
(CDCl5): 0 187.9, 174.0, 168.3, 142.6, 141.0, 128.1, 123.0, 122.3,
108.4,81.7,70.2,48.2,30.9, 27.2, 26.5, 17.1, 16.2.

(E)-4-((5-Carboxy-3,3-dimethyl-1-octyl-3H-indolium-2-yl)methylene)-2-
((E)-(1-(3-mercaptopropyl)-3,3-dimethylindolin-2-ylidene)methyl)-3-oxocy-
clobut-1-enolate  (SQSH). 3,5-Carboxy-2,3,3-trimethyl-1-octyl-3H-
indolium iodide (0.56 g, 1.7 mmol) was dissolved in a mixture
of 30 mL of benzene and 30 mL of n-butanol. The mixture was
refluxed overnight. The solvent was removed in vacuo. The pure
product SQSH was obtained by silica gel chromatography
(eluent Mc/MeOH = 97:3, Ry = 0.3) to afford SQSH in 71% yield.
"H NMR (CDCl5): ¢ 8.05 (d, J = 8.2 Hz, TH), 7.21 (d, J= 8.2 Hz, TH),
8.01 (s, TH), 7.51 (d,J=7.3 Hz, 1H), 7.27 (t, J=7.2 Hz, 1H), 7.41 (t,
J=7.2Hz, 1H), 733 (d, J = 7.2 Hz, 1H), 6.08 (s, TH), 5.94 (s, TH),
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4.24 (t,J=7.2Hz, 2H),4.09 (m, 2H), 2.43 (m, 3H), 1.82 (m, 2H), 1.80
(m, 2H), 1.76 (s, 6H), 1.75 (s, 6H), 1.46 (m, 2H), 1.31 (m, 2H),
1.3—1.4(m, 4H), 1.29 (m, 2H), 0.88 (t, J = 6.9 Hz, 3H). *C{'H} NMR
(CDCl3): 6 184.4, 179.4, 175.0, 173.9, 170.3, 169.8, 147.8, 143.5,
143.1,142.9,131.8,129.3,126.7,126.3,124.6,123.4,111.9,110.3,
87.8,87.6,51.1,49.6, 44.7, 40.0, 32.8, 30.6, 30.3, 30.4, 28.0, 27.8,
27.2,26.9,235,22.4,14.4,12.5.

Preparation of (dSe Colloids. CdSe QDs were synthesized using
a previous method.*° In brief, 0.05 g of CdO, 0.3 g of TDPA, and
2 g of TOPO were heated in a three-neck round-bottom flask in
nitrogen atmosphere. At 315 °C, a 4 mL of TOP and 0.25 mL of
1 M TOPSe (Se dissolved in TOP, prepared inside a glovebox)
were injected swiftly to the reaction mixture. Heating was
continued until the desired size of QDs has formed, evidenced
by the color change of the reaction mixture. The growth was
quenched by removing the heating source and carefully apply-
ing a wet paper towel on the reaction vessel wall. Once the
solution reached below 80 °C, toluene was added and the
reaction mixture was transferred to a glovebox under N, atmo-
sphere. The QDs were precipitated by adding methanol. These
particles were washed five times by suspending in toluene and
subsequent addition of methanol to precipitate.

Nanocrystalline Ti0, Electrode Preparation. FTO glass plates
(Pilkington TEC Glass-TEC 8, Solar 2.3 mm thickness) were
cleaned in a detergent solution using an ultrasonic bath for
30 min and rinsed with water and ethanol. The FTO glass plates
were immersed in 40 mM TiCl, (aqueous) at 70 °C for 30 min and
washed with water and ethanol. A transparent nanocrystalline
layer on the FTO glass plate was prepared by doctor blade
printing TiO, paste (Solaronix, Ti-Nanoxide T/SP) and then dried
at 25 °C for 2 h. The TiO, electrodes were gradually heated
under an air flow at 325 °C for 5 min, at 375 °C for 5 min, at
450 °C for 15 min, and at 500 °C for 15 min. A paste for the
scattering layer containing 400 nm sized anatase TiO, particles
(CCIC, PST-400C) was deposited by doctor blade printing and
then dried for 2 h at 25 °C. The TiO, electrodes were again
gradually heated under an air flow at 325 °C for 5 min, at 375 °C
for 5 min, at 450 °C for 15 min, and at 500 °C for 15 min. The TiO,
electrodes were treated again by TiCl, at 70 °C for 30 min and
sintered at 500 °C for 30 min.

Linking CdSe Nanocrystals to Ti0, Films (Ti0,/MPA/CdSe and Ti0,/SQSH/
(dSe). After the treatment of TiCl,, the TiO, films were placed
directly into a 1 M 3-mercaptopropionic acid (MPA) in acetoni-
trile solution or 0.3 mM SQSH in EtOH for 12 h to allow for
attachment of linker molecules. The films were subsequently
washed with ethanol and placed directly in the CdSe nanopar-
ticle solution (~8 x 10~° mol of dots/L) for 48 h.

Ti0,/SQSH Film. After the treatment of TiCly, the TiO, film was
placed directly into a 0.3 mM SQSH in EtOH for 12 h to allow for
attachment of linker molecules.
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