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a b s t r a c t

We report optical and electrochemical properties of polyether derivatives of perylenedii-
mides (PDIs) thin films formed in various materials (semiconductor, insulator, amorphous
and self-assembly). Perylenediimides adsorbed on nanocrystalline TiO2 (NT) nanocrystal-
line alumina (NA), amorphous silicon (PS) and neat self-assemblied (SA) films were
prepared and characterized based on spectroscopic, electrochemical, spectro-electrochem-
ical techniques. The absorption and fluorescence spectra of PDIs in chloroform exhibit vib-
ronic features. The fluorescence quantum yields (Uf) of PDIs with end amino substituents
in chloroform solutions are over 0.95, while the quantum yield of triethoxyphenyl substi-
tuted PDI Uf value is 0.024 in solution. Optical spectroscopy proves that PDIs in metal oxide
thin films form aggregated type complexes. An electrochromism, a color change from red
to blue/violet, is observed on metal oxide films, that indicates existence of mono and dian-
ion forms of PDIs. Reversibility of electrochemical reductions in NT film depends on the
scanning rate. However, electrochromism in NA films is stable and reversibility is indepen-
dent from scanning rate. Stable mono and diaionic species are formed on NA films. SA films
show broad absorption peaks during the voltammetric scan. On the other hand, the first
reduction onset potentials of PDIs are almost equal to the onset potential of capacitive cur-
rent of TiO2 which lead to low efficiency in dye-sensitized solar cells.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Perylenediimides (PDIs) represent one of the most
widely studied classes of organic semiconductors with
possible applications in photovoltaic cells, electrophotog-
raphy, laser dyes and organic light-emitting diodes [1–8].

They are inexpensive and easily accessible materials also
attractive owing to intense, high fluorescence quantum
yield and general photostability but suffer from poor solu-
bility in common organic solvents. Synthesis of highly sol-
uble PDIs is very important for the preparation of their thin
films to be used in photoelectronic applications [9–11].
They exhibit singlet energy transfer over unusually long
distances [12,13]. Most organic conducting materials can
be described as p-type semiconductors; in contrast, PDIs
are described as n-type semiconductors in which the major
charge carriers are in their conduction band. Such materi-
als are employed as electron accepting materials in all or-
ganic photovoltaic solar cells [7,8,14–18]. PDIs show two
reversible electrochemical reductions at modest potentials,
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leading to the formation of stable anions and dianions [19].
This property of PDIs makes them attractive materials in
chemiluminescence, near-infrared emitters and electro-
chromic devices [14,16,20]. The majority of studies on
optical and electrochemical properties of PDIs are carried
out in solution [16,19,21] and the number of solid state
electrochemistry studies are limited [15,22–25]. Addition-
ally, macroscopic oxide films are under intensive investiga-
tion due to their use in optoelectronic applications such as
dye-sensitized solar cells, electrochromic and electrolumi-
nescent displays [26–33]. The electrochemistry of self-
assembly films of polyether derivatives of PDIs was previ-
ously reported by Gregg [25], but we could find no report
on the electrochemistry of polyether substituted PDI doped
nanocrystalline metal oxide films.

On the other hand, the research field of electrochromic
materials includes organic, inorganic, and polymeric mate-
rials as well as several hybrid materials [34,35]. The most
common applications of EC materials include a variety of
displays, smart windows, optical shutters, and mirror de-
vices. Electrochromic materials include organic small mol-
ecules, such as the bipyridiliums (viologens), which are a
class of materials that are transparent in the stable dicat-
ionic state. Electrochromism is observed for the thin films
of polyviologens and N-substituted viologens such as hep-
tyl viologen [34]. Recently, improved electrochromic prop-
erties have been observed with composite systems, where
organic molecules are adsorbed on mesoporous nanoparti-
cles of doped metal oxides [35,36–38]. To the best of our
knowledge, electrochromic effect of perylenediimides ad-
sorbed on mesoporous surfaces was not reported. Previ-
ously, we reported spectroelectrochemical properties of
perylenemonoimidemonoanhydride derivatives but not
for perylenediimides [38,39].

In this paper, series of PDI derivatives are synthesized,
electrochemical and spectral behavior of PDIs on nanocrys-
talline metal oxide particles are investigated. The stability
of mono and dianionic species on mesoporous metal oxide
surface is presented. PDI 1–4 include polyether side chain
ending with amino groups and PDI 5 includes phenyl
substituted polyether side chain attached from phenyl
units to perylene core. Free amino substituents are chosen
for their reactive features that allow functionalization and/
or they provide a site for attaching on different substrates.
Phenyl substituted polyether derivative is chosen for its
low fluorescent feature and compare with PDI 1–5. In order
to determine the solid state behavior of synthesized dyes,
the optical and electrochemical properties are studied on
semiconductor (nc-TiO2), insulator (nc-Al2O3), amorphous
Si surfaces and self-assembly films and that compared with
their solutions in CHCl3 The chemical structures and their
names of synthesized PDIs are given in Scheme 1.

2. Experimental section

2.1. Chemicals and instruments

Perylene-3,4:9,10-tetracarboxylic dianhydride (PDA),
tetraethylene glycol di(p-toluene sulphonate) (TEGdTs),
pentaethylene glycol di(p-toluene sulphonate) (PEGdTs),

sodium (Na), ethanolamine, 1-amino-2-propanol, triethyl-
ene glycol monomethyl ether, aluminum oxide (neutral)
and silicagel 60 for column chromatography, tetrabutyl-
ammonium hexafluorophosphate ([TBA][PF6]), titanium
(IV) isopropoxide [Ti(OiPr)4], poly(ethyleneoxide) (MW
100.000), glacial acetic acid, tetraethyl orthosilicate (TEOS)
were obtained from Fluka. Potassium carbonate (K2CO3),
dimethyl formamide (DMF), p-nitrophenol (p-NO2PhOH),
hydrazine monohydrate (NH2NH2.H2O), imidazole, thionyl
chloride (SOCl2), benzene, and pyridine were obtained
from Merck. Organic solvents chloroform (CHCl3), dichlo-
romethane (CH2Cl2), acetonitrile (MeCN), ethanol (EtOH),
methanol (MeOH), 2-propanol (iPrOH), tetrahydrofuran
(THF), ethyl acetate (EtOAc), toluene (C6H5CH3) were of
spectroscopic grade and used as received. Ferrocene (Fc)
was from Aldrich and used as standard for the determina-
tion of LUMO energy levels of synthesized PDI derivatives.

PDI derivatives were analyzed by using Nicolet Magna
550 FTIR spectrophotometer, Bruker DPX-400 and
400MHz HP Digital FT–NMR spectrometer, Analytic Jena
S 600 UV spectrophotometer, PTIQM1 fluorescence spec-
trophotometer and Picoquant Time-Harp 100 instrument
equipped with PDL 800-B laser/LED pulse lamb. CH Instru-
ments 660B model potentiostate was used for electro-
chemical measurements under nitrogene atmosphere at
various scan rates. Tencor Alpha Step 500 profilometer
was used in thickness measurements of the films.

2.2. Synthetic methods

PDIs were synthesized according to the published liter-
ature procedures [41a–d].

2.3. Preparation of PDI doped nanocrystalline titania film
(NT)

The nanocrystalline TiO2 films were prepared according
to the procedure described in literature [42a]. The auto-
claving process was carried out at 235 �C, instead of
200 �C and colloidal solution condensed to 10% by weight
of TiO2. Anatase TiO2 colloids were obtained from a sol-
gel hydrolysis by autoclaving and condensation of Ti(OiPr)4

in acetic acid solution. 160 ml of H2O and 51 ml glacial ace-
tic acid were mixed in a flask and stirred at 0 �C. 6 ml of
iPrOH and 24 ml Ti(OiPr)4 were mixed in a dropping funnel.
The Ti(OiPr)4 / iPrOH solution was dripped into acetic acid-
H2O mixture, which was previously prepared and kept at
0 oC, at a rate of 1–2 drops/s. The mixture was refluxed
for 4 h and then recovered colloidal solution was placed
into an autoclave chamber equipped with a Teflon beaker
and heated at 235 �C for 12 h. After this treatment the col-
loidal solution was sonicated and evaporated to a final con-
centration of 10% of TiO2 by weight. In order to act as a
binding agent poly(ethyleneoxide), 20% by weight with re-
spect to the amount of TiO2, was added to this final colloi-
dal solution. The paste was coated onto microscope glass
slides by doctor blade technique. TiO2 films were dried at
room temperature and then sintered at 450 �C for 30
min. Final thickness of porous TiO2 films were�5 lm. Dop-
ing of the PDIs onto TiO2 films were performed by soaking
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glass slides into 0.5 mM MeCN solution of PDIs and keep-
ing in the solution for 3 h. PDI adsorbed TiO2 films finally
washed with fresh MeCN.

2.4. Preparation of PDI doped silica films (PS)

TEOS (22.4 ml, 0.1 mol) and dry EtOH (11.2 ml) were
mixed in a flask and stirred for 10 min under N2 atmo-
sphere (Solution A). A mixture of 7.2 ml H2O (0.4 mol)
and 1 ml HCl (37%) were added to absolute EtOH (11.2
ml) in a flask and stirred for 10 min (Solution B). Solution
A was added dropwise to Solution B that was under vigor-
ous stirring. Synthesized PDIs were dissolved in this sol–
gel solution to obtain 0.5 mM final dye concentration. After
obtaining an individual complete dissolution of each PDI, 1
ml Triton-X 100 surfactant was added to sol–gel solution in
order to prevent the films from cracking. After stirring for 5
min, resulting silica sol-gel solution was coated onto
microscope glass slides by dip coating. The films were
dried at 100 �C for 30 min. Final thickness of silica films
were measured and found to be �4.5 lm.

2.5. Preparation of PDI doped nanocrystalline alumina film
(NA)

Nanocrystalline Al2O3 (alumina) films were prepared by
Yoldas et. al. route [42b]. Aluminium tri-iso propylate (51 g
0.25 mole) hydrolyzed in 450 ml (25.5 mole) hot water at
75–80 �C under vigorous stirring. 1.46 ml (0.0175 mole)
HCl (36.5%) added into solution and peptized for 3 days

at 90 �C. At the end a clear solution (sol) was obtained.
The sol was concentrated to 17.5% Al2O3 (w/w) at 50 mbar
and 50 �C with rotary evaporator. 8% PEG 20000 was added
to obtain a better film and stirred overnight to get homoge-
neous paste. The paste was coated on the conductive FTO
coated glass electrodes by doctor blade technique. Scotch
3M Polymer tape was used as a spacer. Prepared films were
heated at 500 �C for 30 min. Thickness of the films was
found as 8 lm.

2.6. Preparation of self-assembly PDI films (SA)

THF solutions of the PDIs with a concentration of 15–20
mg PDI/ml THF were used for spin-coating (1600 rpm).
Glass microscope slides were used as support material.

3. Results and discussion

Synthesized PDIs were waxy and very soluble in com-
mon organic solvents ranging from alcohols to toluene.
Their solubility in polar and protic solvents was better than
aprotic and non-polar ones. This might be because of the
polar side chains of the dyes and their capability of making
hydrogen bonds with protic solvents.

3.1. Absorbance and luminescence properties of PDIs

The absorption and fluorescence spectra of the PDIs
were recorded in four different organic solvents
(C6H5CH3, CHCl3, MeOH, and MeCN) and four different thin

Scheme 1. N,N0-Bis{2-[2-(2-{2-[2-(2-amino-1-methylethoxy) ethoxy]ethoxy}ethoxy) ethoxy] propyl}-perylene-3,4:9,10- tetracarboxydiimide, (PDI 1);
N,N0-bis(2-{2-[2-(2-{2-[2-(2-amino-1-methylethoxy)ethoxy]ethoxy}ethoxy)ethoxy]ethoxy}propyl)-3,4:9,10-perylene tetracarboxydiimide, (PDI 2); N,N0-
bis{2-[2-(2-{2-[2-(2-aminoethoxy)ethoxy]ethoxy}ethoxy)ethoxy]ethyl}-3,4:9,10-perylene tetracarboxydiimide, (PDI 3); N,N0-bis(2-{2-[2-(2-{2-[2-(2-
aminoethoxy)ethoxy]ethoxy}ethoxy)ethoxy] ethoxy}ethyl)-3,4:9,10-perylene tetracarboxydiimide, (PDI 4); N,N0-bis(4-{2-[2-(2-methoxyethoxy)
ethoxy]ethoxy}phenyl)-3,4:9,10-perylene tetracarboxydiimide, (PDI 5).

M. Kus et al. / Organic Electronics 9 (2008) 757–766 759



films (NT, PS, self-assemblied (SA), and NA) at room tem-
perature. Fig. 1A shows the absorption spectra of PDI 3 in
CHCl3 solution and films. The UV–vis absorption spectra
of the PDIs in solution have three bands at 459, 488 and
522 nm, which are characteristic for all symmetric PDI
derivatives [1–5]. The maximum absorption and fluores-
cence emission wavelengths of the PDIs have slightly
blue-shifted (about 5–6 nm) with increasing solvent polar-
ity. Strong broadening of absorption peaks due to exciton–
phonon coupling was observed in the case of film and the
absorption maximum shifts blue by 0.21 eV (from 522 to
488 nm) due to the p-orbital overlaps between dye mole-
cules [44]. The broadening of the absorption spectrum
was mostly dominant in NT films when compared to NA,
PS and SA films. The absorption maxima are changed from
522 to 488 nm whenever the dye environment is changed
from CHCl3 solvent to film matrix. Although the nature of
this shift is not very well known, it is related to the inter-
molecular interactions and aggregation tendency of these
dyes in thin films [45–48]. The ratio of absorbances of
522 to 488 nm band decreases, which often indicates
aggregation of these dye molecules [48].

The fluorescence emission spectra (Fig. 1B) of PDIs were
obtained in CHCl3 solutions (kexc = 488 nm) and in thin
films. The emission spectra of the PDI derivatives were
all the same except the SA and NT films. In SA and NT films,
the three emission bands that are characteristic for PDIs
were seen. The emission spectra of SA films were broad-
ened and strongly red-shifted, whereas the emission in
NT films was almost disappeared (Fig. 1B).

The fluorescence quantum yields (Uf) of PDIs in CHCl3

were calculated according to the published procedure
and N-DODEPER was used as the reference [43]. The Uf

of the PDIs in CHCl3 was determined as 0.95–1.0 for PDI
1–4, however for PDI5 this value was calculated as 0.024.
Determinations of fluorescence quantum yields of the dyes
in solution are relatively easy in comparison to thin films.
In thin films many corrections, such as self-quenching of

the emission and the total internal reflection of the emis-
sion due to high refractive indices must be done for accept-
able determination of quantum efficiencies. On the other
hand, Tirapattur et al. calculated the fluorescence quantum
yield by using time-resolved fluorescence measurements
obtained in both phases (solution and thin films) assuming
that the fluorescence decay constants (kf) are similar in
both phases [49,50]. But this approach may not be valid
since the fluorescence decays are multi exponentials.

Fig. 2 shows fluorescence decay curves (bir tane decay
var) of PDI 3 in CHCl3 solution. The fluorescence lifetimes
(sf) were measured to be 5, 17, 2.8 and 1.7 ns in solution
(CHCl3), and in the SA, PS and NA films, respectively (Table
1). The fitting procedure applied to the fluorescence decay
profiles yield acceptable statistic (X2 < 1.2) with a single-
exponential function in CHCl3 solutions and multi expo-
nentials in thin films.

The red-shift observed for PDIs in SA films was about
90 nm. Liu et al. observed that PDIs including polyether
side chains form highly ordered thin films [51]. The strong
tendency of PDIs to form p–p stacking arrangement may
yield strong interactions between PDIs in the films result-
ing in a red-shift in spectra and a longer fluorescence life-
time [52]. Similar red-shifted emission band was observed
for PDI polymers by De Witte et al. [53]. The fluorescence
lifetime of SA films are measured to be between 15.7–
18.2 ns, which are significantly longer than those in CHCl3.
The longer fluorescence lifetime in SA films is in agreement
with literature and explained by the formation of excimer
type species in films [48,53] The experimental data clearly
points that the presence of new species which could be an
excimer type of aggregates or complexes of PDIs in SA
films. The fluorescence spectra of PDIs in PS and NA thin
films are similar to those in solutions but lower in fluores-
cence intensity. Furthermore, the fluorescence lifetimes of
PDIs in PS and NA thin films are shorter than those of in
solution and measured to be 2.8 and 1.7 ns for PS and NA
films, respectively. Shorter lifetimes are consisted with

Fig. 1. (A) Absorption spectra of PDI 3 in CHCl3, PS, SA, NA and NT films and (B) fluorescence emission spectra of PDI 3 in CHCl3, and the films (PS: silica film,
SA: self-organized film, NT: nanocrystalline titania film, and NA: nanocrystalline alumina film).
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lower intensity of fluorescence, pointing that rate of nonra-
diative transitions, regardless of their nature, are faster
than the radiative transitions. The low Uf of PDI 5 arises
from the electron-rich aromatic substituent, which leads
to a strong fluorescence quenching, as reported and de-
scribed in literature [32,33,54–58]. It must be noted that,
the fluorescence lifetime of PDI 5 in PS and NA films were
not reported because of poor statistics even with multi-
exponential decay curves.

Extremely weak fluorescence intensity of the synthe-
sized PDIs may be attributed to the strong electrostatic
interactions between TiO2 and dye molecules [59]. It also
indicates the possibility of efficient photo-energy/electron
transfer processes from the excited PDI molecules to the
nanostructured TiO2 surface. Bossman et al. reported that
RuðbpyÞ2þ3 complexes located near TiO2 do not emit light
[60]. HOMO and LUMO energy levels of RuðbpyÞ2þ3 (�5.9
and �3.9 eV) [40] are very similar to those of PDIs, (�5.9
and �3.8 eV) [54]. The quenching mechanism of our dyes
can be explained by the injection of excited electrons to
electron traps below the band edge of TiO2. Thus the in-
jected electrons recombine by non-radiative processes
resulting in a very weak emission and very fast fluores-
cence decay that is faster than our instrument response.

Solid state electrochemical studies support our approach
and these results will be discussed in following sections.

3.2. Electrochemistry of PDIs in solution

Determination of HOMO and LUMO energy levels is cru-
cial for the selection of anodic and cathodic materials in or-
ganic electronics [61]. Electrochemical potentials provide
these information. The electrochemical measurements of
PDIs were performed by the use of 0.1 M [TBA][PF6] as
electrolyte in MeCN/CHCl3: 5/1 solvent mixture. Glassy
carbon electrode (GCE) was used as working, platinum
wire as counter and Ag/AgCl as reference electrodes. Calcu-
lation of LUMO and HOMO energy levels were based on the
value of 4.8 eV for ferrocene with respect to vacuum level
and following equations were used [62]

ELUMO ¼ �eðE1=2ðred:;dyeÞ—E1=2ðFcÞ þ 4:8Þ;
EHOMO ¼ �eðE1=2ðox:;dyeÞ—E1=2ðFcÞ þ 4:8Þ:

The onset potentials (Ered.1 and Ered.2) were determined
from the intersection of two tangents drawn at the rising
reduction current and background current in the cyclic vol-
tammograms. The first reduction peak was used to calcu-
late the LUMO energy level as it belongs to the reduction
of neutral molecule whereas the second peak belongs to
the reduction of monoanion of parent molecule. HOMO en-
ergy values of PDIs were estimated from oxidation poten-
tials. The electrochemical band gap values are calculated
by subtracting the onset potential of the first reduction
and the first oxidation.

Two reversible reductions of PDIs are observed on the
voltammograms. The redox potentials and HOMO–LUMO
energy levels of the dyes are given in Table 2. The cyclic
voltammogram of PDI 1 in CHCl3 solution (as inset) is
shown in Fig. 3. Two reversible reduction peaks around
�0.57 and �0.77 V and one irreversible oxidation peak

Fig. 2. The fluorescence decay curve of PDI 3 (in CHCl3, concentration <10�5).

Table 1
Spectroscopic data for the PDIs in solution and thin films

PDI sf (ns) Uf

CHCl3 SA PS NA CHCl3

1 4.74 18.2 2.85 1.78 0.99
2 4.99 16.3 2.78 1.76 0.95
3 4.72 15.7 2.81 1.82 1.00
4 4.67 17.3 2.92 1.77 0.99
5 0.06 – – – 0.024

sf values are fluorescence lifetimes and Uf values are quantum yields.
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around 1.68 V are observed for PDI 1. The peak separations
between two reduction potentials are 14–20 mV. DEp val-
ues are 79 mV for first reduction and 82 mV for second
reduction. Integration of peak shapes shows that each
reduction refers to one electron process. No significant
change at the peak currents is observed after several cycles
(15 times). LUMO energy values of PDIs in solution are cal-
culated to be between �3.88 and �3.96 eV. The electro-
chemical and optical band gap values are in good
correlation and observed to be between 2.1 and 2.3 eV (Ta-
ble 2). Although the LUMO energy levels, calculated from
the redox potentials for liquid phase seem to be favorable
for photovoltaic applications, the solid state electrochem-
istry data is required to support it. That is why the position
of conduction band edge of TiO2 is dependent on the
amount the ions adsorbed at inner Helmholtz double layer
of TiO2/electrolyte interface [63]. The amount of ions, ad-
sorbed at Helmholtz layer, maybe, is affected by the ad-
sorbed dye on TiO2 surface. The electrochemistry of the
thin films will be discussed in Section 3.3.

3.3. Electrochemistry of thin films

Solid state electrochemistry is a useful tool to under-
stand whether there is an interaction between electroac-

tive groups of organic molecule and metal oxide surfaces
or not. NA, SA and NT films were prepared on FTO glasses
and used as working electrode. Fig. 3 shows cyclic voltam-
metry of SA, NT an NA films. Since PDI 1–4 are soluble in
common solvents, the SA films of them are not stable in
electrolyte and just only one cyclic scan can be performed
with high scan rates (P200 mV/s). However, the very low
solubility of PDI 5 in CH3CN allowed us to make the spec-
troelectrochemical experiments in SA films. Therefore, the
results in SA films were given and discussed only for PDI 5.

The redox potentials of films shows approximately
25 mV negative shift when compared with solution phase.
This shift may be explained by the limited percolation of
electrolyte cations. TBA+ cations are quite large and its per-
colation inside the film is more difficult than that of smal-
ler cations, such as Li+, Na+ etc. Gregg et al. reported that,
because of its large size and the nonreactive alkyl groups
on its periphery, TBA+ neither adsorbs on the TiO2 surface
nor reacts chemically with it [64]. On the other hand, poly-
ether side chain oxygen atoms with unpaired electrons
may be attractive centers for electrolyte cations. Electro-
static interactions between electrolyte cations and un-
paired electrons on oxygen atoms may decrease the
mobility of cations. In order to understand this approach
better, amino precursor (PEGDA1), which contains pentae-
thyoxy chain and non-electroactive in studied potential re-
gion, is doped onto TiO2 film and electrochemical behavior
of the films are monitored. Fig. 4 shows the cyclic voltam-
mograms of bare TiO2, bare alumina and PEGDA1 doped
TiO2 films. The alumina films show a weak background
current but it is negligible in comparison with that of
TiO2 film. The TiO2 films show a capacitive current starting
from �0.60 V. Because of the electron traps below bulk
conduction band edge of TiO2, the electrons flow from
F:SnO2 electrode to TiO2 particles. These accumulated elec-
trons are immobile unless they are thermally excited to the
conduction band [65]. The capacitive current of TiO2 film
slightly increases when doped with PEGDA1. As mentioned
above, polyether side chains including oxygen atoms may
act as attractive centers for electrolyte cations. Although
TBA+ cations do not like TiO2 surface, the etheric oxygens
may facilitate their movement though the film surfaces
that results in more capacitance.

CV measurements were also carried out by using LiClO4

as electrolyte and the results (not shown here) supported
our approach. Influence of electrolyte cations on redox
behavior is another topic for future studies. Here, we fo-

Table 2
Peak potentials of PDIs in CHCl3 and films

PDI Eox. (V) Ered.1 (V) Ered.2 (V) LUMO (eV)c HOMO (eV)c Band gap (eV)

CHCl3 CHCl3 SA NT NA CHCl3 SA NT NA CHCl3 CHCl3 CHCl3

1 +1.68 �0.57 �0.81 �0.85 �0.84 �0.77 �1.07 �1.15 �1.06 �3.95 �6.07 2.25a 2.12b

2 +1.72 �0.56 �0.82 �0.83 �0.86 �0.75 �1.05 �1.16 �1.09 �3.96 �6.14 2.24a 2.18b

3 +1.73 �0.54 �0.80 �0.85 �0.85 �0.72 �1.05 �1.13 �1.05 �3.93 �6.12 2.25a 2.19b

4 +1.79 �0.53 �0.79 �0.85 �0.82 �0.74 �1.07 �1.15 �1.10 �3.95 �6.07 2.25a 2.12b

5 +1.60 �0.58 �0.76 �0.88 �0.86 0.72 �1.09 �1.19 �1.08 �3.88 �6.06 2.25a 2.18b

a Optical band gaps.
b Electrochemical band gaps.
c (Fc/Fc+ is 0 and 42 V vs Ag/AgCl).

Fig. 3. Cyclic voltammogram of NT (PDI 1), NA (PDI 1) and SA (PDI 5)
films. The inset is cyclic voltammogram of PDI 1 in solution (supporting
electrolyte is 0.1 M [TBA][PF6] in MeCN/CHCl3:5/1).
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cused on the influence of the film matrix on redox behav-
iors. Therefore, the potentials in 0.1 M TBAPF6 were
considered.

As expected, SA and NA films show two reversible
reductions. The reduction peaks are separated by
�30 mV. The peak separations are �15 mV larger than that
of solution phase. This can be attributed to a dimer anion
(dimer�) formation between monoanion and neat perylene
molecules after the first reduction step. Thus, the forma-
tion of dianion becomes more difficult (requires more neg-
ative voltage) in SA and NA films. The NT films show
different behavior during voltammetric time scale. The
second reduction onset voltage shifts slightly to more neg-
ative potentials than those of SA and NA films. Moreover,
the first reduction is reversible but the reversibility of the
second reduction changes depending on the scan rate. Inte-
gration of the peaks shows that approximately 30% of
monoanion does not convert to dianion. The onset poten-
tial of capacitive current on NT films is nearly at the same
potential with that of PDIs and the electron accumulation
on TiO2 particles continues during the voltammetric scan.
The first reduction onset of PDI may not be influenced by
the accumulated electrons due to the small amount of
accumulation. However the amount of accumulated elec-
trons increases by the increasing negative voltage and this
may supply some negative charge for positively charged
non-reduced carbonyl groups. Thus the second reduction
potentials of PDI might be expected to shift more negative
potentials than those of SA and NA films. Reversibility of
the reduction waves depends on the scan rate in NT films.
The reduction waves are almost fully reversible at high
scan rates (>100 mV/s). However, the oxidation waves dis-
appear when the scan rate is decreased (Fig. 5). At very low
scan rates, desorption of adsorbed PDI is also observed. The
cyclic scans at various (5, 10, and 25 mV/s) scanning rates
shows that the desorption starts below�1.0 V that approx-
imately corresponds to the second reduction peak of PDI.
We applied �1.0 V for 3 min to a 2 cm2 TiO2 film in order
to desorb enough amount of dye to the solution phase that

will allow cyclic scan. The cyclic voltammogram of the des-
orbed dye gave only one reversible reduction peak at
around �0.5 V. It indicates that a degradation process ex-
ists after the second reduction. Gosztola et al. observed
some degradation of PDI dianion during bulk electrolysis
in OTTLE cell and they attributed that some residual oxy-
gen in OTTLE cell can lead a photodegradation process
[20]. Since SA and NA films did not show such degradation
in our working condition, it is clear that TiO2 plays an ac-
tive role. We think that the PDIs, presented in this study,
are not convenient for Greatzel type organic dye-sensitized
photovoltaic applications since the onsets of capacitive
current of TiO2 and the first reduction of PDI are nearly
at the same potential. That is why the onset of capacitive
current is related with the Fermi level of TiO2 and it is clear
that the LUMO energy level of PDIs lies under the conduc-
tion band of TiO2. It is a known the fact that the LUMO level
of dye must be located slightly above the conduction band
edge of n-type semiconductor for electron injection [26].

3.4. Spectroelectrochemistry of thin films

The changes in absorption spectra of the films depend-
ing on applied voltage were also characterized. Spectro-
electrochemical measurements were carried out with NT
and NA films. The working electrode was F:SnO2 – metal
oxide – PDI with �1 cm2 area. The counter and quassi-ref-
erence electrodes were prepared by stripping 5 mm of
F:SnO2 coating in the middle of the F:SnO2 coated glass,
and coating the separated parts by platinum and silver
paste, respectively. The working electrode and counter/
quassi-reference electrode were sealed with surlyn agent
at 110 �C. Nitrogen saturated supporting electrolyte was
filled from previously prepared holes to system under vac-
uum. The prepared systems were placed into the holder of
UV–vis spectrophotometer and connected to potentiostat.

Both NA and NT films display striking electrochromism
during the reduction process. A color change from red to
blue and from blue to violet is observed while the potential
decreases from 0 to �1.8 V. Blue color appears at the first

Fig. 4. Cyclic voltammogram of bare TiO2, alumina and amino precursor
(PEGDA1) doped TiO2 film.

Fig. 5. Cyclic scans of PDI 5 at 200 (a), 100 (b), 50 (c) and 25 (d) mV/s scan
rate.
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reduction potential which correspond to monoanion. The
color change from blue to violet (dianion) appears down
to �1 V. Several cycles were carried out at high scan rates
(>100 mV/s) and complete color change is observed in both
NA and NT films. However, due to possible degradation of
the dye at NT films, color loss occurs at scan rates lower
than 100 mV/s. At more positive potentials (�0 V) com-
pared to the offset of monoanion re-oxidation potential,
color change from violet to red is observed in NT films.
No additional peak corresponding to color change ob-
served. That means, the electrons do not move to F:SnO2

electrode, probably remain in TiO2 traps, thus no current
(or peak on cyclic scale) appears. The form of cathodic
and anodic current in bare TiO2 electrode supports our ap-
proach (Fig. 4). While the cathodic scan shows a linear in-
crease, the anodic scan shows peak-like discharge of
accumulated electrons. The offset of anodic scan is ob-
served to be more negative than the onset of the cathodic
scan. It indicates that the discharge of accumulated elec-
trons occurs faster than accumulation. Thus, most of the
traps become empty before the complete oxidation of
monoanions of PDI. On the other hand, the color change

is reversible in NA films. The complete color change from
blue (monoanion) to red (neutral) terminates close to
0 V. In agreement with color change, the oxidation peak
tail appears up to 0 V in NA films (Fig. 3). These observa-
tions also indicate that TiO2 particles mostly capture a cou-
ple of electrons given by monoanion under the negative
voltage. Fig. 6 shows the absorption spectra of NA and NT
films with respect to the applied voltage conditions. New
absorption peaks at 631, 674, 710, 773, 796 and 956 nm
grow up to �1.0 V. These are characteristic monoanion
peaks as reported by other authors, with the exception that
the peak at 631 nm does not decline by the applied voltage
below �1.0 V [20,25,66]. As mentioned above, �30% of
monoanion remains in NT films. Therefore the absorption
peaks related to monoanion is observed below �1.0 V
which is onset potential for dianion formation. By the for-
mation of dianions, the peaks at 523, 563 and 590 nm are
observed. The maximum absorption band of dianion in
NA films appears at 523 nm, while this value is 563 nm
in NT films. The peak at 523 nm is characteristic maximum
absorption band for dianion of PDI in solution [20]. As dis-
cussed above, the degradation of PDI starts by the forma-

Fig. 6. Absorption spectra of NT–PDI 1 (a), NA–PDI 1 (b) and SA–PDI 5 (c) films with respect to applied voltage.
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tion of dianion. The decrease of the characteristic absorp-
tion maxima is due to the degradation of PDIs. The NA
films show similar absorption bands of dianion formation
in solution. The peaks corresponding to neutral species still
appear during the monoanion formation in NA and NT
films. It is most probably due to the formation of dimeric
species between monoanion and neutral species.

The absorption spectra of SA films (for PDI 5) show struc-
tureless and broad peaks especially for dianion. The absorp-
tion spectra of monoanion show more or less definable
broad peaks. By the formation of monoanion, the absorption
peaks of neutral PDI become broad and new broad peaks ap-
pear at 700 and 820 nm. The peaks become more compli-
cated by the formation of dianion. Self-assembly films of
PDIs which are chemically reduced show similar results
[45].

4. Conclusion

In this study, electrochemical and spectroscopic proper-
ties of polyether derivatives of PDIs adsorbed on metal
oxide surface are presented. Electrochromism of PDIs is
clear and stable on NA films. The observation of red and
blue color in the systems presented in this study, especially
in NA films, maybe an advantage for the design of RGB
molecular electrochromic devices. On the other hand, the
onset potential of the first reduction LUMO of PDIs and
the onset potential of capacitive current (Fermi level) of
TiO2 are almost equal. It indicates the LUMO level of PDIs
is under the conduction band of TiO2. Therefore, these dyes
may not be convenient for photovoltaic applications.
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