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Self-assembled monolayers of di-(3-diaminopropyl)-viologen (DAPV) were prepared on a tin-doped

indium oxide (ITO) surface as acceptor layers. Photoactive layers of Ru(2,2’-bipyridine-4,4’-dicarboxylic
acid),(NCS), were formed on DAPV to give an acceptor—sensitizer dyad on ITO. The photon energy was
monitored by measuring the ITO conductivity change. Under illumination, the ITO conductivity increased
with the current increasing by increments of 8 nA indicating the construction of molecular photosensors on
the ITO surface. The concept of a molecular photosensor was further applied to a molecular photovoltaic
system. The presence of the viologen moiety bridges the energy levels between the LUMO of the Ru
sensitizer and ITO, and improves the efficiency of a photovoltaic cell with a quantum yield of 18.4% at

3.3 mW cm 2

Introduction

The photosynthesis system provides insight into the emerging
fields of photosensors, photovoltaics, and opto-electronic de-
vices.! > Photosynthesis consists of a two-photon excitation
system, P680 and P700, and an electron acceptor system with
quinone and ferredoxine.® The acceptor—sensitizer—donor sys-
tem in nature is efficiently arranged three dimensionally as well
as energetically, which sets up the basis for a high efficiency
photosynthetic system.” '° In order to mimic the photosynth-
esis, the design and construction of molecular architectures
of acceptors, donors and photoresponsive materials on ITO
(tin-doped indium oxide) is quite necessary.

Self-assembled monolayers (SAMs) on gold and platinum
have been studied extensively. Nonetheless, metal films are not
optically transparent, and the SAMs on them are not chemi-
cally stable. Since the first report on SAMs of diamine mole-
cules on ITO, molecular layering on ITO has attracted a great
deal of attention for photoelectrochemical applications.!!
The SAMs on ITO can get rid of the limitations of SAMs on
Au and provide stable and versatile applications.

In the work described in this paper, we intended to construct
an acceptor—sensitizer molecular dyad architecture on the ITO
surface, which has a strong potential to be applied to photo-
voltaic systems. We report the preparation of a molecular
photosensor on an ITO surface mimicking photosynthesis in
nature. Self-assembled monolayers of di-(3-diaminopropyl)-
viologen (DAPV) and Ru(2,2'-bipyridine-4,4’-dicarboxylic
acid),(NCS), were constructed on an ITO surface to give an
acceptor—sensitizer dyad on ITO. The photon energy was
monitored by measuring the ITO conductivity change in the
presence of the dyad on its surface. Upon illumination, the ITO
conductivity changed along with a current increase. The for-
mation of an acceptor—sensitizer dyad on ITO successfully
provided an efficient route for molecular photosensors. This
system was further applied to electric current generation/
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photovoltaics in the presence of I /I;7/CH3CN. Gritzel’s
photovoltaic system uses TiO, as an electron acceptor. Nano-
particles of semiconductor solid oxide layers are deposited on
the ITO surface followed by the adsorption of dye. The SAMs
of organic molecules successfully constitute an electron accep-
tor system with an excellent quantum yield of 18.4% at
3.3 mW cm 2

Experimental

High purity water (Milli-Q, Millipore) was used for all experi-
ments. All of the chemicals were purchased from Aldrich.
Ru(2,2’-bipyridine-4,4’-dicarboxylic acid),(NCS), was pur-
chased from Solaronix. Di-(3-diaminopropyl)-viologen
(DAPYV) was synthesized with 4,4-bipyridine and 3-bromopro-
pylamine hydrobromide by refluxing for 12 h. ITO (10 Q cm)
glass was purchased from Samsung Corning Co. and HOYA
Co. The self-assembled monolayers of 1,12-diaminododecane
(DADD) on ITO were prepared by immersing the ITO in
2 mM DADD in methanol at 40 °C under an Ar atmosphere
for 48 h. The self-assembled monolayers of DAPV on ITO
were prepared by immersing the ITO in 2 mM DAPV in 0.1 M
phosphate buffer, pH 7.0 at 40 °C for 48 h. The layer of
RuL,(NCS), was prepared by dipping SAMs-ITO in 0.3 mM
Ru complex—ethanol solution for 24 h. To monitor the con-
ductivity of ITO, high resistance ITO (1 kQ cm) was used, and
the dyad was formed by the procedure mentioned above.

The electrochemical measurements were performed using a
BAS 100B (Bioanalytical Systems, Inc.). A single compartment
with a standard three-electrode glass cell was used with Ag/
AgCl as a reference electrode and Pt wire as a counter
electrode. The measurement in aqueous media was carried
out under an Ar atmosphere. In order to calculate the surface
concentration of phosphomolybdic acid, cyclic voltammetry
(CV) was performed: the cyclic voltammogram of bare ITO in
a 0.1 M HCl solution was obtained as a blank test and baseline.
Then, the cyclic voltammogram of phosphomolybdic acid—
SAMs on the ITO surface was overlapped on the base line,
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and the second reduction peak was integrated to calculate the
amount of electron transfer. Cyclic voltammetry was also
carried out to characterize and calculate the surface concentra-
tion of RulL,(NCS), on SAMs-ITO. Cyclic voltammetry was
carried out under an Ar atmosphere (0.1 M (Bu)JNBF,~
CH;CN, scan rate, 50 mV s~ '; air mass 0 and 1.5 filter systems
and light of 25 mW cm ™2 and 0.4 cm? irradiation area).

The spectroscopic measurements were carried out using
Rutherford backscattering spectroscopy (RBS, which was
performed at the KIST-RBS facility with a 2 MeV He?" ion
source), and UV-spectroscopy (Varian, CARY100 spectro-
photometer).

The RuL,(NCS),-DAPYV dyad was prepared by dipping the
SAMs—ITO (1 kQ cm) in 0.3 mM Ru complex—ethanol solution
for 24 h, and a silver paste was applied at the edge for the
electrical contact. SAMs of dyad-ITO (1.5 x 2.5 cm?) were
illuminated with 89 mW cm™2 white light with air mass 0 and
1.5 filters as a solar simulator in the presence of a water filter
(450 W Xenon lamp, Oriel Instruments). Current was mea-
sured at 0.05 mV by a Kiethley 2400 source meter in air or in a
vacuum (107 Torr.). The two-probe method was used to
monitor the change in the conductivity/resistivity efficiently.

A sandwich-type photovoltaic cell was assembled with
RuL,(NCS),~DAPV-ITO and Pt-sputtered ITO glass [electro-
lyte: 0.3 M Lil and 30 mM I, in (Bu);NBF,~CH;CN, 0.34
cm?]. Photocurrent action spectra were measured by changing
the excitation wavelength (AA = 2 nm) (photon counting
spectrometer, ISS Inc. and Kiethley 2400 source meter). The
J—V characteristics of the cell were carried out using Kiethley
2400 source meter under A = 530 nm and 3.3 mW cm 2. The
light intensity was tuned with an optical power meter (Newport
Co.). Quantum yields were calculated based on the number of
photons absorbed by the sensitizer at 530 nm {® = [(hc/e)Js]/
[2I(1 — 10™%)]; &, Planck constant; ¢, speed of light; e, electron
charge; Jy., photocurrent density; 4, wavelength of excitation
light; 7, light intensity irradiated at A nm; A, absorbance of the
sensitizer on SAMs—ITO at 2 nmj}.

Results and discussion

(1) Self-assembled monolayers of di-(3-diaminopropyl)-viologen
on ITO and molecular layering of Ru(2,2’-bipyridine-4,4,-di-
carboxylic acid),(NCS), on SAMs-ITO

SAMs of di-(3-diaminopropyl)-viologen were prepared on an
ITO surface using the previously reported method.''™'> The
SAMs were quite stable in air and even survived in 0.1 N HCl
solution. As a reference, SAMs of diaminododecane were
prepared on ITO, too. The formation of DAPV SAMs on
ITO was monitored by the cyclic voltammetry (Fig. 1). Violo-
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Fig. 1 Cyclic voltammogram of DAPV-ITO in electrolyte, 0.1 M
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Scheme 1 The formation of di-(3-diaminopropyl)-viologen (DAPV)
SAMs and acid-base complex between DAPV and phosphomolybdic
acid.

gen is well known to give two characteristic redox peaks in
cyclic voltammogram in solution. However, on the ITO sur-
face, SAMs of viologen form the dimer [(DAPV""),] with one
electron reduction.'®'® The first reduction peak at —532 mV is
related to formation of a dimer from DAPV>", and the second
one at —960 mV, DAPV*"/°. The surface concentrations of
DAPYV and DADD on the ITO were quantified using cyclic
voltammetry of the phosphomolybdic acid (H3PMo01,049)
adsorbed on the amine layers by the formation of an acid-
base complex (Scheme 1).'"'> Phosphomolybdic acid is a
strong Brensted acid with multi-protons, and easily forms
monolayers on the basic DAPV on ITO. Phosphomolybdic
acid has good redox properties and has been investigated for its
electrochemical behavior. The phosphomolybdic acid under-
goes multiple electron transfers in solution (Fig. 2). All the
electrochemical measurements showed good reproducibility
within an error range of 10%. The surface concentration of
phosphomolybdic acid was measured by integrating the reduc-
tion current. The surface concentrations of DAPV and DADD
were characterized to give 4.3 x 107'% and 4.2 x 107" mol
cm ™2, respectively.

The amine functional group was utilized to form a second
layer of Ru(2,2’-bipyridine-4.,4,-dicarboxylic acid)>(NCS),
[RuL,(NCS),] as a photosensitizer by forming an acid-base
complex on SAMs. The quantitative measurements of
RuL,(NCS), on SAMs-ITO were carried out using cyclic
voltammetry to give 4.7 x 107! mol ecm™> on DAPV and
4.3 x 107" mol em™2 on DADD by integrating the character-
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Fig. 2 Cyclic voltammogram of phosphomolybdic acid on DAPV—
ITO in 0.1 M HCl at 200 mV s~ .
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Fig. 3 Rutherford backscattering spectrum of di-(3-diaminopropyl)-
viologen on ITO.

istic ruthenium oxidation signal in a cyclic voltammogram. The
surface concentrations of ruthenium and the SAMs were
measured independently by counting the carbon signals in
the Rutherford backscattering spectra (Fig. 3): DADD, 9.0 x
107'% DAPV, 8.8 x 107!% RuL,(NCS), on DAPV, 7.4 x
107! mol cm™2, respectively (Fig. 2b).!"!'*!% The surface
concentrations that were obtained by integrating the phospho-
molybdic acid signals in the cyclic voltammograms were the
minimum values. On the other hand, the RBS data gave the
maximum values.!>!> The surface concentrations of DAPV,
DADD, and RuL,(NCS), were in the same order of magnitude
of 4.0 x 1071°-9.0 x 107" mol cm 2 on ITO. The SAMs and
Ru complex formed quite dense molecular layers in the range
of 3-5 molecules per nm>. The dyad was stable enough to be
fabricated in air or aqueous media. The self-assembly techni-
que proved an efficient method to construct the molecular
architecture on the ITO surface.

(2) Photoinduced electron transfer and ITO conductivity change

For efficient photoinduced electron transfer, the proper
arrangement of energy levels in the dyad is very important.
Scheme 2 shows an idealized arrangement of dyad on the ITO
surface and the energy level alignment of di-(3-diaminopro-
pyl)-viologen (DAPV), RuL,(NCS),, and ITO. The LUMO of
RuL,(NCS), is at —3.8 eV, and ITO at —4.7 e¢V. The reduction
potential of DAPV is —4.0 eV, which bridges the energy gap
between RuL,(NCS), and ITO. The energy level alignment
with an appropriate bridging unit facilitates electron transfer
from the LUMO of the Ru complex into ITO. Facile electron
transfer will change the electron density in ITO, which induces
a change in the ITO conductivity. Therefore, the photocon-
ductivity changes in ITO are directly related to the bridging
capability of the electron acceptors between the Ru complex
and ITO.

To examine the capability of SAMs bridging the photoin-
duced electron transfer, ITO conductivity was measured with
and without the viologen moiety (Scheme 2a). In order to
monitor the maximum conductivity change upon illumination,
low conductivity ITO (1 kQ cm) was used as a base material.
As shown in Fig. 4, the RulL,(NCS),~DAPV-ITO system
exhibits drastic changes in conductivity. The currents through
the ITO surface increased by 8 nA under illumination (89 mW
em2), and returned back to its original position when the light
is off. The photoresponse phenomenon was repeated regularly.
The mechanism for the observed conductivity change is sug-
gested in Scheme 2b. The irradiated photon excites the Ru
complex, and thee photo-excited electrons of RuL,(NCS), are
transferred to low-lying energy state of DAPV (—4.0 eV). The
energy level of ITO is —4.7 eV, and electrons in DAPV will
spontaneously move to ITO. As a result, the electron density of
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Scheme 2 Idealized photoinduced electron transfer and conductivity
measurement; (a) schematic diagram of the electron acceptor—sensitizer
dyad on ITO, (b) energy level diagram and electron transfer through
the dyad.

ITO increases and its conductivity increases. Under dark
conditions, the whole system returns to the initial state decreas-
ing the conductivity. The oxidized RuL,(NCS), can be reduced
by recombination or by air environment. The conductivity
change is more significant in air than in a vacuum, because air
partly supplies electrons to the photo-oxidized Ru complexes,
providing more electrons to the ITO than a vacuum. In a
vacuum environment, the recombination step is the main route
to reduce the oxidized RuL,(NCS),. The drift in over the
course of time is attributed to the temperature change of the
ITO surface due to the irradiation. Meanwhile, the photosen-
sing effects were not observed without the viologen moiety in
SAMs-ITO (RuL,(NCS),-DADD-ITO, RuL,(NCS),-ITO,
and bare ITO). For that reason, the presence of a viologen
unit as an electron acceptor is essential for the photosensing
effects. Similar to what occurs in the photosynthetic system in
nature, the energy level alignment of the electron acceptors and
sensitizer is essential for the high photon-energy conversion.
The SAMs of RuL,(NCS),~DAPV on ITO are a prototype
mimicking the photosynthetic system in nature.

Cyclic voltammetry was performed to examine the electronic
states of the Ru complexes in the presence of the viologen
moiety. The RuL,(NCS), complex shows a characteristic Ru(ir)/
Ru(m) oxidation peak at 850 mV (vs. SCE) in acetonitrile.
The RuL,(NCS), on SAMs—ITO or ITO has two oxidation
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Fig. 4 Photoinduced current change of (I) RuL,(NCS),-DAPYV dyad
on ITO, (II) RuL,(NCS), on ITO, and (IIT) Bare ITO.
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reactions: Ru(i)/Ru(im) at 800 mV and Ru(um)/Ru(v) at
1235 mV (Fig. 5a, (I)). However, the RuL,(NCS), with DAPV
on ITO shows a new oxidation peak at 1110 mV under
illumination (Fig. 5a, (I)). This indicates a change in the Ru
oxidation state upon illumination. Upon irradiation, metal to
ligand electron transfer will take place followed by transfer to
the electron acceptor. The peak change indicates electron
transfer from the metal to the acceptor system. The Ru oxida-
tion state was independently monitored by a chemical oxidation
with Ce(1v) sulfate, which is an oxidizing agent (eqn. (1)). Rhee
et al. reported that Ce(1v) can oxidize Ru(i) to Ru(i)."°

Ru(i)L,(NCS), + Ce(1v) - Ru(m)L,(NCS), + Ce(mr) (1)
2Ru(mm)Ly(NCS), + 317 — 2Ru(m)L,(NCS), + I3~ (2)

Interestingly, the oxidation peak of the chemically oxidized
Ru(mm) complex is exactly the same as the one of RuL,(NCS),—

@
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mV vs. Ag/AgCl

Fig. 5 Cyclic voltammogram of RuL,(NCS),~SAMs-ITO in 0.1 M
(Bu),NBF,~CH;CN as electrolyte at a scan rate of 550 mV s~ '; (a) in
the case of DAPV SAMs in the dark (I) and under illumination (II); (b)
in the case of DADD SAMs in the dark or under illumination; (c) in
the case of DAPV SAMs with I™ in 0.1 M (Bu)y;NBF,~CH;CN in the
dark or under illumination.
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DAPV-ITO under irradiation. This indicates that photoxida-
tion took place from Ru(ir) to Ru(in) upon irradiation, and the
oxidation peak at 1110 mV represents the oxidation process of
Ru(m)/Ru(iv). The photo illumination oxidizes Ru(i)
L>(NCS), to Ru(i)L,(NCS), in the presence of a viologen
unit. The electrons in the HOMO of RuL,(NCS), are photo-
excited to the LUMO and transferred to the viologen, and then
to ITO. However, the cyclic voltammogram of RuL,(NCS),—
DADD-ITO was not changed and remained in the Ru(i) state
even upon illumination (Fig. 5b). The chemical oxidation of
RuL,(NCS),-DADD-ITO by Ce(1v) produces a Ru(iir) com-
plex and showed the same cyclic voltammogram as the Ru(i)
complex with DAPV under illumination. The photo-oxidation
of the RuL,(NCS), complex was not observed without the
viologen bridging group. The DADD consists of covalent
bonds and acts as an insulator. Therefore, it is difficult for
the photo-excited electrons in RuL,(NCS), to cross covalent
bonds, and they return to the ground state, Ru(iu). The
presence of a bridging component between the sensitizer and
ITO facilitates electron transfer, and is an essential part for the
electron flow. The reduction peak of the viologen at —600 mV
decreases when irradiated. The viologen is partially reduced as
a result of electron transfer from the ruthenium sensitizer. The
addition of I, an electron injector (—4.8 eV), provides elec-
trons to the photo-oxidized Ru(r) complex to form a Ru(ir)
complex (Fig. 5c, eqn. (2)). The cyclic voltammogram of
RuL,(NCS),-DAPV-ITO shows the recovery of the Ru(i)
state in the presence of I™ even under irradiation conditions.
The oxidation state changes in the Ru(i)L,(NCS), complexes
upon illumination suggest that the viologen moiety plays a
crucial role in bridging the LUMO of RuL,(NCS), and ITO
energetically.

(3) Molecular photovoltaic system with SAMs of acceptor
and sensitizer on ITO

The molecular photovoltaic system is an idealized model for
unidirectional electron transfer upon irradiation. By the proper
arrangement of acceptor—sensitizer—-donor molecules on ITO,
photoinduced electron flow can be obtained and optimized.
The formation of the SAMs with the alignment of the acceptor—
sensitizer energy level on the ITO was further used to construct
the molecular photovoltaic devices. A sandwich-type photo-
voltaic device was prepared with the RuL,(NCS),-DAPV-ITO
and a platinum counter electrode with an electrolyte of 0.3 M
Lil and 0.03 M I, in acetonitrile. The photoactive spectrum of
the ITO-DAPV-RuL,(NCS),/(I1"/I15;7)/Pt cell accords with the
corresponding UV-Vis absorption spectrum in RuL,(NCS),
solution. It shows a maximum absorbance at 530 nm. In the
presence of an electron mediator, viologen in SAMs, the
incident photon to electron current quantum efficiency (IPCE)
of RuL,(NCS), is higher than that without a viologen unit
(Fig. 6)." DADD and DAPV are similar in their length.
However, the IPCE increases by almost three times with an
energetically bridging unit. This striking improvement is due
largely to the promotion of electron transfer by the bridging
viologen moiety between RuL,(NCS), and ITO.

Based on the IPCE experiments, the photocurrents were
measured under monochromatic irradiation (4 = 530 nm; light
intensity, 3.3 mW cm ™% area, 0.34 cm?). Two systems were
compared to each other: ITO-DAPV-RuL,(NCS),, and ITO-
DADD-RuL,(NCS),. In both cases, there was a photocurrent
upon irradiation. However, the system performance in the
presence of the viologen moiety shows an excellent perfor-
mance (Fig. 7). The open-circuit voltage (V,.) of the
RuL,(NCS), with a viologen acceptor reaches 0.17 V with a
short-circuit current (Ji) of 1.7 pA cm 2, whereas the
RuL,(NCS),-DADD-ITO system shows a poor V. of 0.015
V, and especially its Jg is 15 times smaller than that of
RuL,(NCS),~DAPV-ITO. The photo-excited electrons in
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Fig. 6 Incident photon-to-current conversion efficiency (IPCE).
(a) RuLy(NCS),-DAPV-ITO; (b) RuL,(NCS),-DADD-ITO;
(c) bare ITO.

RuL,(NCS), are transferred to the viologen in SAMs on ITO.
Then, electrons will travel to the ITO side, the same as in the
previous photosensor experiments. On the other hand, the
RuL,(NCS), complex oxidized Ru to the Ru(in) state. The
electrolyte with I7/I;™, a redox mediator, provides electrons to
the Ru(in) and I3, and the system returns to its original Ru(ir)
state. At the counter electrode, I is regenerated from I3~ by
accepting electrons from the electrode. The electron transfer
from reduced-viologen to ITO is sufficiently fast due to the
short distance of 3 methylene groups between viologen and
ITO. However, there are 12 methylene groups in the DADD
molecule, and it acts as a barrier to electron transfer.

The quantum yield, which is the ratio of generated electrons
to absorbed photons, was 18.4% for RuL,(NCS),-DAPV-
ITO. Ikeda, et al. prepared multilayers of fullerene-cationic
homooxacalix[3]arene inclusion complex with an anionic por-
phyrin polymer.?>* They reported a good quantum yield of
21% under 1.53 mW cm™2 irradiation. Imahori, et al. also
reported the formation of ferrocene-porphyrin-fullerene triad
on gold surface. They prepared the triad by the multi-step
organic synthesis and put it on the gold surface. They claimed
the highest quantum yield of 25% under the irradiation power
of 0.06 mW cm~2.2% The quantum yield is directly dependent
on the irradiation power. The quantum yield of 18.4% and
photocurrent of 1.7 pA cm?~ under 3.3 mW cm ™ illumination
conditions is a relatively good value among the recently
reported systems.**!>> The DADD SAM:s without an electron
acceptor behave as insulators between the RulL,(NCS), and
ITO, and its quantum yield is almost negligible. The quantum
efficiency was also calculated to be 0.1% with 1.7 pA cm™>
under 3.3 mW cm ™2 (ex = 530 nm).'® The values provide good

Current (10" A/cm
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80
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Fig. 7 [-V characteristics of the photovoltaic cells. (a), (c)
RuL,(NCS),~-DAPV-ITO under irradiation and in the dark, respec-
tively; (b) RuL,(NCS),~-DADD-ITO under irradiation.
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potential for a practical system of a molecular photovoltaic
system.

The concept of molecular photovoltaic systems with SAMs of
di-(3-diaminopropyl)-viologen shows good cell performance
with an improved quantum yield. The system reported in this
work provides a typical model for the molecular optoelectronic
system. First, it is easily prepared on the ITO surface with
excellent stability. Also, the architecture can be constructed by
the layer-by-layer method in liquid phase. The formation of an
acceptor—sensitizer dyad with di-(3-diaminopropyl)-viologen
and RuL,(NCS), clearly shows its advantages with good cell
performance. The elaborated fine-tuning of the energy level of
acceptors and sensitizers, and their multilayers will provide us an
outstanding methodology for designing optoelectronics on ITO.

Sumamry

In summary, a molecular photosensor based on self-assembled
monolayers of an electron acceptor—photosensitizer dyad on
an ITO surface was fabricated. The energy level alignment
through the SAMs of di-(3-diaminopropyl)-viologen success-
fully facilitates electron transfer and alters the ITO conductiv-
ity. The concept of a molecular photosensor was applied to a
molecular photovoltaic system with a good quantum yield of
18.4%. The formation of self-assembled layers of an acceptor—
sensitizer dyad on ITO is an attractive model for molecular
optoelectronics mimicking photosynthesis.
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