%o R | A A E I Vol.22 No.6
2006 4F 6 H CHINESE JOURNAL OF INORGANIC CHEMISTRY Jun., 2006
%%
Eﬁﬁ%nﬂ?&
%WJ
ab + HE Ry |=PA
BLiAXT Thee B AR BB FHE BN
FRAF LI FHAME T2 FER? XL
(HEIRFAZHEFLN,LF  100081)
CARREREIMMAFRAEABRETEEERE, LT 100087)

KGR WENR SRR SR LR
FESHES: 06414 XERARIRAD : A XEHS: 1001-4861(2006)06-1077-08
Effects of Connecting Ligands on Photoinduced Electron Transfer

Properties of Functionalized Self-assembled Solid Films
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Abstract: A strategy for fabricating the functionalized self-assembled films is proposed. Through the comparison
of three self-assembled films of 3,4,9,10-perylene tetracarboxylic acid (PTA) with different connecting ligands, i.e.
oxalic acid (Ox), succinic acid (Su), or terephthalic acid (Tp), it was found that the optimal system was composed
of oxalic acid, Ce* and 3,4,9,10-perylene tetracarboxylic acid,which was much better than simple covalent con-
(SA)
films. All these films were characterized by contact angle, UV spectra, cyclic voltammetry and XPS. The pho-

necting PTA films and the connecting ligands played an important role for the properties of self-assembled

tocurrent generation of the best system were 5 706, 7 345 nA -cm™, respectively, being among the highest values
of dye-sensitized indium tin oxide (ITO) systems. The effects of light intensity, bias voltage, and electron donor on
photoinduced electron transfer properties were also studied. The possible mechanism of electron transfer is pro-

posed.
Key words: thin films; surface and interface; photoconductivity; photovoltaics

0 Introduction B with a surface hydroxyl group to form a presumed

ester linkage.  Sustained photocurrents from ester-

The strategy for fabrication of functionalized self- linked tin oxide electrodes were 2 orders of magnitude

assembled films has been developing rapidly in recent
years. Fujihara and his coworkers!"? first reported the

dehydrative coupling of a carboxyl group of rhodamine
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higher than those obtained from amide-linked silane-
pretreated tin oxide surfaces. Soon after, Goodenough

et al.*” demonstrated a general method for the attach-
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ment of carboxylic acid containing polypyridyl com-
plexes to metal oxides with monolayer surface cover-
age. Dye-sensitized electron injection is an important
basis of color photography™™ and has recently received
great attention as the key process in a low-cost, high-ef-

ficiency solar cell based on dye-sensitized TiO, films.

(generally 1078~107 s)

of the excited states of most metal complexes and or-

Because of the short lifetimes
ganic dyes, they are preferably either absorbed or
chemically linked to the surface™. Meyer et al.'l in-
vestigated an acetylacetonate-based semiconductor-
sensitizer linkage. Now most sensitizers used to dye-
sensitized solar cells are connected to electrodes by
direct coordination bond or covalent bond with strong
adsorbent groups such as carboxyl or hydroxyl phos-
phonate groups'™. In addition, at metal oxide interfaces,
this chemistry has utilized linkages based on amides!"!
and ethers!".

The self-assembly of dye molecules at the semi-
conductor oxide surface is a very important strategy to
improve the performance of molecular device™, such
as the solar cells. Based on the great achievements of
self-assembled (SA) films!'*® (for excellent reviews

see Ref.["2),

sensitization of dyes,

we report here a new strategy for the

by preparing self-assembled
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1 mmol - L BtOH
1 mmol - L' DCC

films of three complexes layer by layer in situ on indi-

um tin oxide (ITO) substrate.

1 Experimental

1.1 Materials
Dicyclohexylcarbodiimide (DCC) and 1H-benzo-
(BtOH)

3,4,9,10-perylene tetracarboxylic acid

triazol-1-ol

Aldrich Co.
(PTA) was prepared by hydrolysis of 3,4,9,10-perylene
tetracarboxylic dianhydride (Sigma-Aldrich Co.) fol-

were purchased from Sigma-

lowing the procedure of E. Keh et al.””. Hydroquinone
(H,Q) (Sigma-Aldrich) and all other reagents were AR
grade chemicals and used without further purification.
1.2 Fabrication of the films

The fabrication procedure of Film A is shown in
Scheme 1. Film A is a monolayer of PTA. It was fab-
ricated as follows: A hydrophilic ITO, or quartz sub-
strates was soaked in a 1 mmol-L™ bromobenzene so-
lution of PTA containing 1 mmol -L. ™" DCC and 1
mmol - L™ BtOH,

1~2 days, then rinsed and sonicated in bromobenzene

and stirred at room temperature for

for 2 minutes to remove residual physically adsorbed
PTA. The substrate was finally washed by ethanol or
acetone and dried in air. The modified surface was

confirmed via contact angle, which was changed from
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Lay 1 Lay 2
R = single bond for Film B
R = C¢H, for Film C

R = C,H,C,H, for Film D

(B)

Scheme 1

Lay 3

Synthetic schemes for the formation of Film A (A) and the compositions of Film B to D (B)
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20° of the hydrophilic substrate to about 48° of PTA
modified substrate. It is not verified whether both car-
boxyl groups or one of them is bonded to the sub-
strate, but at least one ester bond is formed.

Film B, C and D embody three layers, i.e. con-
necting ligand, metal ions layer and PTA. For the fab-
rication of connecting ligands (oxalic acid (Ox), suc-
cinic acid (Su), or terephthalic acid (Tp)), self-assem-
bled (SA) film method is similar to that of Film A. Af-
ter the fabrication of the connecting ligands, the Ox-,

Su- or Tp-pretreated ITO was soaked in a 1 mmol L™

ammonium ceric sulfate (tin tetrachloride, or zirconi-
um oxychloride) of water solution for about half an
hour, then rinsed and sonicated in deionized water for
1 min, repeated three times. Finally, the substrate was
immersed in 1 mmol-L™ alcohol solution of PTA, then
rinsed and sonicated in deionized water for 1 min, re-

peated three times. The contact angles changed from

20° for hydrophilic substrate to 48°, 39°, 35° or 29°
for the Film A to D, respectively (shown in Table 1).
The compositions of all these films are shown in

Scheme 1.

Table 1 Contact angles, photocurrent generations with and without H,Q, open circuit voltages (Voc) of Film A to D
SA films Contact angle” Voc with H,Q / mV Photocurrent with H,Q* / (nA -cm™) Photocurrent without H,Q* / (nA - cm™)
48° 104 2 145~3 700 920~1 850
B 39° 139 5 706~7 345 426~733
C 35° 24 1 600~1 692 77~162
D 29° 28 2 050~2 353 280~295

* The concentration of H,Q is 5 mg-mL™.
" The contact angle of hydrophilic ITO is about 20°.

1.3 Instruments and methods
Photoelectrochemical measurements were com-

The film modified

Pt wire and a saturated calomel elec-

pleted with a three-electrode cell.
ITO electrode,
trode (SCE) were used as the working electrode, the
counter electrode and the reference electrode, respec-
tively. 0.1 mol - L™ KCI solution was used as the
electrolyte. The photocurrent measurements and cyclic
voltammetry were carried out on a model 600 voltam-
metric analyzer (CH Instruments Inc., USA) and a 500
W xenon lamp (Ushio Electric, Japan) was used as the
light source. A series of filters (Toshiba, Japan) (with
the intervals about 50 nm from 400 nm to 800 nm)
were used to obtain different wavelengths of incident
light. The intensity of incident light was measured by
a power and energy meter (Scientech 372, Boulder Co.
USA). The IR light was filtered throughout the exper-
iment with a Toshiba IRA-25s filter (Japan) to protect
the electrodes from being heated. The UV-Vis absorp-
tion spectra were measured by a Shimadzu UV-3100
spectrophotometer.  The X-ray photoelectron spectra

(XPS) measurement was performed on a VG ESCAL-
AB 5 Multitechnique Electron Spectrometer.  The

source was Al Ko X-rays at 1486.6 eV with a power
level of 180 W. The pass energy was 50 eV. Usually,
the accumulative routine was used for spectra acqui-
sition. The base pressure in the sample chamber was

107 Pa. The binding energy was calibrated by In 3ds,.
2 Results and discussion

The films fabricated by the present strategy in-
clude three layers (see Scheme 1). So we characterize
not only the final full films, but also each layers as
much as possible.

2.1 Characterization of the layer 1 of Film B, C
and D

The contact angles of the Ox-pretreated, Su-pre-
treated and Tp-pretreated ITO are changed from 20°
of hydrophilic ITO surface to 34°, 41° and 39°, re-
spectively. Besides the contact angles, the Ox, Tp and
Su pretreated ITOs are also characterized by their
(CVs).
voltammetries of the Ox-, Su- and Tp-pretreated 1TOs.

cyclic voltammetries Fig.1 shows the cyclic
The Ox-pretreated ITO is the largest among the three
acids shown in Fig.1. This is another evidence of the

successful modifications of layer 1.
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Fig.1  Cyclic voltammetries of Ox-pretreated ITO (a), Su-

pretreated ITO (b) and Tp-pretreated ITO (c)

2.2 Characterization of the layer 2 of Film B, C

and D

2.2.1 X-ray photoelectron spectroscopy

Ce3ds, (881.8 €V) and Ce3ds, (900.1 €V) are all
observable in the XPS of Film B, C and D on ITO in
the region of 875~925 eV binding energy as shown in
Fig.2. The signals of metal ion Ce* are the direct evi-
dence for our proposed structures of these films

(shown in Scheme 1).
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The detector is 0° off the surface normal
Fig.2 XPS spectra of Film B, C and D on ITO electrode

2.3 Characterization of Film A and full Film B,

Cand D

2.3.1 Absorption spectra

The UV-Vis absorption spectra of Film A and B
on quartz are shown in Fig.3 (A). Three absorption
peaks at 231, 285 and 330 nm are observed for Film
A and three peaks at 217, 301 and 483 nm are seen
for Film B, while the peaks of PTA in ethanol solution
are at 226 nm and 302 nm. The peak at 483 nm of
Film B is assigned to the ligand metal charge transfer
(LMCT) absorption of the ligand PTA to central metal
Ce*. The UV-Vis absorption spectra of Film C and D

on ITO are shown in Fig.3(B). All these Ce** contain-
ing films have a new absorption peak at 483 nm in
the visible region, implying that this peak is related to
the LMCT absorption of PTA and Ce*. The data show
that Ce* improves the absorption property of the films
significantly by the LMCT absorption.
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Fig.3 Absorption spectra (A) Film A and B on quartz (B)
Film C and D on ITO

2.3.2  Electrochemical properties

The CVs of Film A and B are shown in Fig.4 (A)
and (B) for comparison. The Film B is composed of
Ox, Ce* and PTA, its CV reveals two reduction peaks
at —0.20 V and -0.87 V,
0.16 V and -0.41 V. The large difference between the
anodic current (0.5 x 10™* A) and the cathodic current
(L1 x 10™* A)
versible chemical reaction on the electrode.

The difference (AE) between the oxidation and
reduction potentials of Film B (1.03 V) is much small-
er than that (2.1 V) of Film

netic process in Film B system is faster than that in

and two oxidation peaks at

implies that there may be an irre-

A, indicating that the ki-

Film AP, Metal ion Ce* accelerates the electrochem-
istry process of PTA in Film B by its bridging role.
2.4 Photoelectric properties of all films

241

The photocurrent generated with and without H,Q

Photoelectric response

and open circuit voltage (Voc) of the Film A to D are
shown in Table 1.

All systems generate stable anodic
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Conditions: the working electrode: ITO, the counter
electrode: a platinum wire and the reference electrode:
a saturated calomel electrode (SCE)

Fig4 Cyclic voltammetries of Film A (A) and Film B (B)

in water solution containing 0.1 mol-L™" Bu,NCIO,

photocurrent. The results of Film B, C and D indicate
that oxalic acid is the best connecting ligand. The
largest photocurrent generation of 5 706 ~7 345 nA -
cm ™ is produced by the Film B after addition of 5
mg -mL™" H,Q,

substrate can generate the anodic photocurrent only 7

while the hydrophilic-pretreated 1TO

nA-cm™ The value of the photocurrent generation of
Film B is one of the largest values of dye-sensitized
ITO systems™. For all parameters, the order is Film B
> Film D > Film C. The photocurrent generation of
Film B is 2 times larger than that of Film D and 3
times of Film C. The open circuit voltage of Film B
even improves more and is about 5 times of Film D
and C. The data show that the connecting ligands are
very important for the photoinduced electron transfer
properties of this kind of SA films.

In order to understand these results, we calculat-
ed three connecting ligands by AM1 in CHEM 3D,
one software in CS ChemOffice. The distances be-
tween two carbon atoms in two dicarboxylic acid

group of each molecule are 0.149, 0.381 and 0.575

nm for Ox, Su and Tp molecule, respectively. The dis-

tance order just coincides with the order of photoin-
duced electron transfer of the titled SA films, indicat-
ing that electrons may transfer across the connecting
ligand through tunneling effect. So the processes are
mainly related to the length of molecules and not re-
lated to the conjugations and energies of molecular or-
bital.

2.4.2  Action spectra

The action spectrum of the photocurrent genera-
tion of the Film B and its UV-Vis spectrum are shown
in Fig.5 (A). The intensities for different wavelengths
are all normalized. The action spectrum was recorded
under the irradiation of different wavelengths from a
white light (200 mW-+cm™). The shape of the action
spectrum coincides well with the curve of its UV ab-
indicating that the Ox-Ce**-PTA
trinary complex in the film is responsible for the pho-

At the wavelength of 497 nm,

sorption spectrum,

tocurrent generation.
the quantum yield of this system is 2.3%, suggesting

that it is one of the most efficient dye-sensitized ITO
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The concentration of the electrolyte solution is 0.1 mol- L™
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Fig.5 Action spectrum () and the UV-Visible absorption
spectrum (—) of Film B (A) and the action spectra
of Film C and Film D (B) on the hydrophilic ITO
under irradiation of white light at 200 mW - cm™
with bias potential of 100 mV
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systems, as far as we know. The action spectrum of
Film A was too weak to be determined. The action
spectra of Film C and D are shown in Fig.5(B). These
curves are also coincides well with the curves of their
corresponding UV absorption spectra (shown in Fig.2
(B).
these SA films.

2.5 Effect of light intensity, electron donor and

The results confirm the successful fabrication of

bias voltage

The relationship between the photocurrent gener-
ation of Film A to D and the light intensity is shown
in Fig.6. According to Donoan™ theory, in the titled
systems, the separated charge loss is through mono-
molecule recombination.  When the electron donor
(H,Q) is added to the electrolyte solution, an increase
of the photocurrent generation from each film can be
observed (shown in Fig.7). The hydroquinone donates
electrons to the trinary complex on the surface of ITO
electrode to maintain the concentration of photoelec-
tric active substance and increases the concentration
of electrons in the electron transition. This improves
the electron transfer and increases the photocurrent
subsequently.  Data show that the increase in pho-
tocurrent of Film B is much larger than that of Film
A, C and D. This phenomenon indicates the charge
separation or charge injection rates in the system of
Film B may be faster than those in the rest systems.
The photocurrent of Film A to D increases with the
increase of the positive bias potential, and decreases
with the increase of the negative bias potential added
to the working electrode as shown in Fig.8. This fact
indicates that the electron is transferred from the elec-
trolyte through the film to ITO. The increase of pho-
tocurrent for Film B is more sensitive to bias poten-
tials than the rest films, implying that the effect of
charge separation for Film B is much larger. The open
circuit voltage (Voc) can be obtained by extension of
the photocurrent-voltage linear line. The Vocs of these
systems are shown in Table 1. The largest Voc of 139
mV for Film B implies that its energy level of the
lowest unoccupied molecular orbital (LUMO) may be
the highest among the three trinary complexes in the

SA films.
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Fig.6 Relationships between photocurrent generation of

Film A to D and light intensities without bias

potentials
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Fig.7 Effects of the concentration of electron donor H,Q
on the photocurrent generation of Film A to D at
the electrolyte concentration of 0.1 mol-L™ KCI
and the effective irradiation area of 1.5 c¢m?
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Fig.8 Effects of bias voltage on the photocurrent generation
of Film A to D at the electrolyte concentration of
0.1 mol- L' KCI and the effective irradiation area of
1.5 em?
2.6 Possible mechanisms
Film A and Film B are selected as the examples
for two kinds of films. Scheme 2 shows the possible
mechanisms of the photocurrent generation of the sys-
(A) and Film B (B).

tems for Film A The electron
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Scheme 2 Possible mechanisms of photoindued electron transfer systems of Film A (A) and Film B (B)

affinity of the conduction band (E.) and valence band
(E,) of the ITO electrode are estimated to be —4.5 and
-8.3 eV BY
H,Q is —4.61 eV

[32]

respectively. The oxidation potential of
(0.23 V vs SCE)

From the results of cyclic voltammetry and

on an absolute
scale
the UV-Vis spectrum of Film B the oxidation energy
level of PTA is about —4.9 eV (0.16 V vs SCE), the
oxidation energy level of Ce* is about —4.54 €V (-0.2
V vs SCE) and the excited reduction energy level of
PTA is assumed to be about =2.34 ¢V (the band gap
between them is 483 nm on ITO electrode,
quals to 2.56 eV).
melry and the UV-Vis spectrum of Film A, the oxida-
tion energy level of PTA is about -6.0 eV (1.26 V vs
SCE),
is assumed to be about —-2.25 eV

which e-

From the results of cyclic voltam-

and the excited reduction energy level of PTA
(the band gap be-
tween them is 330 nm on ITO electrode, which equals
to 3.75 eV).

For the system of Film A, as shown in Scheme 2
(A), when the light irradiates on the electrode, PTA is
excited from its ground state to its excited state to
form PTA". Then PTA" gives out electron to the con-
duction band of ITO and becomes oxidized as PTA*.
PTA* accepts electron from electron donor H,Q in the
electrolyte and completes the circuit.

For the system of Film B, the mechanism is
shown in Scheme 2 (B). When the light excites the
complex of Ox-Ce**-PTA (OCP) from its ground state

to its excited state to form OCP", then the OCP" gives
out electron to the conduction band of ITO to become
OCP*. Then OCP* accepts electron from electron donor

H,Q in the electrolyte and completes the circuit.
3 Conclusions

Through a new strategy, three functionalized self-
assembled films were successfully fabricated. The
photoinduced electron transfer property of the optimal
system of Film B fabricated by self-assembly technolo-
gy is much better than that of the system of Film A
fabricated by the conventional method. The choice of
the connecting ligands is one of the important factors

for the properties of the SA films.
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