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Dye-sensitized solar cells (DSCs), one kind of hybrid solar cells, are being intensively developed due

to their high efficiency and low cost. One of themain factors to improve the efficiency is the minimization

of the recombination of holes and electrons at the TiO2/dye/electrolyte interface. To suppress the

charge recombination, dye arrangement on the TiO2 surface plays the pivotal role in DSCs. Herein

we report three perylene sensitizers of various molecular sizes, which are derived from the introduction of

different groups in the 1,6-positions of the perylene core. The same donor (di-p-tert-octylphenylamino)

and acceptor (anhydride) moieties in these perylene sensitizers render them highly similar spectroscopic

and electrochemical properties, which can be used to compare the effect of the dye-loading on the

TiO2 surface, namely, the photovoltaic performance as a function of the sensitizer size. These results

will help in better understanding the complex relationship between the molecular size and the

device performance.

Introduction

Dye-sensitized solar cells (DSCs) have evolved as a promising

alternative to conventional silicon-based solar cells because of

their high power conversion efficiency, short energy payback time

andhigh semiconductor stability.1,2 In principle, aDSC comprises

a sensitizer dye coated onto a nanocrystallinemetal oxide film (for

example, TiO2 or ZnO) and filled with hole-transport materials

such as iodide/triiodide redox liquid electrolyte. In order to obtain

high power conversion efficiency in DSCs, significant efforts are

under way to optimize the charge transfer kinetics at the TiO2/

dye/electrolyte interface (Scheme 1).3,4 Efficient operation of the

DSCs depends on theminimization of the possible recombination

pathways which occur at the interface. There are two primary

interfacial recombination pathways: the electrons which inject

into the conduction-band of TiO2 may recombine either with

oxidized dye molecules or with redox species in the electrolyte as

illustrated in Scheme 1.5

Due to the rapid reduction of ionized dye molecules by iodine

ions, which are present at high concentration, the contribution of

this energy-loss channel to the recombination current can usually

be ignored,5 so that the recombination reaction occurs almost

entirely at the TiO2/electrolyte interface. Therefore, the back

reaction can theoretically be blocked by surface modifications,

such as introducing an insulating layer on the solvent-exposed

parts of the TiO2 film in order to obtain the passivation of the

interface,6,7 using core-shell structured particles instead of bare

TiO2,
8–10 or introducing co-adsorbents to form a more compact

monolayer.11,12 Another alternative is to achieve a highly covered

nanoporous electrode through optimising the dye structures,

which also retains the ease of device fabrication. It is known that

the addition of aliphatic chains to the sensitizer dyes, including

both ruthenium complexes13 and organic metal-free dyes,14 can

result in a significant retardation of the recombination reaction

between the redox electrolyte and the TiO2 surface, thus giving

rise to higher photovoltaic performance.

In this paper, we vary the sizes of the sensitizer molecules of

a very stable dye class and report the corresponding change in

solar cell properties. Perylene dyes are well known as a key

Scheme 1 Schematic representation of the operation mechanism of dye-

sensitized solar cells showing photogeneration of the exited state of the

sensitizers, electron injection into the conduction band of nanoporous

TiO2, regeneration of the dye ground state by electron transfer from the

iodide/triiodide redox couple, regeneration of the redox couple by elec-

tron injection from the cathode, recombination at the TiO2/dye interface,

and recombination at the TiO2/electrolyte interface.
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chromophore among metal-free dyes.15–36 Their solubility,

absorption and emission behavior can be efficiently controlled by

using a variety of synthetic procedures, which include the func-

tionalization of peri or bay positions of the perylene core

(Fig. 1).37,38 Moreover, due to their outstanding photophysical

and photochemical stability as well as their high fluorescence

quantum yields, perylenes have been used as excellent materials

for single molecule spectroscopy.39 The same set of favorable

properties also makes perylenes important active components for

application in organic electronic devices.40–56

Recently, a successful approach was introduced by attaching

a bulky nonplanar di-p-tert-octylphenylamino and an anhydride

moiety to the perylene core, which not only suppresses the aggre-

gationof dyemolecules but also improves the stability of the organic

sensitizer.57,58 With two additional phenylthio groups in the 1,6-

positons of the perylene unit, a new perylene sensitizer yields 87%

incident monochromatic photon-to-current conversion efficiency

(IPCE) and 6.8% power conversion efficiency under standard AM

1.5 solar conditions.57 Here we demonstrate three perylene dyes

with different molecular sizes (see Fig. 2), which are 9-di(p-tert-octyl-

phenyl)amino-perylene-3,4-dicarboxy monoanhydride (ID28), 9-

di(p-tert-octylphenyl)amino-1,6-diphenoxy-perylene-3,4-dicarboxy

monoanhydride (ID96), and 9-di(p-tert-octylphenyl)amino-1,6-

di(tetraphenyl)phenylphenoxy-perylene-3,4-dicarboxy mono-

anhydride (ID115). The only difference among these dyes comes

fromthesubstituentsinthebay,whicharehydrogen(ID28),phenoxy

(ID96), and (tetraphenyl)phenyl-phenoxy (ID115). These groups

serveas ‘‘molecularsizecontrollers’’ leadingtoadifferentcoverageof

sensitizer dyes on the TiO2 surface.

Results and discussion

Synthesis

These three perylene sensitizers are readily synthesized in high

yields, which is illustrated in Scheme 2 and 3. The synthesis of

ID28 was described in a previous article.58 By selective bromi-

nation in the bay and peri region of N-(2,6-diisopropylphenyl)-

perylene-3,4-dicarboximide with bromine in chloroform, the

tribromo-substituted perylene derivative 1 can be synthesized.59

After nucleophilic exchange of the bromines by phenolate, the

desired compound 2 is obtained.60,61 Compound 2 reacts further

with p,p0-di-tert-octyldiphenylamine under Buchwald–Hartwig

cross coupling conditions to provide the ‘‘push-pull’’ type

molecule 4. After saponification of 4, perylene sensitizer ID96 is

achieved (Scheme 2).

Compound ID115 is synthesized by applying the protocol used

for the synthesis of dendronized perylene tetracarboxy diimides

which has been reported by our group.62,63 Via a Buchwald cross-

coupling reaction and subsequent saponification of 6, ID115 is

obtained (Scheme 3).

Photophysical and electrochemical properties

The absorption spectra of the dyes in solution and adsorbed on

TiO2 are shown in Fig. 3, and lmax values are summarized in

Table 1. In solution, ID96, ID115 as well as ID28 are blue

compounds exhibiting charge-transfer and p–p* transition

bands in the range of 430–750 nm (Fig. 3). Different from ID28,

ID96 and ID115 show an additional band at 350–430 nm due to

the phenoxy groups in the 1,6-positions of the perylene core.

However, ID96 and ID115 still retain the spectral signature of

ID28 while improving the absorption coefficient. The absorption

maxima of ID28, ID96 and ID115 occur at 606 (23 130

Mÿ1cmÿ1), 605 (26 718 Mÿ1cmÿ1) and 606 nm (24 996 Mÿ1cmÿ1),

respectively. The tiny difference of their absorption reveals that

these three perylene dyes have similar S1 transitions.

Due to the varying size of the different substituents in the 1,6-

positions of the perylene core, different adsorption abilities of

these dyes on TiO2 films should arise. The adsorption of the dye

on the TiO2 surface is achieved by immersing the transparent

TiO2 film with 10 micron thickness on glass in a dye bath of

dichloromethane solution (0.5 mmol Lÿ1) for 10 h, followed by

rinsing with dichloromethane to remove unadsorbed dye and

drying with argon to remove the solvent. The study of ID28 has

disclosed that when the dye is absorbed onto TiO2, a blue-shifted

absorption can be detected which results from the ring opening

of the anhydride groups.58,64 The same blue shifts are observed

upon treatment of the dyes with alkali, such as Na2CO3 in THF

solution, forming the disodium salts of the dyes. Quantum

mechanical calculations with the Turbomole program, using

time-dependent density functional theory (TD-DFT) calcula-

tions at the B3-LYP/def-SV(P) level, show a blue-shifted

absorption of the disodium salts as a result of reduced effective

conjugation length and the push-pull effect (Table 1). With the

same donor–acceptor functionalized perylene core, ID96 and

ID115 also demonstrate a blue-shifted absorption on the TiO2

surface (Fig. 3). Going from ID28/ ID96/ ID115, a decrease

of the absorption intensity was observed. This is consistent with

the increasing molecular weight of 713.97, 898.17 and 1056.96 g

molÿ1 respectively, and also corresponds to the different groups

in the 1,6-positions of the perylene core, that is hydrogen, phe-

noxy and (tetraphenyl)phenylphenoxy, respectively. Therefore,

the absorption wavelengths of these perylene dyes on the TiO2

film is mainly attributed to the donor and acceptor substituents

Fig. 2 Molecular structures of perylene sensitizer ID28, ID96 and

ID115.

Fig. 1 Perylene structure.
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Scheme 2 Synthesis of ID96: (a) K2CO3, NMP, phenol, 65%; (b) p,p0-di-tert-octyldiphenylamine, Pd2(dba)3, t-BuONa, P(t-Bu)3, toluene, 80
�C,

overnight, 85%; (c) KOH, isopropanol, reflux, overnight, 80%.

Scheme 3 Synthesis of ID115. (a) 4-((triisopropylsilyl)ethynyl)phenol, K2CO3, NMP, 80 �C, 5 h, 58%; (b) n-tetrabutylammonium fluoride, THF, r.t.

0.5 h, 70%; (c) tetraphenylcyclopentadienone, m-xylene, reflux, overnight, 75%; (d) Pd2(dba)3, t-BuONa, P(t-Bu)3, p,p
0-di-tert-octyldiphenylamine,

toluene, 80 �C, 12 h, 82%; (e) KOH, isopropanol, reflux, overnight, 60%.

Fig. 3 Absorption spectra of the perylenes in dichloromethane solution (left) and adsorbed on TiO2 film (right). The adsorption of the dye on the TiO2

surface is achieved by immersing the transparent TiO2 film with 10 micron thickness on glass in a dye bath of dichloromethane solution (0.5 mmol Lÿ1)

for 10 h, followed by rinsing with dichloromethane to remove unadsorbed dye and drying with argon to remove the solvent.

This journal is ª The Royal Society of Chemistry 2009 J. Mater. Chem., 2009, 19, 5405–5415 | 5407



in the peri-positions of the perylene core, while the substituents in

the 1,6-positions of the perylene core effect the absorption

coefficient as well as the width of the absorption band on TiO2

film. The dye with smaller bay-substituents displays a broader

absorption band on TiO2 hinting towards possible aggregation.

The relationship between aggregation and device performance

will be the focus of a future investigation.

Redox properties

In DSCs, the energy-level matching is a crucial principle for

designing new sensitizers. Examination of the optical properties

of these dyes reveals that the side substituents in the 1,6-positions

of the perylene core do not significantly influence the respective

absorption properties. To gain further insight into the electronic

characteristics of these three dyes, cyclic voltammetry (CV) is

performed in dichloromethane solution (Fig. 4 and Table 1). The

CV spectrum of ID28 shows one reversible oxidation wave at 0.6

V vs. Fc/Fc+ (Fc: ferrocene) and one quasi-reversible reduction

wave at 1.25 V. In the case of ID96 and ID115, the two reversible

oxidation peaks detected at 0.6 and 1.0 V are due to the diphe-

nylamino and phenoxy moieties. However, the additional

oxidation peaks of ID96 and ID115 will not affect their ground

state energy, since only the first oxidation peak is related to the

HOMO level of the dyes. The same oxidation and reduction

onsets, which are 0.4 andÿ1.6 V vs. Fc/Fc+, respectively, indicate

that the HOMO and LUMO energy levels of ID28, ID96 and

ID115 are identical (Table 1).

Considering that all these perylene dyes show a blue-shifted

absorption when adsorbed onto TiO2, the shift of the absorption

wavelength upon ring opening may be taken as a measurement of

the redox potential change of the dyes on TiO2. Comparing the

DFT calculation results with the CV result in the ring closed

form, the calculations apparently overestimate the shift to

negative potentials in these dyes, especially for ID96 and ID115

(Table 1). The driving force for the injection of charge from the

dye into the conduction band of TiO2 or from the electrolyte to

the dye is estimated to be very similar for ID96 and ID115

because (i) the identical anchoring groups ensure that the dyes

have identical orientation on the TiO2 surface (here we assume

that the effect of the phenoxy group on the orientation of each

dye on TiO2 surface is negligible; the phenoxy groups only cause

different stacking of dye molecules on the TiO2 surface) and (ii)

their same donor and acceptor groups render them similar

LUMO/HOMO energy levels. It can be concluded that the

different substituents in the 1,6-positions of the perylene core do

not severely influence the driving force of the charge injection at

the TiO2/dye/electrolyte interface.

Molecular size measurements and calculation

Due to their similar photophysical and electrochemical proper-

ties it becomes important to investigate the size influence of the

substituents in the 1,6-positions of the perylene core. To specify

the effect, the area covered by the adsorbed dye on the TiO2

surface is first determined by the concentration of the dye on the

TiO2 film and the intrinsic area of the TiO2 film. The amount of

dye is calculated from the UV-Vis spectrum of the remaining dye

in the dye bath and also corrected for the amount of detached dye

upon subsequent rinsing. The internal area of the TiO2 electrodes

is obtained from BET65 measurements.

Table 2 gives the result of the dye-loading measurements and

the calculation results of the dye-occupied area size on the TiO2

surface. The experimental result (Table 2) gives an average

molecular size which increases in the sequence ID28/ ID96/

ID115. The theoretical results (Fig. 5 and Table 2) are obtained

by neglecting the influence of the molecular orientation on the

TiO2 surface and specific interactions between dye molecules.

Both the experimental data and the computer estimates follow

the trend of increasing molecular weight and decreasing

absorption intensity of the dyes on the TiO2 surface. The iden-

tical conclusion from the experimental and calculated results is

that the substituents cause these dyes to have different loading

behavior on the TiO2 surface. Due to the size of the bay

substituents, the loading concentration of the dyes on the TiO2

electrodes is different, which alone will give rise to a different

photovoltaic performance in the solar cells.

Table 1 Electrochemical properties

Dye

Exp (eV) Calc. (eV)c

HOMOa LUMOb
In DCM On TiO2

Ring Close Ring Open

lmax/nm lmax/nm HOMO LUMO lmax/nm HOMO LUMO lmax/nm

ID28 ÿ5.25 ÿ3.20 606 473 ÿ6.42 ÿ4.45 631 ÿ5.74 ÿ3.50 553
ID96 ÿ5.19 ÿ3.14 605 473 ÿ6.09 ÿ4.18 649 ÿ5.58 ÿ3.34 553
ID115 ÿ5.22 ÿ3.17 606 481 ÿ5.91 ÿ3.98 642 ÿ5.45 ÿ3.18 546

a Obtained by cyclic voltammetry in dichloromethane. b Estimated LUMO energies: obtained from the ground-state oxidation potential by adding the
Eoptical excitation energy, which was determined by the absorption spectrum in dichloromethane. c Calculated TD-DFT results.

Fig. 4 Cyclic voltammograms of ID28, ID96 and ID115.
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Photovoltaic performances

Dye sensitized solar cells are fabricated under identical condi-

tions. The photocurrent action spectra (Fig. 6) and I–V curves

(Fig. 7) of the devices containing these dyes are obtained using an

electrolyte comprising tetrabutyl-ammonium iodide (0.25 M),

LiI (0.5 M), I2 (0.05 M) and 4-tertbutyl pyridine (0.5 M) in

acetonitrile. The incident-photon-to-current conversion effi-

ciencies (IPCE) maxima of ID28, ID96 and ID115 are 64%, 56%

and 51%, respectively. The decrease of IPCE in the series ID28

/ ID96 / ID115 can be explained by diminished electron

injection resulting from the significantly lower dye concentration

on the TiO2 film in the case of larger molecular size. However, it

can be noticed that there is a non-proportional decrease in IPCE

of these three compounds devices when compared to their

absorption spectra on TiO2. To further investigate, we normal-

ized the IPCE value according to molecular size (normalized

IPCE ¼ IPCE/(dye/area), Fig. 6). Interestingly, ID115 shows the

highest normalized IPCE maximum up to 85%nm2 while ID28

gives the lowest value. Additionally, the device of ID28 exhibits

the broadest IPCE spectrum, possibly due to aggregation of

ID28. Therefore, the molar amount of dye in the devices corre-

lates with the observed photocurrent, where the dye content

corresponds to the dye-loading performance and calculated dye

occupation area; however, the normalized IPCE spectra illustrate

that not all of the smaller dye molecules will contribute to

photocurrent (Table 2).

Furthermore, the dyes with phenoxy groups (ID96 and ID115)

show higher Voc values (533 and 506 mV under 10% sun irradi-

ation, 636 and 633 mV under 1 sun irradiation) when compared

to ID28 (499 mV under 10% sun irradiation and 578 mV under 1

sun irradiation). Previous studies have shown that the perylene

sensitizers with phenoxy groups in the bay positions can lead to

a smaller dark current compared with that of ID28.58 The

reduction in dark current at a certain potential can originate

from (i) higher conduction band (CB) in the TiO2 and thus less

electron population in the CB or (ii) improved charge recombi-

nation blocking in the TiO2/dye/electrolyte interface.13,14,66

Additionally, it is known that the keyVoc-limiting factor in DSCs

is charge recombination of electrons on the TiO2 with redox

electrolyte (step 6, Scheme 1).11–13 With the total consideration of

Table 2 Dye loading measurement. The amount of dye is calculated from
the UV-Vis spectrum of the remaining dye in the dye bath and also cor-
rected for the amount of detached dye upon subsequent rinsing. The
internal area of the TiO2 electrodes is obtained from BET65 measurements

Dye M.W.
Dye/area
(1/nm2)

Area/dye
(nm2)

Area/dye
(calc.) (nm2)

ID28 71 397 1.08 0.93 1.27
ID96 89 817 0.75 1.32 1.49
ID115 165 910 0.60 1.66 2.40

Fig. 5 Computational assessment of the minimum surface area per dye molecule. The three-dimensional van-der-Waals surface of the dyes (left panel)

is projected along the longmolecular axis, assuming a perfectly perpendicular arrangement of dyes on the surface. The resulting surface area (right panel)

is evaluated by triangulation.

This journal is ª The Royal Society of Chemistry 2009 J. Mater. Chem., 2009, 19, 5405–5415 | 5409



the Isc/Voc values, absorption and molecular size, we infer that

these phenoxy groups act in two ways: (i) generally increasing the

molecular size and decreasing the concentration of the dye

molecule on the TiO2 surface, thus yielding a lower photocurrent

response, and (ii) shielding the TiO2 surface as barrier layer

between TiO2 and electrolyte interface. This suppresses the

undesired recombination of electrons from the conduction band

of TiO2 with the redox electrolyte and thus improves the open-

circuit voltage.

By comparing the photovoltaic performance of these perylene

dyes at high and low intensities (Fig. 7 and Table 3), 0.1 sun and 1

sun, it is found that on one hand, the Isc values are linearly

proportional to the light intensity for each dye; on the other

hand, the Voc-changing values between 1 sun and 0.1 sun for

ID28, ID96 and ID115 are 79, 103, 127 mV, respectively, which is

related to the increasing size of the dye molecules. The trend in

Voc is also consistent with the improvement of the power

conversion efficiency, which is 0%, 13% and 32% for ID28, ID96

and ID115, respectively. Combining all the photovoltaic results

of these three perylene sensitizers, we found that (i) the IPCE/Isc
values do not correlate to the corresponding absorption prop-

erties of these dyes on TiO2 surface. With the sensitizer molecular

size increasing, the higher normalized IPCE values prove that

a higher percentage of dyes are contributing to the photocurrent;

(ii) all the devices based on these three dyes have a proportionally

increased Isc value under 10% sun compared to that under 1 sun

irradiation, which proves that there is no charge injection

problem in these cells; (iii) the improved Voc of ID96 and ID115

could indicate less dark current in those cells. This would also

explain the large increase of Voc within the dye sensing at 1 sun,

since recombination is strongly increased compared to that at

10% sun by electron density in TiO2. It could be a result of a more

uniform ordering or the possible prevention of aggregation via

the bay substitutions. Currently investigations to understand this

behavior, such as electron lifetime measurements are underway.

Conclusions

Here, three push-pull type perylene sensitizers, ID28, ID96 and

ID115, with similar spectroscopic and electrochemical properties

have been synthesized and used in dye-sensitized solar cells. The

molecular size is controlled by the substituents in the bay-posi-

tions of the perylene core. The effect of sensitizer size on the

performance of the solar cells has been studied. We have used

UV-Vis absorption experiments to determine the average dye

coverage on the TiO2 surface and computer simulations to obtain

Fig. 6 IPCE (left) and normalized IPCE (right) spectra of ID28, ID96 and ID115. Electrolyte: tetrabutyl-ammonium iodide (0.25 M), LiI (0.5 M), I2
(0.05 M) and 4-tertbutyl pyridine (0.5 M) in acetonitrile.

Fig. 7 Photocurrent density and voltage characteristics of DSCs prepared with perylene sensitizers: Irradiance: 10 mW cmÿ2 (left); 100 mW cmÿ2

(simulating AM 1.5) (right). Illuminated area: 0.50 cm2. Film thickness: 10 mm. Electrolyte: tetrabutyl-ammonium iodide (0.25 M), LiI (0.5 M), I2 (0.05

M) and 4-tertbutyl pyridine (0.5 M) in acetonitrile.

5410 | J. Mater. Chem., 2009, 19, 5405–5415 This journal is ª The Royal Society of Chemistry 2009



the molecular size. Without phenoxy groups, ID28 shows a much

higher absorption coefficient and broader absorption band on

TiO2 film than that of the other two dyes, which is possibly due to

the different aggregation and arrangement of ID28 on TiO2

surface. This is under current investigation.

The device performance was tested under 0.1 sun or 1 sun

irradiation in order to obtain more information on the molecular

size effect. It was found that sensitizers with a smaller size show

a better performance at low sun intensities. At higher light

intensities, however, the efficiencies of the larger dyes (ID115)

approached those of the smaller dyes (ID28) despite much less

adsorption on TiO2, suggesting the importance of the dye

morphology on device performance, specifically regarding

aggregation and recombination. In summary, these results shed

light on the relationship between sensitizer geometry and device

performance and provide an additional tool to improve the

efficiencies of dye-sensitized solar cells.

Experimental

Measurement and characterization

1H and 13C NMR spectra were recorded on a Bruker AMX 300

NMR (300 and 75 MHz, respectively) with dichloromethane-d2
as solvent and tetramethylsilane as internal standard. Chemical

shifts were reported in parts per million. FD mass spectra were

performed with a VG-Instruments ZAB 2-SE-FDP. Infrared

spectra were recorded on a Nicolet FT-IR 320 spectrophotom-

eter as KBr pellets. The elemental analyses were carried out by

the Microanalytical Laboratory of Johannes Gutenberg

University. The UV-Vis-NIR absorption measurements were

performed on a Perkin-Elmer Lambda 15 spectrophotometer.

The absorption spectra on the TiO2 film were achieved by

immersing the transparent TiO2 film (TiO2 paste used in all the

experiments was obtained from Solaronix, Ti-Nanoxide HT/SP)

with 10 micron thickness on glass in a dye solution in dichloro-

methane, followed by rinsing in dichloromethane to remove

unadsorbed dye and by removing dichloromethane in a stream of

argon. Cyclic voltammetry and differential pulse voltammetry

were performed on an EG&G Princeton Applied Research

potentiostat, model 273, in a solution of Bu4NPF6 (0.1 M) in dry

dichloromethane with a scan rate of 50 mV sÿ1 at room

temperature under argon. The working electrode consisted of an

inlaid platinum disk (1.5 mm diameter) that was polished on

a felt pad with 0.05 mm alumina and sonicated in milli-Q water

for 5 min before each experiment. A platinum wire was used as

the counter electrode and an Ag wire was used as the reference

electrode internally calibrated with ferrocene/ferrocenium (Fc/

Fc+) in the measurement. From the potential of the oxidation

onset, the HOMOs and LUMOs of the dyes can be estimated

according to the eqn (1) and (2) (Eoptical excitation energy was

determined by the absorption spectrum).

EHOMO ¼ ÿ(E ox + 4.8) eV (1)

ELUMO ¼ EHOMO + Eoptical excitation energy (2)

Quantum chemical calculations

Density functional theory (DFT) calculations were performed

with the Turbomole program suite version 5.7.67 Geometry

optimizations were carried out with the BP86 functional68

making use of the RI approximation.69 The ionization potential

(IP) was derived from a single point energy (BP86) of the posi-

tively charged radical cation at the relaxed geometry of the

neutral dye molecule. Vertical optical excitation energies were

obtained from time-dependent DFT (TDDFT) calculations70,71

at the B3LYP level.72 The def-SV(P) basis set was applied in all

calculations.73 The HOMO energy was calculated by using BP86/

def-SV(P) (eqn (3)). The LUMO energy was estimated according

to the eqn (2).

EHOMO ¼ E (cation)
(single point energy) ÿ E (neutral)

(optimized) (3)

Dye loading measurements and calculation of molecular size

The dye coverage loading on the TiO2 surface was monitored by

the absorption spectra. The TiO2 film (25 � 13 mm2) was coated

on a conducting glass (Nippon Sheet glass, 10 U/square, 25 � 15

mm2) and was immersed in the dye solution (0.5 mM) in

dichloromethane for ten hours. The amount (n) of dye loaded on

the nanoporous TiO2 particle surface can be determined by the

UV-vis spectrum of the remaining dye in the dye bath with

correction for the detached dye upon subsequent rinsing. The

internal area (t) of the TiO2 electrodes was determined by BET

measurements.65 The average coverage of the dye was estimated

according to eqn (3) (where A is the average coverage area of one

molecule, M is the weight of the porous TiO2 on the glass

substrate, BET is the BET surface area of the porous TiO2

nanocrystal, andN is the amount of the dye which was coated on

the TiO2).

A ¼ (M � BET)/N (3)

Table 3 Performance of DSCs using PMAsa

Dye

Device performance under 0.1 Sun Device performance under 1 Sun

Isc/mA cmÿ2 Voc/mV FF (%) h (%) Isc/mA cmÿ2 Voc/mV FF (%) h (%)

ID28 0.93 499 62 2.9 8.99 578 55 2.9
ID96 0.74 533 55 2.4 7.52 636 57 2.7
ID115 0.58 506 64 1.9 6.99 633 56 2.5

a Thickness of the TiO2 film: 10mm. Irradiation area: 0.5 cm2. Electrolyte: tetrabutyl-ammonium iodide (0.25M), LiI (0.5M), I2 (0.05M) and 4-tertbutyl
pyridine (0.5 M) in acetonitrile.
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The theoretical estimates for the area occupied per dye mole-

cule were obtained in the followingway (Fig. 5): a conformational

analysis of the flexible side-chains of the dye was performed with

Macromodel torsional/low-mode sampling (Schr€odinger Inc.).

The lowest energy conformer was then oriented such that the

perylene-monoanhydride moiety lies within the xz plane and

the long molecular axis is along the z-direction. We constructed

the van-der-Waals surface of the molecule (with the Turbomole

program) as a set of points in Cartesian space. The projection of

that volume in the xy plane then represents the surface area under

one molecule, oriented perfectly perpendicular to the surface

plane.We determined the concave envelope of the points in the xy

plane with a probe radius of 2.0 Bohr. The size of the resulting

area was then calculated by triangulation. This approach neglects

specific surface structure characteristics, like Ti-vacancies or OH

groups on the TiO2 surface. It thus should give a lower limit of the

true surface area per dye molecule.

Dye-sensitized solar cells

Nanostructured TiO2 films (10 micron thick) on F-doped tin

oxide coated glass (Nippon Sheet Glass Co., Ltd) were prepared

by doctor blading a colloidal solution (20 nm sized anatase

particles). The resulting layers were sintered at 450 �C for 30 min.

Dye solutions were prepared in dichloromethane (500 mM) and

titania electrodes were prepared by immersion in the dye solution

for 12 h. The counter electrodes were made by spin-coating a 5

mM of H2PtCl6 isopropanol solution on a conducting glass and

heating for 15 min at 380 �C, forming a light gray surface of

nanoparticulate platinum on the conducting glass. The cells were

sealed with a frame of Surlyn SX1170, 25 mm, by heating the

clamped device at 120 �C for 7 min. The spectral response was

measured with a xenon arc lamp (LOT LSB510) and a mono-

chromator (ACTON SpectraPro-2150i). The overall photon-to-

energy conversion efficiencies (h) were measured under Air Mass

1.5 (AM1.5) conditions using a 300W xenon arc lamp (LOT LSB

530), calibrated with a reference Si-solar cell. The mono-

chromatic incident photon-to-current conversion efficiency

(IPCE) for solar cells is the ratio between the incoming photons

at each wavelength and the photon generated electrons reaching

the back contact in the device and is defined as

IPCEðlÞ½%� ¼
hc

le
½eV� �

Jph
�

mAcmÿ2
�

F
�

mWcmÿ2
� � 100

where h is Planck’s constant, c the speed of light in vacuum, l the

wavelength, e the elementary charge, Jph the short-circuit

photocurrent density for monochromatic irradiation, and F the

intensity of the incoming monochromatic light.

The current–voltage (I–V) curves were obtained under AM1.5

simulated solar irradiance (0.1 sun or 1 sun intensity).

Synthesis of sensitizers

The synthesis of N-(2,6-diisopropylphenyl)-1,6,9-tribromo-

perylene-3,4-dicarboximide (1) was performed as described

before.59 p,p0-Di-tert-octyldiphenylamine was purchased from

MP Biomedicals Inc. All the other starting materials and

catalysts were purchased from Aldrich, Acros, or ABCR, and

used as received.

N-(2,6-Diisopropylphenyl)-1,6-diphenoxy-9-bromo-perylene-3,4-

dicarboximide (2). N-(2,6-diisopropylphenyl)-1,6,9-tribromoper-

ylene-3,4-dicarboximide (3 g, 4.2 mmol), phenol (770 mg, 8.0

mmol) and potassium carbonate (1.1 g, 8.0 mmol) were stirred in

NMP (300 mL) at 80 �C for 3 h. After cooling down to room

temperature, the reaction mixture was poured into a mixture of

water and hydrochloric acid (4 : 1). The resulting precipitate was

washed with water and dried. The desired product was purified

by column chromatography on silica gel using toluene as eluent

to give a red solid (2 g, 65%).
1H-NMR (250 MHz, CD2Cl2, 300 K): d ¼ 9.35 (d, J ¼ 5 Hz,

1H), 9.12 (d, J ¼ 8 Hz, 1H), 8.26 (m, 3H), 7.84 (d, J ¼ 8 Hz, 1H),

7.65 (m, 1H), 7.51–7.14 (m, 13H), 2.74 (m, 2H), 1.14 (d, J¼ 7 Hz,

12H) ppm; 13C-NMR (75 MHz, CD2Cl2, 300 K) d [ppm]: 163.5,

156.2, 156.1, 153.7, 153.6, 146.4, 132.2, 131.8, 131.4, 131.3, 131.0,

130.7, 129.7, 129.1, 128.2, 128.1, 127.7, 127.4, 127.2, 125.7, 125.1,

124.7, 124.6, 124.4, 123.8, 122.4, 122.3, 119.0, 29.4, 24.1. IR

Spectrum (KBr): nmax ¼ 2958, 2866, 1705, 1668, 1589, 1485,

1414, 1331, 1271, 1201, 1070, 968, 876, 804, 752 cmÿ1. UV-Vis

(CH2Cl2): lmax (3/M
ÿ1 cmÿ1): 512 (45 879). FDMass Spectrum (8

kV): m/z ¼ 746.2 (100%) [M+] (calc. 744.69). Elemental analysis

(C46H34BrNO4): calculated: (%) C 74.19, H 4.60, N 1.88, found:

(%) C 73.88, H 4.56, N 1.81.

N-(2,6-Diisopropylphenyl)-9-di(p-tert-octylphenyl)amino-1,6-

diphenoxy-perylene-3,4-dicarboximide (3).Amixture of 2 (500 mg,

0.67 mmol), p,p0-di-tert-octyldiphenylamine (395 mg, 1.0 mmol),

tris-(dibenzylideneacetone)dipalladium(0) (50 mg, 0.05 mmol), tri-

tert-butyl-phosphine (20 mg, 0.10 mmol), sodium-tert-butoxide

(100 mg, 1 mmol) and dry toluene (100 mL) was stirred at 80 �C in

an argon atmosphere overnight. The solvent was removed under

evaporation. The crude product was purified by column chro-

matography using toluene as eluent on silica to give a blue solid

(600 mg, 85%).
1H-NMR (250 MHz, CD2Cl2, 300 K): d ¼ 9.31 (d, J ¼ 5 Hz,

1H), 9.28 (d, J¼ 5 Hz, 1H), 8.26 (d, J¼ 2 Hz, 2H), 8.09 (d, J ¼ 8

Hz, 1H), 7.50–7.14 (m, 19H), 6.96 (d, J ¼ 8 Hz, 4H), 2.73 (m,

2H), 1.70 (s, 4H), 1.34 (s, 12H), 1.13 (d, J ¼ 7 Hz, 12H), 0.74 (s,

18H) ppm; 13C-NMR (75 MHz, CD2Cl2, 300 K) d [ppm]: 163.6,

156.4, 153.1, 152.7, 147.4, 146.4, 146.3, 144.8, 131.9, 131.6, 131.5,

130.6, 130.4, 130.1, 128.3, 128.2, 127.4, 126.4, 125.3, 125.1, 124.6,

124.4, 124.3, 124.2, 122.7, 121.9, 121.2, 118.9, 118.8, 57.3, 38.4,

32.6, 31.8, 31.6, 29.3, 24.0. IR Spectrum (KBr): nmax ¼ 2958,

1706, 1660, 1588, 1506, 1414, 1338, 1272, 1200, 1054, 1014, 872,

750, 692, 524 cmÿ1. UV-Vis (CH2Cl2): lmax (3/M
ÿ1 cmÿ1): 590 nm

(29 916). FD Mass Spectrum (8 kV): m/z ¼ 1057.1 (100%) [M+]

(calc. 1057.44). Elemental analysis (C74H76N2O4): calculated:

(%) C 84.05, H 7.24, N 2.65, found: (%) C 84.05, H 7.22, N 2.58.

9-Di(p-tert-octylphenyl)amino-1,6-diphenoxy-perylene-3,4-dicar-

boxy anhydride (ID96). A mixture of 3 (500 mg, 0.47 mmol),

potassium carbonate (2 g, 50 mmol), KF (40 mg, 0.70 mmol) and

iso-propanol (500mL) was stirred and refluxed in a 100mLmono-

necked round flask overnight. After cooling down to room

temperature, the mixture was poured into water and neutralised

by acetic acid. The solution was stirred at 60 �C for 0.5 h.

The precipitate was dried and purified by column chromatography

using dichloromethane as eluent on silica to give a blue solid

(340 mg, 80%).

5412 | J. Mater. Chem., 2009, 19, 5405–5415 This journal is ª The Royal Society of Chemistry 2009



1H-NMR (300 MHz, CD2Cl2, 300 K): d ¼ 9.29 (m, 2H), 8.16

(s, 2H), 8.10 (d, J¼ 8 Hz, 1H), 7.45–7.11 (m, 16H), 6.95 (d, J ¼ 8

Hz, 4H), 1.69 (s, 4H), 1.33 (s, 12H), 0.73 (s, 18H) ppm; 13C-NMR

(75 MHz, CD2Cl2, 300 K) d [ppm]: 160.4, 160.4, 157.2, 157.2,

154.6, 154.1, 149.2, 149.2, 147.8, 146.3, 145.0, 131.9, 131.7, 130.6,

130.3, 129.8, 128.3, 128.1, 128.1, 127.5, 126.4, 126.2, 124.7, 124.5,

124.4, 124.3, 122.9, 122.8, 121.0, 120.9, 117.1, 116.2, 115.8, 115.8,

57.3, 56.0, 38.4, 32.6, 31.8, 31.6. IR Spectrum (KBr): nmax ¼

2952, 1777, 1578, 1504, 1420, 1338, 1270, 1202, 1098, 994, 872,

752, 690 cmÿ1. UV-Vis (CH2Cl2): lmax (3/Mÿ1 cmÿ1): 606 nm

(25 195). FD Mass Spectrum (8 kV): m/z ¼ 890.3 (100%) [M+]

(calc. 898.17). Elemental analysis (C62H59NO5): calculated: (%)

C 82.91, H 6.62, N 1.56, Found: (%) C 82.91, H 6.58, N 1.49.

N-(2,6-Diisopropylphenyl)-1,6-di(4-trimethylsilanylethynyl-phe-

noxy)-9-bromo-perylene-3,4-dicarboximide (4). (2,6-Diisopropyl-

phenyl)-1,6,9-tribromoperylene-3,4-dicarboximide (1 g, 1.4 mmol),

4-trimethylsilanylethynyl-phenol (0.80 g, 2.8 mmol) and potassium

carbonate (0.40 g, 2.8 mmol) were stirred in NMP (150 mL) at

80 �C for 5 h. After cooling down to room temperature, the reac-

tion mixture was poured into a mixture of water and hydrochloric

acid (4 : 1). The resulting precipitate was washed with water and

dried. The desired product was purified by column chromatog-

raphy on silica gel using dichloromethane and pentane (1 : 2) as

eluent to give a red solid (0.9 g, 58%).
1H-NMR (300 MHz, CD2Cl2, 300 K): d ¼ 9.27 (d, J ¼ 8 Hz,

1H), 9.04 (d, J ¼ 8 Hz, 1H), 8.31 (m, 3H), 7.88 (d, J ¼ 8 Hz, 1H),

7.67 (t, 1H), 7.50 (m, 5H), 7.34 (d, J ¼ 8 Hz, 2H), 7.09 (m, 4H),

2.72 (m, 2H), 1.13 (m, 54H) ppm; 13C-NMR (75 MHz, CD2Cl2,

300 K) d [ppm]: 163.4, 163.3, 156.2, 156.1, 153.0, 152.9, 146.3,

134.4, 132.2, 131.8, 131.4, 131.3, 130.9, 129.9, 129.8, 129.2, 128.2,

127.9, 127.7, 127.4, 126.0, 125.8, 125.7, 124.4, 124.3, 122.6, 122.5,

120.0, 119.8, 119.7, 118.5, 106.5, 106.4, 91.0, 29.4, 24.1, 18.7,

11.6. IR Spectrum (KBr): nmax ¼ 2941, 2864, 2154, 1709, 1670,

1593, 1496, 1412, 1333, 1269, 1201, 1068, 1012, 995, 877, 831, 789

cmÿ1. UV-Vis (CH2CL2): lmax (3/Mÿ1 cmÿ1): 513 (47541). FD

Mass Spectrum (8 kV):m/z¼ 1038.2 (100%) [M+] (calc. 1105.43).

Elemental analysis (C68H74BrNO4Si2): calculated: (%) C 83.28,

H 7.67, N 1.35, found: (%) C 83.41, H 7.63, N 1.41.

N-(2,6-Diisopropylphenyl)-1,6-di(4-ethynylphenoxy)-9-bromo-

perylene-3,4-dicarboximide (5). Compound 4 (500 mg, 0.45

mmol) was dissolved in THF (50 mL) in a 100 mL Schlenk flask

under argon. A THF solution of tetra-n-butylammonium fluoride

(0.56 g, 1.78 mmol) was injected and the reaction mixture was

stirred for 30 min at room temperature. The solution was diluted

with dichloromethane (200 mL), and then extracted with aqueous

hydrochloric acid (100 mL, 6 M). The organic phase was sepa-

rated, washed with distilled water (100 mL) and dried over

magnesium sulfate. The solvents were removed under reduced

pressure, and the crude product was purified by column chro-

matography on silica gel with dichloromethane to give a red solid

5 (250 mg, 70%).
1H-NMR (300 MHz, CD2Cl2, 300 K): d ¼ 9.29 (d, J ¼ 9 Hz,

1H), 9.06 (d, J ¼ 9 Hz, 1H), 8.37 (d, J ¼ 9 Hz, 1H), 8.32 (s, 1H),

8.30(s, 1H), 7.90 (d, J ¼ 9 Hz, 1H), 7.70 (t, 1H), 7.50 (m, 5H),

7.34 (d, J ¼ 8 Hz, 2H), 7.10 (m, 4H), 3.11 (s, 2H), 2.71 (m, 2H),

1.13 (d, J ¼ 7 Hz, 12H) ppm; 13C-NMR (75 MHz, CD2Cl2, 300

K) d [ppm]: 163.3, 156.6, 156.5, 152.8, 152.7, 146.3, 134.5, 132.3,

131.8, 131.2, 130.9, 129.3, 129.2, 128.5, 128.0, 127.9, 127.8, 127.3,

126.1, 125.5, 124.4, 124.4, 122.6, 122.5, 118.5, 118.2, 118.1, 82.9,

77.4, 29.4, 24.0, 21.4. IR Spectrum (KBr): nmax ¼ 3259, 2960,

2873, 2349, 1701, 1664, 1593, 1496, 1333, 1265, 1205, 1057, 872,

829, 804, 741 cmÿ1. UV-Vis (CH2Cl2): lmax (3/M
ÿ1 cmÿ1): 509 nm

(19 625). FD Mass Spectrum (8 kV): m/z ¼ 791.8 (100%) [M+]

(calc. 792.74). Elemental analysis (C50H34BrNO4) calculated: (%)

C 75.76, H 4.32, N 1.77, found: C 76.02, H 4.37, N 1.59.

N-(2,6-Diisopropylphenyl)-1,6-di((2,3,4,5-tetraphenyl)phenyl-

phenoxy)-9-bromo-perylene-3,4-dicarboximide (6). A mixture of

5 (200 mg, 0.25 mmol), tetraphenylcyclopentadienone (245 mg,

0.63 mmol) and m-xylene (15 ml) was refluxed overnight. The

solvents were removed under reduced pressure, and the crude

product was purified by column chromatography on silica gel

with toluene to give a red solid (270 mg, 75%).
1H-NMR Spectrum (300 MHz, CD2Cl2, 300 K) d[ppm]: 9.32

(d, J ¼ 9 Hz, 1H), 9.09 (d, J ¼ 9 Hz, 1H), 8.37 (d, J ¼ 9 Hz, 1H),

8.22 (s, 1H), 8.22 (s, 1H), 7.90 (d, J¼ 9 Hz, 1H), 7.70 (t, 1H), 7.56

(s, 2H), 7.50 (m, 1H), 7.36 (d, J ¼ 8 Hz, 2H), 7.24–7.25 (m, 14H),

7.00–6.80 (m, 34H), 2.72 (m, 2H), 1.15 (d, J ¼ 7 Hz, 12H); 13C-

NMR (75 MHz, CD2Cl2, 300 K) d [ppm]: 163.6, 154.8, 153.2,

152.7, 147.3, 146.4, 146.3, 144.8, 142.1, 142.0, 141.2, 140.8, 140.4,

140.3, 140.1, 139.8, 139.7, 138.1, 138.0, 132.1, 131.9, 131.9, 131.8,

131.6, 131.5, 131.4, 130.4, 130.2, 129.3, 128.5, 128.1, 128.0, 127.9,

127.4, 127.3, 127.1, 126.9, 126.6, 126.0, 125.6, 124.5, 124.3, 124.0,

122.7, 121.8, 121.1, 118.2, 118.1, 57.3, 38.4, 32.6, 31.8, 31.6, 29.4,

24.1, 21.5. IR Spectrum (KBr): nmax ¼ 3026, 2925, 2868, 2335,

1709, 1670, 1597, 1496, 1441, 1333, 1271, 1201, 1072, 1030, 970,

841, 762 cmÿ1. UV-Vis (CH2Cl2): lmax (3/Mÿ1 cmÿ1): 513 nm

(32 584). FD Mass Spectrum (8 kV): m/z ¼ 1505.4 (100%) [M+]

(Calc. 1505.68). Elemental Analysis (C106H74BrNO4) Calculated:

(%) C 84.56, H 4.95, N 5.31, found: C 84.04, H 5.49, N 0.87,

S 7.31.

N-(2,6-Diisopropylphenyl)-9-di(p-tert-octylphenyl)amino-1,6-

di((2,3,4,5-tetraphenyl)phenyl-phenoxy)-perylene-3,4-dicarbox-

imide (7). A mixture of 6 (150 mg, 0.10 mmol), p,p0-di-tert-

octyldiphenylamine (60 mg, 0.15 mmol), tris-(dibenzylideneace-

tone)-dipalladium(0) (20 mg, 0.02 mmol), tri-tert-butylphosphine

(20 mg, 0.10 mmol), sodium-tert-butoxide (20 mg, 0.15 mmol) and

dry toluene (100 mL) was stirred at 80 �C in an argon atmosphere

for one day. The solvent was removed under evaporation. The

crude product was purified by column chromatography using

dichloromethane and pentane (1 : 2) as eluent on silica to give

a blue solid (150 g, 82%).
1H-NMR Spectrum (300 MHz, CD2Cl2, 300 K) d[ppm]: 9.20

(m, 2H), 8.20 (s, 2H), 8.10 (d, J ¼ 8 Hz, 1H), 7.57 (d, J ¼ 2 Hz,

2H), 7.50 (m, 1H), 7.38–7.15 (m, 22H), 6.97–6.82 (m, 38H), 2.73

(m, 2H), 1.71 (s, 4H), 1.36 (s, 12H), 1.15 (d, J ¼ 7 Hz, 12H), 0.76

(s, 18H); 13C-NMR (62.5 MHz, CD2Cl2, 300 K) d [ppm]: 163.6,

154.8, 153.2, 152.7, 147.3, 146.4, 146.3, 144.8, 142.1, 142.0, 141.2,

140.8, 140.4, 140.3, 140.1, 139.8, 139.7, 138.1, 138.0, 132.1, 131.9,

131.9, 131.8, 131.6, 131.5, 131.4, 130.4, 130.2, 129.3, 128.5, 128.1,

128.0, 127.9, 127.4, 127.3, 127.1, 126.9, 126.6, 126.0, 125.6, 124.5,

124.3, 124.0, 122.7, 121.8, 121.1, 118.2, 118.1, 57.3, 38.4, 32.6,

31.8, 31.6, 29.4, 24.1, 21.5. IR Spectrum (KBr): nmax ¼ 2956,

2868, 1706, 1662, 1600, 1504, 1442, 1332, 1272, 1204, 1072, 1016,

878, 828, 762, 698 cmÿ1. UV-Vis (CH2Cl2): lmax (3/Mÿ1 cmÿ1):
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590 nm (31 646). FD Mass Spectrum (8 kV): m/z ¼ 1819.7

(100%) [M+] (Calc. 1818.43). Elemental analysis (C134H116N2O4):

calculated: (%) C 88.51, H 6.43, N 1.54, found: (%) C 87.94, H

6.42, N 1.52.

9-Di(p-tert-octylphenyl)amino-1,6-di((2,3,4,5-tetraphenyl)phenyl-

phenoxy)-perylene-3,4-dicarboxy anhydride (ID115).Amixture of

7 (100 mg, 0.05 mmol), potassium carbonate (100 mg, 1.8 mmol)

and iso-propanol (20 mL) was stirred and refluxed in a 100 mL

mono-necked round flask overnight. After the reaction mixture

was cooled to 40 �C, 20 mL of acetic acid solution (50%) was

added to the reaction mixture. The solution was stirred at 60 �C

for 2 h. The precipitate was dried and purified by column chro-

matography using dichloromethane as eluent on silica to give

a blue solid (50 mg, 60%).
1H-NMR Spectrum (300 MHz, CD2Cl2, 300 K) d[ppm]: 9.20

(m, 2H), 8.11 (s, 1H), 8.07 (s, 2H), 7.58 (d, J ¼ 2 Hz, 2H), 7.36–

7.18 (m, 20H), 7.00–6.83 (m, 39H), 1.71 (s, 4H), 1.34 (s, 12H),

0.75 (s, 18H); 13C-NMR (75 MHz, CD2Cl2, 300 K) d [ppm]:

160.3, 160.2, 154.4, 153.5, 153.0, 148.0, 146.3, 145.0, 142.1, 142.0,

141.2, 140.8, 140.4, 140.3, 140.1, 139.8, 139.7, 138.7, 138.5, 132.2,

131.9, 131.8, 131.8, 131.7, 131.4, 130.2, 130.1, 128.9, 128.8, 127.9,

127.8, 127.5, 127.4, 127.2, 126.9, 126.6, 126.1, 125.9, 125.7, 125.3,

124.0, 122.9, 118.7, 118.5, 117.1, 116.2, 57.3, 38.4, 32.6, 31.8. IR

Spectrum (KBr): nmax ¼ 2952, 1774, 1600, 1504, 1442, 1336,

1272, 1208, 1098, 994, 938, 830, 762, 698 cmÿ1. UV-Vis (CH2Cl2):

lmax (3/M
ÿ1 cmÿ1): 606 nm (18 774). FD Mass Spectrum (8 kV):

m/z ¼ 1506.5 (100%) [M+] (calc. 1506.96). Elemental analysis

(C122H99NO5): calculated: (%) C 88.32, H 6.01, N 0.84, found:

(%) C 87.77, H 6.16, N 0.78.
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