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bstract

Eight novel perylene imide derivatives were synthesized to determine the effect of the nature of electron donating substituents on the perylene
ore (ether or N-amino), the position of the carboxylic acid anchoring group and the presence of a fused benzimidazole moiety on the performances
f dye-sensitized solar cells. The photovoltaic efficiency under AM1.5 of these new dyes, although not optimized, ranges from 0.2% until 2.3%.
e note the importance of the position-anchoring group, which controls the electron injection efficiency. With respect to the excited-state electron

onor strength, four O-aryl substituents at the bay position lead to similar effect as two N-piperidinyl groups but with a lower propensity to

ggregation and give slightly higher photovoltaic performance than the latter. The benzimidazole unit extends the absorbance of the perylene imide
o longer wavelengths, but this effect is lower than introducing charge transfer transition with N-amino substituents. Overall, this work shows that
erylene imide remains a promising molecular basis for the future design of new fully organic sensitizers for nanostructured TiO2 solar cells.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Photovoltaic is an attractive technology to produce environ-
ental friendly energy from the major renewable source of

nergy which is the sun. Among the photovoltaic technolo-
ies, dye-sensitized solar cells (DSSCs) represent an attractive
ne because of its potentially low cost. Polypyridine ruthe-
ium complexes are the most studied sensitizers and they give
he highest photovoltaic performances [1–3]. Since the year of
000, increasing research efforts have been devoted to the devel-
pment of organic sensitizers and reasonable photoconversion
fficiencies have been reached with some push–pull type organic
hromophores [4–14]. Organic sensitizers are attractive because
hey usually display higher molar absorptivity and more red-

hifted absorption bands than organometallic sensitizers and
hey could be potentially prepared at a lower cost. On the other
and, they are usually less photochemically stable, a drawback

∗ Corresponding author. Fax: +33 2 51 12 54 02.
E-mail address: Fabrice.Odobel@univ-nantes.fr (F. Odobel).
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nium dioxide

hat could limit their use in DSSCs, as already observed with
orphyrin sensitizers [15]. Accordingly, we were particularly
nterested in perylene imide derivatives owing to their unique
utstanding chemical, thermal and especially photochemical
tabilities [16–18]. They are indeed used as pigments in car
aintings [19] and they have been used several times as sensitiz-
rs in DSSCs [20–25]. Very recently, a record photoconversion
fficiency of 2.6% has been reported by Imahori and co-workers
ith dipyrrolidinyl perylene bisimide derivatives [26]. Perylene

mides are generally poor electron donors since they are rather
sed as electron acceptor component in photomolecular systems
or photoinduced electron transfer [27–29], but this shortcoming
ay be overcome by chemical modifications [30].
In the present paper, we report the synthesis and the pho-

ovoltaic characterizations of a series of new perylene imide
ensitizers in view of shedding some light on the molecular fea-
ures that control the photovoltaic performances of this type of

yes (Fig. 1). In this study, we first investigated the effect of phe-
oxy (dyes 1–6) or piperidinyl substituents (dyes 7 and 8) at the
ay positions of the perylene core in order to enhance the elec-
ron density on the perylene and make it a better electron donor.

mailto:Fabrice.Odobel@univ-nantes.fr
dx.doi.org/10.1016/j.jphotochem.2007.12.034
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oreover, these substituents could also limit the aggregation,
ince these type of dyes are particularly prone to �-stacking
31–34]. Besides, electron rich substituents could induce new
harge transfer transitions that are usually beneficial for photo-
oltaic performances, as already demonstrated with ruthenium
olypyridine sensitizers [1–3] or with push–pull metal free dyes
4–14]. The second parameter studied in this work is the position
f the anchoring group on the sensitizer that will naturally affect
he magnitude of the electronic coupling between the perylene
nd the TiO2 conduction band. Finally, the last parameter tested
s the influence of the extension of the aromatic system by intro-
ucing a benzimidazole unit (dyes 2 and 4) along the long axis
n order to shift the visible absorption bands towards the longer
avelengths [35–37].

. Experimental

N-(2,5-di-tert-butylphenoxy)-perylene-1,6-di(4-tert-
utylphenoxy)-9-bromo-3,4-dicarboximide (11) [38,39],
erylene-1,6,9-tri(4-tert-butylphenoxy)-3,4-dicarboxylic acid
nhydride (14) [40], pentadecanamine (19) [41] and 1-methyl-
-n-propyl imidazolium iodide [42] were prepared according to
iterature methods. Bis(4,4′-dicarboxylic acid-2,2′-bipyridine)
isthiocyanato ruthenium was purchased from Solaronix.

.1. 9-(para-Oxybenzoic acid)-O-perylene-N-(2,5-di-tert-
utylphenoxy)-1,6-di(4-tert-butylphenoxy)-3,
-dicarboximide (1)

Compound 11 (46 mg, 52 �mol), 4-hydroxybenzoic acid
72 mg, 0.52 mmol) and K2CO3 (216 mg, 1.55 mmol) were dis-
olved in dry DMF (6 mL). The solution was stirred at 110 ◦C for
0 h and at 140 ◦C for 20 h. CH2Cl2 was added; the organic phase
as washed with water, dried over MgSO4 and concentrated to
ryness. The product was purified by column chromatography
ver silica gel (MeOH/CH2Cl2: 0/100 → 10/90), to yield a pur-
le solid (16 mg, 33%). 1H NMR (300 MHz, CDCl3): δ 1.26
s, 9H, tBu), 1.28 (s, 9H, tBu), 1.32 (s, 9H, tBu), 1.34 (s, 9H,
Bu), 6.95 (d, 1H, 3J = 2.10 Hz, H-aryl-ditBu), 7.04–7.16 (m, 8H,
H phenyl + 4H-aryl-tBu), 7.39–7.43 (m, 5H, 4H-aryl-tBu + 1H-
ryl-ditBu), 7.54 (d, 1H, 3J = 8.7 Hz, H-aryl-ditBu), 7.62 (t, 1H,
J = 8.10 Hz, H perylene), 8.10 (d, 1H, 3J = 8.70 Hz, H perylene),
.25 (d, 1H, 3J = 8.10 Hz, H perylene), 8.30 (s, 1H, H perylene),
.31 (s, 1H, H perylene), 9.34 (d, 1H, 3J = 8.70 Hz, H perylene),
.45 (d, 1H, 3J = 8.10 Hz, H perylene). HR-MS (ESI): m/z: calcd
or C63H59NO7, 964.4189 [M+Na]+; found 964.4182 [M+Na]+.

.2. Perylene-1,6,9-tri(4-tert-butylphenoxy)-9-
romo-3,4-(4-carboxylic acid-1,2-benzimidazole) (2)

Compound 14 (31 mg, 40.4 �mol), 3,4-diaminobenzoic acid
13 mg, 80.8 �mol) and zinc acetate (8 mg, 59.4 �mol) were
dded to 3 mL of dry quinoline. The reaction mixture was heated
t 200 ◦C for 24 h. The quinoline was removed by a distillation,

H2Cl2 was added and the organic phase was poured into an
queous HCl solution (10%). The precipitate was removed by
ltration, washed with water, dried under vacuum. The prod-
ct was purified by column chromatography over silica gel

(
a
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MeOH/CH2Cl2: 0/100 → 2/98), to yield a purple solid (45 mg,
7%). 1H NMR (300 MHz, CDCl3): δ 1.26 (s, 9H, tBu), 1.28
s, 9H, tBu), 1.32 (s, 9H, tBu), 6.98–7.16 (m, 6H, H phenyl),
.34–7.44 (m, 6H, H phenyl), 7.58 (m, 1H, H perylene), 7.92
m, 1H, H-aryl-tBu), 8.20 (m, 1H, H perylene), 8.25 (m, 2H, H-
ryl-tBu), 8.28 (m, 1H, H perylene), 8.80 (m, 1H, COOH), 8.90
m, 1H, H perylene), 9.07 (m, 1H, H perylene), 9.13 (m, 1H, H
erylene), 9.29 (m, 1H, H perylene). HR-MS (ESI): m/z: calcd
or C59H50N2O6, 883.3747 [M+H]+; found 883.3817 [M+H]+.

.3. N-Octyl-perylene-1,6,7,12-tetra(4-tert-butylphenoxy)-
,4-dicarboximide-9,10-dicarboxylic acid anhydride (3)
nd perylene-1,6,7,12-tetra(4-tert-butylphenoxy)-3,4,9,10-
etracarboxylic acid dianhydride (17) [40,43]

N,N′-Dioctyl-perylene-1,6,7,12-tetra(4-tert-butylphenoxy)-
,4,9,10-dicarboximide 16 (2 g, 1.66 mmol) was dissolved
n a mixture of KOH (266 mg, 4.475 mmol) and tert-butanol
67 mL). The solution was stirred at 100 ◦C for 30 min. Then
he crude mixture was cooled to room temperature, an aqueous
Cl solution (10%) and water were added. The solution
as filtered and the precipitate was washed with water. The

olid was dissolved in CH2Cl2, the organic phase was dried
ver MgSO4 and concentrated to dryness. The product was
urified by column chromatography over silica gel (petroleum
ther/CH2Cl2: 6/4) to yield compound 3 (690 mg, 38%) and
hen compound 17 (647 mg, 40%) as purple solids.

Compound 3

1H NMR (300 MHz, CDCl3): δ 0.85 (m, 6H, CH3), 1.25–1.28
m, 20H, CH2), 1.30 (s, 36H, tBu), 1.67 (m, 4H, CH2), 4.06–4.11
m, 4H, CH2), 6.80–6.83 (dd, 4H, 3J = 7.50 Hz, 3J = 1.50 Hz,
-aryl-tBu), 6.82–6.85 (dd, 4H, 3J = 7.50 Hz, 3J = 1.50 Hz,
-aryl-tBu), 7.25 (d, 8H, 3J = 7.50 Hz, H-aryl-tBu), 8.20 (d,
H, 3J = 1.50 Hz, H perylene), 8.22 (d, 2H, 3J = 1.50 Hz, H
erylene). 13C NMR (75 MHz, CDCl3): δ 14.1, 22.6, 27.1,
8.1, 29.2, 29.3, 31.5, 31.8, 34.4, 40.7, 117.9, 119.3, 119.4,
19.7, 121.5, 122.2, 123.1, 126.7, 126.8, 133.0, 133.3, 147.6,
52.6, 155.8, 156.6, 160.0, 163.4. HR-MS (ESI): m/z: calcd for
72H73NO9, 1150.5445 [M+Na+CH3OH]+; found 1150.5466

M+Na+CH3OH]+.

Compound 17

1H NMR (300 MHz, CDCl3): δ 1.30 (s, 36H, tBu),
.81–6.84 (d, 8H, 3J = 8.70 Hz, H-aryl-tBu), 7.25–7.28 (d, 8H,
J = 8.70 Hz, H-aryl-tBu), 8.21 (s, 4H, H perylene).

.4. N-Octyl-perylene-1,6,7,12-tetra(4-tert-butylphenoxy)-
,4-(4-carboxylic acid-1,2-benzimidazole)-9,
0-dicarboximide (4)
Compound 3 (100 mg, 91 �mol), 3,4-diaminobenzoic acid
28 mg, 0.18 mmol) and zinc acetate (19 mg, 0.14 mmol) were
dded to 5 mL of dry quinoline. The reaction mixture was stirred
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Fig. 1. Structures of the perylene imide sens

t 200 ◦C for 36 h. The quinoline was removed by distillation,
H2Cl2 was added and the organic phase was poured into
n aqueous HCl solution (10%). A precipitate appeared, was
emoved by filtration, washed with water, dried under vacuum.
he product was purified by column chromatography over sil-

ca gel (MeOH/CH2Cl2: 0/100 → 2/98) to yield a blue solid
45 mg, 41%). 1H NMR (300 MHz, CDCl3): δ 0.85 (m, 6H,
H3), 1.25–1.28 (m, 20H, CH2), 1.31 (s, 36H, tBu), 1.70 (m,
H, CH2), 4.10–4.13 (m, 4H, CH2), 6.79–6.93 (m, 8H, H-aryl-
Bu), 7.26 (m, 8H, H-aryl-tBu), 7.84–7.86 (m, 1H, H phenyl),
.20 (m, 1H, H phenyl), 8.21 (s, 2H, H perylene), 8.24 (s, 1H,

phenyl), 8.47 (s, 1H, H perylene), 8.58 (s, 1H, H perylene),
.23 (s, 1H, COOH). HR-MS (ESI): m/z: calcd for C79H77N3O9,
212.5738 [M+H]+; found 1212.5728 [M+H]+.

.5. Perylene-1,6,7,12-tetra(4-tert-butylphenoxy)-3,4-(4,5-
imethoxy-1,2-benzimidazole)-9,10-dicarboxylic acid
nhydride (5)

In a sealed tube, a solution of 17 (100 mg, 0.103 mmol),
,2-dimethoxy-4,5-diaminobenzene (21 mg, 0.124 mmol) and
nCl2 (21 mg, 0.155 mmol) in quinoline (5 mL) was introduced.
he solution was heated at 180 ◦C for 6 h. After cooling to room

emperature, the solvent was evaporated with a Kugelrohr (under

acuum, 130 ◦C). CH2Cl2 and HCl (6N) were added, the organic
ayer was extracted with water until pH 7 and dried over MgSO4
efore evaporated to dryness. Purification of the residue by col-
mn chromatography over silica gel (CH2Cl2) gave pure product

p
δ

1
C

1–8 prepared and investigated in this study.

32 mg, 28%). 1H NMR (300 MHz, CDCl3): δ 1.31 (s, 36H, tBu),
.95 (s, 3H, OMe), 4.00 (s, 3H, OMe), 6.86 (m, 9H, 8H-o-aryl-
Bu + H-aryl-OMe), 7.27 (m, 8H, H-m-aryl-tBu), 8.02 (d, 1H,
J = 6.60 Hz, H-perylene), 8.21 (m, 2H, H-perylene), 8.43 (t, 2H,
J = 8.10, 6J = 7.50 Hz, 1H-perylene + 1H-aryl-OMe). 13C NMR
75 MHz, CDCl3): δ 139.26, 137.06, 134.98, 132.36, 126.77,
26.72, 126.66, 126.58, 122.09, 121.83, 121.68, 120.08, 119.48,
19.39, 119.36, 119.15, 114.60, 114.06, 113.48, 111.62, 34.39,
3.82, 31.92, 31.49, 31.46, 31.41, 29.70, 29.65, 29.62, 29.59,
9.51, 29.35, 29.16, 28.95, 22.95, 14.22. MS (MALDI): m/z
alcd for C72H64N2O10, 1117.5 [M+H]+; found 1117.8.

.6. N-(8-Pentadecanyl)-1,6,7,12-tetra(4-tert-
utylphenoxy)perylene-3,4-dicarboximide-9,10-
icarboxylic acid anhydride (6)

A mixture of 20 (0.20 g, 0.14 mmol) and KOH (24 mg,
.43 mmol) in 3.6 mL of tert-butanol was stirred 30 min at
10 ◦C. The reaction was cooled to room temperature and 4 mL
f HCl (10%) then water were added. The mixture was extracted
ith CH2Cl2 and the organic layer was extracted with water
ntil pH 7. The organic layer was dried over MgSO4 and evap-
rated to dryness. Purification of the solid residue by column
hromatography over silica gel (E.P/CH2Cl2: 1/1) gave pure

urple product (123 mg, 71%). 1H NMR (300 MHz, CDCl3):
0.81 (t, 6H, 3J = 7.00 Hz, CH3), 1.21 (m, 20H, H-aliph),

.29 (s, 36H, tBu), 1.77 (m, 2H, CH2-CH-N), 2.13 (m, 2H,
H2-CH-N), 5.06 (m, 1H, CH-N), 6.83 (d, 8H, 3J = 8.70 Hz,
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-o-aryl-tBu), 7.24 (d, 8H, 3J = 8.70 Hz, H-m-aryl-tBu), 8.21 (s,
H, H-perylene). 13C NMR (75 MHz, CDCl3): δ 156.66, 155.76,
55.74, 152.63, 147.7, 147.55, 139.27, 133.13, 126.86, 126.84,
26.81, 126.75, 119.45, 119.28, 119.26, 117.87, 114.05, 54.71,
4.40, 33.82, 32.42, 31.97, 31.93, 31.75, 31.45, 31.41, 30.20,
0.02, 29.47, 29.16, 26.94, 22.88, 22.85, 14.04, 14.00. Emis-
ion: 617 and 662 nm. MS (MALDI): m/z calcd for C79H87NO9,
194.6 [M+H]+; found 1194.8.

.7. N-Octyl(1,7-dipiperidino)perylene-3,4-dicarboximide-
,10-dicarboxylic acid anhydride (7)

A mixture of N,N′-bis(N-octyl)(1,7-dipiperidino)perylene-
,4:9,10-bisdicarboximide 28 (0.10 g, 0.13 mmol) and KOH
21 mg, 0.39 mmol) in 3.2 mL of tert-butanol was stirred 30 min
t 100 ◦C. The reaction was cooled to room temperature and
.5 mL of HCl (10%) then water were added. The mixture was
xtracted with CH2Cl2 and the organic layer was extracted with
ater until pH 7. The organic layer was dried over MgSO4

nd evaporated to dryness. Purification of the solid residue by
olumn chromatography over silica gel (CH2Cl2) gave pure
reen product (48.5 mg, 58%). 1H NMR (300 MHz, CDCl3):
0.87 (t, 3H, 3J = 7.50 Hz, CH3), 1.27 (m, 14H, 10H-aliph + H-
-piperidine), 1.40 (m, 4H, H-m-piperidine), 1.73 (m, 6H,
-CH2-CH2 + 4H-m-piperidine), 2.80 (m, 2H, H-o-piperidine),
.89 (m, 2H, H-o-piperidine), 3.37 (m, 4H, H-o-piperidine), 4.20
t, 2H, 3J = 7.50 Hz, N-CH2), 8.25 (m, 3H, H-perylene), 8.37 (s,
H, H-perylene), 9.23 (d, 1H, 3J = 8.10 Hz, H-perylene), 9.32 (d,
H, 3J = 8.40 Hz, H-perylene). 13C NMR (75 MHz, CDCl3): δ

63.43, 163.25, 160.59, 160.11, 151.23, 150.43, 136.91, 134.61,
30.14, 130.02, 129.95, 127.82, 126.57, 125.44, 124.28, 123.93,
23.88, 123.17, 123.05, 122.48, 121.49, 117.89, 116.05, 52.86,
2.65, 40.62, 31.82, 29.66, 29.63, 29.36, 29.22, 28.15, 27.16,
5.64, 25.55, 25.52, 23.75, 23.72, 22.66, 14.12. MS (ESI): m/z
alcd for C42H43N3O5, 670.3 [M+H]+; found 670.4.

.8. N-Octyl(1,6-dipiperidino)perylene-3,4-dicarboximide-
,10-dicarboxylic acid anhydride (8)

A mixture of N,N′-bis(N-octyl)(1,6-dipiperidino)perylene-
,4:9,10-bisdicarboximide 29 (0.07 g, 0.09 mmol) and KOH
15 mg, 0.26 mmol) in 2.2 mL of tert-butanol was stirred 30 min
t 100 ◦C. The reaction was cooled to room temperature and
.5 mL of HCl (10%) then water were added. The mixture was
xtracted with CH2Cl2 and the organic layer was extracted with
ater until pH 7. The organic layer was dried over MgSO4

nd evaporated to dryness. Purification of the solid residue by
olumn chromatography over silica gel (CH2Cl2) gave pure
lue product (32 mg, 38%). 1H NMR (300 MHz, CDCl3): δ

.86 (t, 3H, 3J = 7.50 Hz, CH3), 1.26 (m, 14H, 10H-aliph + H-
-piperidine), 1.61 (brs, 4H, H-m-piperidine), 1.78 (m, 6H,
-CH2-CH2 + 4H-m-piperidine), 2.86 (m, 4H, H-o-piperidine),

.36 (m, 4H, H-o-piperidine), 4.21 (t, 2H, 3J = 7.50 Hz, N-CH2),
.36 (s, 2H, H-perylene), 8.63 (d, 2H, 3J = 8.40 Hz, H-perylene),
.69 (d, 2H, 3J = 8.40 Hz, H-perylene). 13C NMR (75 MHz,
DCl3): δ 160.47, 153.19, 135.44, 131.93, 130.75, 128.74,

2
w
w
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24.45, 124.21, 124.06, 120.87, 118.94, 118.89, 53.06, 52.58,
1.19, 48.95, 48.30, 40.55, 31.92, 31.85, 29.74, 29.69, 29.39,
9.35, 29.24, 29.15, 28.95, 28.20, 27.24, 27.21, 25.77, 23.75,
2.96, 20.36, 14.12. MS (ESI): m/z calcd for C42H43N3O5, 670.3
M+H]+; found 670.4.

.9. N,N′-Octyl-perylene-1,6,7,12-tetra(4-tert-
utylphenoxy)-3,4,9,10-dicarboximide (16)

N,N′-Dioctyl-perylene-1,6,7,12-tetrachloro-3,4,9,10-
icarboximide (6 g, 7.97 mmol), K2CO3 (11 g, 79.7 mmol)
nd 4-tert-butylphenol (12 g, 79.7 mmol) were dissolved in
-methylpyrrolidone (170 mL). The solution was stirred at
30 ◦C under argon for 20 h. The mixture was chilled to room
emperature and an aqueous HCl solution (1N) was added. The
olution was filtered and the precipitate was washed with water.
he purple solid was dried at 100 ◦C under vacuum over 2 h.
he product was purified by column chromatography over silica
el (petroleum ether/CH2Cl2: 6/4 → 0/1) to yield a purple solid
4.85 g, 50%). 1H NMR (300 MHz, CDCl3): δ 0.85 (m, 6H,
H3), 1.25–1.28 (m, 20H, CH2), 1.29 (s, 36H, tBu), 1.66 (m,
H, CH2), 4.07–4.12 (m, 4H, CH2), 6.83 (d, 8H, 3J = 9.00 Hz,
-aryl-tBu), 7.23 (d, 8H, 3J = 9.00 Hz, H-aryl-tBu), 8.22 (s, 4H,
perylene). 13C NMR (75 MHz, CDCl3): δ 14.1, 22.6, 27.1,

8.1, 29.2, 29.3, 31.5, 31.8, 34.4, 40.7, 119.3, 119.9, 120.5,
22.5, 126.6, 132.9, 147.3, 152.9, 155.9, 163.4. HR-MS (ESI):
/z: calcd for C80H90N2O8, 1206.6697 [M]+; found 1206.6762

M]+.

.10. N,N′-(1-Hexylheptyl)-perylene-1,6,7,12-tetra
4-tert-butylphenoxy)-3,4,9,10-dicarboximide (20)

To a solution of 17 (0.20 g, 0.21 mmol) in DMF (4 mL),
-pentadecanamine (0.24 g, 1.03 mmol) was added dropwise.
he mixture was stirred for 24 h at 150 ◦C. The reaction was
ooled to room temperature and water was added. The mix-
ure was extracted with CH2Cl2 and the organic layer was dried
ver MgSO4 and evaporated to dryness. Purification of the solid
esidue by column chromatography over silica gel (E.P/CH2Cl2:
/4) gave 20 as pure purple product (225 mg, 78%). 1H NMR
300 MHz, CDCl3): δ 0.81 (t, 12H, 3J = 7.00 Hz, CH3), 1.20
m, 40H, H-aliph), 1.29 (s, 36H, tBu), 1.77 (m, 4H, CH2-CH-
), 2.13 (m, 4H, CH2-CH-N), 5.08 (m, 2H, CH-N), 6.84 (d,
H, 3J = 8.70 Hz, H-o-aryl-tBu), 7.23 (d, 8H, 3J = 8.70 Hz, H-
-aryl-tBu), 8.21 (d, 4H, 6J = 8.70 Hz, H-perylene). 13C NMR

75 MHz, CDCl3): δ 155.93, 152.78, 152.76, 147.19, 132.86,
26.63, 119.36, 54.71, 34.35, 32.44, 31.75, 31.46, 29.47, 29.16,
6.94, 22.58, 14.04. MS (MALDI): m/z calcd for C94H118N2O8,
403.9 [M+H]+; found 1404.1.

.11. 1,6- and 1,7-dibromoperylene-3,4:9,10-
etracarboxylic dianhydride (22 and 23)
A mixture of perylene-3,4:9,10-tetracarboxylic dianhydride
1 (2.00 g, 5.1 mmol) and sulphuric acid (16.34 mL, 0.17 mol)
as stirred 12 h at room temperature. I2 (0.047 g, 0.18 mmol)
as added and the mixture was heated at 85 ◦C. Br2 was then
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dded dropwise and after reflux for 8 h, cool water (5 mL) was
dded slowly. The precipitate was filtered and washed with water
ntil pH 7. The product was dried under vacuum at 120 ◦C. A red
owder was obtained (2.4 g, 86%). This product was insoluble
n common organic solvent.

.12. N,N′-Octyl(1,6- or 1,7-dibromo)perylene-3,4:9,10-
isdicarboximide (25 and 26) [44–46]

A solution of previous mixture of perylenes 22 and 23 (0.50 g,
.91 mmol), octylamine (3.77 mL, 22.7 mmol) and 25 mL of a
ixture water/butanol: 1/1 was vigorously stirred at 70 ◦C for

7 h. The reaction was cooled to room temperature and 6 mL of
n aqueous solution of HCl (6N) were added slowly. The mixture
as poured in a separatory funnel containing 400 mL of CH2Cl2

nd washed with water (1 L), and brine (1 L). The organic phase
as dried over Na2SO4 and evaporated to dryness. Purification
f the solid residue by column chromatography over silica gel
CH2Cl2) gave the mixture of 25 and 26 (0.36 g, 51%). 1H NMR
or the mixture of 1,6- + 1,7-substituted (300 MHz, CDCl3): δ

.88 (t, 6H, 3J = 6.90 Hz, CH3), 1.28 (m, 20H, H-aliph), 1.73
quint, 4H, 3J = 7.20 Hz, N-CH2-CH2), 4.17 (t, 4H, 3J = 7.50 Hz,
-CH2), 8.58 (d, 2H, 3J = 8.40 Hz, H-perylene), 8.79 (s, 2H,
-perylene), 9.34 (d, 2H, 3J = 8.10 Hz, H-perylene).

.13. N,N′-Bis(N-Octyl)(1,6-/1,7-dipiperidino)
erylene-3,4:9,10-bisdicarboximide (28 and 29)

To a solution of N,N′-bis(N-Octyl)(1,6-/1,7-dibromo-
erylene-3,4:9,10-bisdicarboximide) (0.250 g, 0.33 mmol)
n dry THF (20 mL), were added piperidine (19.94 mL,
.20 mol). The mixture was heated under reflux for 22 h.
he reaction was cooled to room temperature and water was
dded. The aqueous layer was extracted with ethyl acetate
nd the combined organic layers were washed with water
2 L) until pH 7. The organic layer was dried over MgSO4
nd evaporated to dryness. Purification of the solid residue by
olumn chromatography over silica gel (CH2Cl2/EP: 7/3) gave
9 (0.08 g, 30%) as a blue product and 28 (0.10 g, 41%) as green
roduct.

Compound 28

1H NMR (300 MHz, CDCl3): δ 0.88 (t, 6H, 3J = 6.90 Hz,
H3), 1.28 (m, 24H, 20H-aliph + H-p-piperidine), 1.57 (broad

, 4H, H-m-piperidine), 1.74 (m, 8H, N-CH2-CH2 + H-m-
iperidine), 2.82 (m, 4H, H-o-piperidine), 3.40 (m, 4H,
-o-piperidine), 4.21 (t, 4H, 3J = 7.80 Hz, N-CH ), 8.30 (s, 2H,
2

-perylene), 8.31 (d, 2H, 3J = 8.10 Hz, H-perylene), 9.43 (d,
H, 3J = 8.10 Hz, H-perylene). 13C NMR (75 MHz, CDCl3): δ

63.54, 163.48, 150.68, 135.26, 129.74, 127.90, 124.04, 123.57,
23.10, 122.70, 122.32, 120.78, 52.73, 40.63, 31.85, 29.41,
9.24, 28.19, 27.21, 25.71, 23.77, 22.65, 14.09. MS (MALDI):
/z calcd for C50H60N4O4, 780.5 [M•+]; found 780.7.

n
T
T
s
t
o
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Compound 29

1H NMR (300 MHz, CDCl3): δ 0.88 (t, 6H, 3J = 7.50 Hz,
H3), 1.28 (m, 24H, 20H-aliph + H-p-piperidine), 1.57 (broad

, 4H, H-m-piperidine), 1.77 (m, 8H, N-CH2-CH2 + H-m-
iperidine), 2.87 (m, 4H, H-o-piperidine), 3.38 (m, 4H,
-o-piperidine), 4.19 (q = 2t, 4H, 3J = 7.80 Hz, N-CH2), 8.39 (s,
H, H-perylene), 8.62 (d, 2H, 3J = 8.70 Hz, H-perylene), 9.72 (d,
H, 3J = 8.10 Hz, H-perylene). 13C NMR (75 MHz, CDCl3): δ

65.26, 163.84, 161.21, 158.36, 156.96, 153.31, 136.10, 135.61,
33.32, 132.83, 130.89, 130.77, 128.82, 127.54, 126.00, 123.79,
23.31, 123.23, 123.15, 122.76, 122.38, 121.74, 120.26, 53.14,
3.81, 31.86, 31.83, 29.69, 29.66, 29.40, 29.34, 29.25, 29.21,
9.15, 28.22, 28.15, 27.27, 27.21, 25.71, 23.77, 22.65, 14.09.
S (MALDI): m/z calcd for C50H60N4O4, 780.5 [M•+]; found

80.8.

.14. N-Octyl-perylene-1,6,7,12-tetra(4-tert-butylphe-
oxy)-3,4-dicarboximide-9,10-dicarboxylic acid (30)

N-Octyl-perylene-1,6,7,12-tetra(4-tert-butylphenoxy)-3,4-
icarboximide-9,10-dicarboxylic acid anhydride 3 (100 mg,
.09 mmol) was dissolved in a mixture of KOH (10 mg,
.18 mmol) and tert-butanol (5 mL). The solution was stirred
t 100 ◦C for 3 h. Then the crude mixture was cooled to
oom temperature, mixed with CH2Cl2 and an aqueous
H4Cl solution was added (pH 7) and the organic phase
as extracted. The organic phase was dried over MgSO4

nd concentrated to dryness. The crude product was puri-
ed by column chromatography over silica gel (CH2Cl2 to
H2Cl2/MeOH: 95/5) to yield compound 30 (93 mg, 91%)
s purple solid. 1H NMR (300 MHz, CDCl3): δ 0.84 (m, 3H,
H3), 1.25–1.28 (m, 10H, CH2), 1.30 (s, 36H, tBu), 1.65

m, 2H, CH2), 4.09 (m, 2H, CH2), 6.73 (broad signal, 4H,
-aryl-tBu), 6.83 (m, 4H, H-aryl-tBu), 7.17 (broad signal,
H, H-aryl-tBu), 7.24 (d, 4H, 3J = 7.50 Hz, H-aryl-tBu), 8.15
broad signal, 2H, H-perylene), 8.22 (d, 2H, 3J = 4.20 Hz,
-perylene). 13C NMR (75 MHz, CDCl3): δ 163.60, 163.29,
60.05, 156.58, 155.82, 153.06, 152.58, 147.73, 147.59,
33.26, 133.03, 126.82, 126.75, 123.08, 121.55, 119.67,
19.40, 119.30, 117.95, 40.73, 34.40, 31.77, 31.43, 29.26,
9.17, 28.09, 27.10, 22.59, 14.06. MS (MALDI): m/z: calcd
or C72H75NO10, 1114.5469 [M+H]+; found 1114.5677
M+H]+.

.15. Photovoltaic cell preparation and characterization

Conductive glass substrates (F-doped SnO2 purchased from
olems 5 �/sq.) were cleaned with water, rinsed with acetone
nd ethanol and dried in a nitrogen stream. Then, transparent
anocrystalline TiO2 films were prepared by doctor blading. The
iO2 paste was purchased from Solaronix Co. (Nanoxid T). The

iO2 layer was sintered at 450 ◦C for 30 min in air after being
pread on FTO. After cooling the electrode to room tempera-
ure, the electrodes were immersed in a 3 × 10−4 M dye solution
vernight at room temperature in a mixture of toluene/ethanol:
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/1 for dyes 1, 2, 5 and in dichloromethane for dyes 3, 4, 6,
and 8. The counter electrode was a platinum film sputtered

n a FTO glass plate. The surface area of the TiO2 electrode
as 0.5 cm2. The cells were made by clamping the photoanode
ith the platinum electrode with the interlayer space filled with

n electrolyte. The electrolyte consists in a mixture of 0.6 M
-methyl-3-n-propyl imidazolium iodide, 0.1 M LiI, 0.05 M I2
n propylene carbonate, according to the conditions described
n the manuscript 0.1 M 4-tert-butyl-pyridine was added or not
see Table 2). The current–voltage characteristics of the cells
ere measured by a Keithley model 2601 digital sourcemeter

ontrolled by a computer with the software Labview:2.0 and the
hotovoltaic cell was illuminated with Oriel lamp calibrated to
M1.5 (air mass) intensity (1000 W m−2).

. Results and discussion

.1. Synthesis of the compounds

The synthetic route to prepare the perylene dyes 1–4 is
epicted in Scheme 1. The tribromo-perylene monoimide 9 was
repared according to the procedure firstly described by Müllen
36] and refined later by Lindsey [47]. Bis o-arylation of the 1,6
ositions of the tribromo-perylene 9 was accomplished in 70%
ield with tert-butyl phenol 10 using the copper-catalysed Ull-
ann reaction [48]. With the same protocol, tris-o-arylation of

he perylene 9 was conducted with the same reagents, except
large excess of phenol 10 was used to form perylene 12

n 57% yield. Perylene monoimide 1 was prepared similarly
n a 33% yield, by reacting hydroxyl benzoic acid 13 with
he perylene monobromide 11. The synthesis of benzimidazole
erylene dye 2 starts with the hydrolysis of the imide group
f 12 with potassium hydroxide in tert-butyl alcohol form the
erylene dicarboxylic anhydride 14 [49]. The benzimidazole
roup was subsequently introduced by the condensation of the
ommercially available orthodiaminobenzoic acid 15 with 14 in
uinoline with zinc chloride to give 2 with a 57% yield. The
atter reaction gave a mixture of two regioisomers that were not
eparated, but used as such for the rest of the studies.

The preparation of the sensitizers 3–6 starts with the known
etrakis(tert-butylphenoxy)perylene bisimide 16 [50] that was
nitially hydrolyzed with potassium tert-butanolate to lead to an
quimolar mixture of perylene mono(dicarboxylic anhydride)
and the perylene bis(dicarboxylic anhydride) 17 [40,43] that
ere separated by column chromatography (Scheme 1). The
ono(dicarboxylic anhydride) 3 was then reacted with an excess

f orthodiamino benzoic acid 15 in refluxing quinoline in pres-
nce of zinc chloride to afford perylene 4 as a mixture of two
egio-isomers with a 28% yield. These two isomers could not
e separated and the mixture of dyes was used as such for
he rest of the study. The same conditions were applied to the
erylene bis(tetracarboxylic dianhydride) 17 with an excess of
,5-dimethoxy-1,2-phenylenediamine 18 to furnish the perylene

enzimidazole 5 with a 28% yield (Scheme 2). Bisimidation of
7 with pentadecan-8-amine afforded perylene bisimide 20 with
8% yield. One imide group of 20 was then hydrolyzed with
otassium tert-butanolate to form dye 6 in 71% yield.

r
t

t
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The preparation of the dyes 7 and 8 is shown in Scheme 3
nd it begins with the bromination of the commercially available
erylene-3,4,9,10-tetracarboxylic dianhydride 21 with bromine
n refluxing sulphuric acid according to the procedure reported
y Müllen and coworkers [45]. This reaction is not selective
ince a mixture of 1,6-dibromo, 1,7-dibromo and a little amount
f 1,6,7-trisbromo perylene were formed [46]. However, this
ixture was used in the imidation reaction with octylamine to

ive the perylenes 25 and 26 that could not be separated at this
tage, but in the next step as reported by Franceschin et al. [51].
he next reaction consists in the nucleophilic substitution of

he bromo groups by piperidine to give 28 and 29 that were
leanly separated on silica gel column chromatography. Finally,
he perylenes 28 and 29 were hydrolyzed with potassium tert-
utanolate to afford perylene 7 and 8 in 58% and 38% yield,
espectively. The differentiation between the structures of 7 and
can be made easily from their 1H NMR spectrum, since the

tructure of 8 is more symmetrical, the protons on the perylene
ore came as one singlet and two doublets, whereas those of 7
ppear as four signals.

.2. UV–vis absorption and emission properties

The electronic absorption along with emission spectra of
he perylene dyes 1–8 and 30 are shown in Fig. 2 and the
pectroscopic data are gathered in Table 1.

The perylene dyes 1–6 and 30 display an intense absorption
and in the visible spectrum located between 400 and 650 nm
orresponding to a � → �* singlet transition. The three distinct
ibronic bands are much better resolved for the dyes having
our phenoxy substituents at the bay positions of the perylene
ore (3–6 and 30) than those substituted by three phenoxy
roups positioned in a less symmetrical arrangement (1–2).
he lower degree of symmetry of perylenes 1 and 2 may induce
higher number of vibronic modes which results in a broader

bsorption band.
The introduction of a benzimidazole group on the perylene

ore leads to a significant bathochromic shift of absorption max-
mum and to an enhancement of the molar absorption coefficient
Fig. 2 and Table 1). The extension of the �-conjugation system
etween the perylene core and the benzimidazole unit, accounts
or the narrowing of the HOMO–LUMO gap in the dyes 2, 4
nd 5 [35]. This trend is confirmed by the fluorescence mea-
urements which show that these dyes exhibit the lower singlet
xcited-state than the corresponding perylene imide (2 versus 1
nd 4 and 5 versus 3).

The long wavelength absorption band of the push–pull
erylenes 7, 8 and 5 certainly present a charge transfer character
orresponding to a shift of the electron density from the
lectron rich moiety (ether or amino substituents) towards the
icarboxylic anhydride group and it is significantly red-shifted
ompared to the other dyes. Indeed, it was reported by other
roups with other perylene imides substituted with electron

ich unit that the most red-shifted band corresponds to a charge
ransfer transition [52,53].

The spectrum of the perylenes chemisorbed on TiO2 elec-
rode are shown in Fig. 3 along with those recorded in
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Scheme 1. Synthetic route to the dyes 1–4. Reagents and conditions: (a) Cs2CO3, AcOEt, Toluene, CuI, 130 ◦C, 6 h, 70%; (b) K2CO3, DMF, 110 ◦C, 20 h and 140 ◦C,
20 h, 33%; (c) DMF, K2CO3, 110 ◦C, 2 h, 57%; (d) KOH, tert-butanol, 90 ◦C, 2 h, 80%; (e) Zn(OAc)2, 2H2O, quinoline, 200 ◦C, 24 h, 57%; (f) KOH, tert-butanol,
100 ◦C, 30 min, 38%; (g) Zn(OAc)2, 2H2O, quinoline, 200 ◦C, 36 h, 41%; (h) KOH, tert-butanol, 100 ◦C, 3 h, 91%.
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cheme 2. Synthetic route to the dyes 5 and 6. Reagents and conditions: (a) ZnCl2, qu
10 ◦C, 30 min, 71%.

able 1
bsorption, emission and electrochemical data of the perylene imide 1–8 and 30 reco

ye (D) λabs (nm) (ε, M−1/cm−1) λem (nm) (E00, eV)a

1 413 (7200); 487 (21,200); 517 (31,900) 600 (2.24)

2 419 (5000); 560 (37,400) 641 (2.06)

3 449 (18,600); 538 (27,600); 578 (45,600) 616 (2.06)

4 451 (18,300); 563 (45,600); 602 (66,000) 645 (1.99)

5 450 (11,300); 626 (27,400) No detectable emiss

6 451 (11,100); 542 (17,500); 581 (27,800) 616 (2.06)

7 416 (10,300); 434 (13,000); 692 (18,000) 780 (1.68)

8 648 (11,300) 650 (1.71)

0 424 (4400); 504 (6300); 537 (9400) 589 (2.20)

ll the potentials are referred vs. the saturated calomel electrode (SCE).
a Calculated with the wavelength at the intersection of the emission and absorption
b Estimated from the onset of the lowest energy foot of the absorption band.
c Calculated from the equation E∗

Ox = EOx − E00.
inoline, 180 ◦C, 6 h, 28%; (b) DMF, 150 ◦C, 24 h, 78%; (c) KOH, tert-butanol,

rded at room temperature in dichloromethane

ERed (D/D−) (V) EOx (D+/D) (V) E∗
Ox (V)c

−1.03 1.12 −1.12

−0.98 1.05 −1.01

−0.64 1.34 −0.72

−0.67 1.33 −0.66

ion (∼1.85b) −0.62 1.18 ∼−0.67

−0.64 1.35 −0.71

−0.68 0.86 −0.82

−0.66 0.99 −0.72

−1.14 1.20 −1.0

spectrum with the equation E00 (eV) = 1240/λ (nm).
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cheme 3. Synthetic route to the dyes 7 and 8. Reagents and conditions: (a) sulph
/1, 70 ◦C, 17 h, 51%; (c) THF, reflux, 22 h, 41% (28) and 30% (29); (d) KOH,

ichloromethane solution. Interestingly, the spectra of the
erylenes containing the dicarboxylic anhydride anchoring
roup such as in 3, 5, 6, 7 and 8 are significantly blue-
hifted upon chemisorption on the TiO2 electrode compared
o that in solution. The chemisorption on TiO2 most proba-
ly arises through the opening of the dicarboxylic anhydride
roup decreasing thus the �-conjugation of the two carbonyl
roups with the perylene owing to a departure from the pla-
arity with the aromatic system. This probably also modifies
he degree of the charge transfer character of the transition
or the push–pull perylenes. To shed some light on this phe-

omenon, the dicarboxylic anhydride group of the perylene
was hydrolyzed into carboxylic diacid to give perylene 30

Figs. 2 and 3). The spectrum of this new compound is blue-
hifted with respect to that of perylene 3 and it matches quite

f
o
t
g

cid, 12 h at room temperature, I2, 85 ◦C, Br2, reflux, 8 h, 86%; (b) water/butanol:
utanol, 100 ◦C, 30 min, 58% (8) and 38% (7).

ell that of the dye anchored on TiO2 (Fig. 3). Furthermore,
t is worth noting that the energy of the singlet excited-state
as been raised by circa 160 meV upon hydrolysis, support-
ng the reduced conjugation length in 30 compared to that in
(Table 1).
On the other hand, the chemisorption of the dye through the

nitially available carboxylic acid group, such as in perylenes
, 2 or 4, leads to a broader spectrum than in solution, but
ith a insignificant modification of the maximum absorption
avelength (Fig. 3). The broadening of the spectrum certainly

eflects the aggregation occurring on TiO2 owing to the

ormation of �–� perylene stacks, but the energy and the nature
f the excited-state are much less altered compared to that of
he perylenes containing the dicarboxylic anhydride anchoring
roup. The apparition of a blue-shifted absorbance for 1 and
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Fig. 2. Overlay of the UV–vis absorption (dashed line) and emission spectra (solid line) of the perylenes 1–8 and 30 recorded at room temperature in dichloromethane.
Perylene 5 is not fluorescent.
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Fig. 3. Overlay of the spectrum of the perylenes 1, 2, 3, 5, 6, 7, 8 and 30 on

red-shifted band for 2 indicates a different type of molecular
rganization on TiO2 [31–33].

.3. Electrochemical study

Cyclic voltammetry was used to determine the redox poten-
ials of the dyes in order to estimate the driving force of the
hotoinduced electron injection process. The potentials were
ecorded in dichloromethane and are referenced versus the sat-
rated calomel electrode (SCE) (Table 1). It is notable that the
erylene 30 is easier to oxidize than the parent perylene 3, indi-
ating that the two carboxylic acid groups in 30 decrease the
lectron density less than the dicarboxylic anhydride group. As
result, the exact oxidation potentials of the dyes 3, 5, 6, 7 and 8
pon chemisorption on TiO2 are probably less anodic than those
easured in solution.

Knowing that the conduction band potential of TiO2 is located

round −0.7 V versus SCE [1–3], in a first approximation, only
he perylene 1, 2 and 7 exhibit sufficient reducing power to
hotoinject electrons into the conduction band of TiO2. How-

w
o
p
i

electrode (solid line) and in dichloromethane solution (dash or dotted line).

ver, the chemisorption of the dyes through the hydrolysis of
he dicarboxylic anhydride induces both an increase of the
nergy level of the excited-state and an anodic shift of the
xidation potential of the dyes (Table 1 and Fig. 3). There-
ore, if we take into account these two factors, it is very likely
hat all of these dyes exhibit sufficiently large driving force
o photoinject electrons into TiO2. This is consistent with the
elatively high photovoltaic efficiency measured with 5–8 and
hose reported previously by Icli and coworkers with unsubsti-
uted perylene imide dyes, that were even less electron donor
ue to the absence of electron rich substituents at its bay
ositions [24].

.4. Spectrophotoelectrochemical study

The eight perylenes 1–8 were used as sensitizer in sand-

ich type titanium dioxide solar cells and the performances
f the cells were investigated while recording the photocurrent
hotovoltage characteristics (Table 2). For purpose of compar-
son, the well-known N3 sensitizer (N3 = bis(4,4′-dicarboxylic
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Table 2
Results of the photovoltaic performances of the perylenes 1–8 recorded under AM1.5

Sensitizer Electrolyte VOC (mV) JSC (mA/cm2) ff (%) η (%) E∗
Ox (V)

1 A 424 2.6 66 0.72 −1.12
B 440 0.6 83 0.22

2 A 336 0.9 71 0.21 −1.01
B 369 0.13 79 0.04

3 A 443 5.3 63 1.47 −0.72
B 520 4.1 76 1.64

4 A 434 1.0 60 0.26 −0.66
B 461 0.3 81 0.11

5 A 401 2.9 65 0.76 −0.67
B 456 2.9 71 0.96

6 A 494 6.8 62 2.09 −0.71
B 550 6.2 67 2.29

7 A 380 5.9 48 1.08 −0.82
B 450 4.9 64 1.42

8 A 412 7.6 62 1.96 −0.72
B 433 3.2 69 0.96

N3 A 615 14.4 55 4.84 −0.88a

B 663 13.7 62 5.59
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lectrolyte A: 0.6 M 1-methyl-3-n-propyl imidazolium iodide, 0.1 M LiI, 0.05 M
odide, 0.1 M LiI, 0.05 M I2 and 0.1 M 4-tert-butyl-pyridine I2 in propylene car

a Calculated with data from Ref. [44].

cid-2,2′-bipyridine)bisthiocyano ruthenium) was also used as
benchmark reference.

First of all, it is clear that the preparation of the photovoltaic
evices is not optimized since the well-known N3 sensitizer
ives much lower overall photoconversion efficiency than that
eported [2,54]. However, the present conditions permit to com-
are the dyes between each other and to draw information
egarding the factors that affect their relative performances. The
verall photovoltaic conversion efficiencies differ significantly
ith these series of perylene imides and they can be ranked in

he following order 6 > 8 > 3 > 7 > 5∼1 � 4 ∼ 2. It is notable that
he performance of perylene 6 is similar to the best yield of 2.3%
eported by Imahori and coworkers for this class of dyes [26].

The following discussion will be organized according to the
ifferent parameters presented in the introduction.

.4.1. Influence of the binding mode of the perylene on the
iO2

The linking element between the dye and the TiO2 surface
ssentially affects the electronic coupling between these two
nd therefore it controls the rates of the electron injection. The
yes studied here are all anchored to TiO2 via a carboxylic acid
roup, but its position on the perylene core varies. It comes
ither from the opening of a bisanhydric acid group (dyes 3,
–8) or it is borne by a benzimidazole (dyes 2 and 4) or a phe-
oxy group (dye 1). The highest photovoltaic performances were
ystematically obtained with the perylene anchored through the

isanhydric acid binding group (dyes 3, 5–8), which certainly
ives the largest electronic communication with the manifold
f TiO2 conduction band. For dyes 1 and 4, it is possible to
ationalize this result if we observe that the phenoxy and the

s
t
i
a

n propylene carbonate. Electrolyte B: 0.6 M 1-methyl-3-n-propyl imidazolium
e.

enzimidazole units are rather electronic rich centres compared
o the imide group located at the opposite site of the molecule.
s a result, the electronic coupling in the excited-state is cer-

ainly reduced, since the electronic density shifts away from the
lectron rich moieties to reach the most electron withdrawing
roup, which is unfortunately located far away from the TiO2
urface (imide group). In the particular case of the perylene 2,
n which no electron deficient centre is present, the low effi-
iency is certainly caused by the formation of aggregates on
iO2 which are known to be extremely unfavourable to electron
hotoinjection [55] These results show the importance of the
agnitude of the electronic coupling for this type of sensitiz-

rs and demonstrate that bisanhydric acid is the best anchoring
roup, which is also easily prepared by hydrolysis of the corre-
ponding imide.

.4.2. Comparison of the O-aryl versus pyperidinyl
ubstituents

O-Aryl and amino-dialkyl substituents were introduced to
nrich the electron density of the perylene and to limit its aggre-
ation on TiO2. As judged from the spectra of these dyes on TiO2
Fig. 3), it seems that three O-aryl groups do not completely
nhibit the formation of aggregates, since broader absorption
ands appear upon chemisorption of dyes 1 and 2. On the other
and, the introduction of four O-aryl groups seems to mostly
revent the formation of aggregates since the absorption band
f dyes 3, 6 and 5 on TiO2 are not particularly broader than in

olution, which is also consistent with the fact that these dyes are
he best sensitizers of the series. It is notable that the sensitizer 6
s significantly less aggregated than sensitizer 3, since its visible
bsorption band is blue-shifted.
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N-Piperidinyl substituents tend to limit the aggregation and
articularly when these substituents are in cis relationship (dye
). From the absorption spectra and the values of the oxida-
ion potential, the two N-piperidinyl substituents introduce the
trongest electron density compared to tetra O-aryl substituted
erylenes. The dyes 7–8 display clear charge transfer transitions
hat give rise to the most red-shifted absorption bands within
hese series of compounds (Table 1 and Figs. 2 and 3). Interest-
ngly, the positions of the N-piperidinyl substituents have also
n impact on the energy of the charge transfer band and con-
equently on the energy level of the singlet excited-state. The
rans N-piperidinyl substituents destabilize more the HOMO
evel than the cis isomer, therefore the energy gap with the
OMO orbital is decreased, hence a red-shifted transition and
lower oxidation potential for 7 compared to 8. In terms of

hotovoltaic performances, tetra O-aryl substituted perylene
re a bit superior to N-pyperidinyl ones. However, if we com-
are dyes that have the same alkyl chain at the imide group
he differences are not so large (3 versus 7 and 8). Indeed, as
lready noticed by Icli and coworkers [24] and by Imahori and
oworkers [26], the substituents on the imide group strongly
ffect the photovoltaic performances, since the dye 6, having a
ranched alkyl chain, exhibits significantly higher photocurrent
ensity than dye 8 with the linear alkyl chain. The origin of this
ehaviour does not stem from a modification of the electronic
roperties of these sensitizers since the redox potentials and
he excited-state energy levels are identical, which is in agree-

ent with the presence of nodes of the molecular orbitals on
he nitrogen of the imide group [16]. The measurements of the
urrent–voltage characteristics in the dark gave almost super-
mposable curves for 3 and 6 (not shown), indicating a similar
locking effect of the hydrophobic alkyl chain. Interestingly,
he spectrum of 3 on TiO2 is significantly red-shifted compared
o that of 6 evidencing higher propensity towards �–� stack-
ng of the former (Fig. 3). This observation is in line with the
bservation that perylene imides bearing bulky imide groups
isplay reduced aggregation notably with dimethylpentyl sub-
tituent and higher solubility than those substituted with linear
lkyl chain [56]. The �–� stacked aggregates have usually low
mission quantum yield due to self-quenching, explaining thus
he lower electron injection efficiency of perylene 3 versus pery-
ene 6. This is consistent with the idea that losses via charge
ecombination particularly decreases VOC, while JSC is mostly
ontrolled by the electron injection yield although both are cor-
elated to one another. This is exactly what is observed here
nd in previous works, [22,23] the bulkier imide substituents
ncrease the performances of the cell essentially by an improved
SC (Table 2).

It is notable, that the two isomeric sensitizers 7 and 8, exhibit-
ng relatively similar electron injection free enthalpy (Table 2),
ave surprisingly quite different photovoltaic performances. The
ajor difference between these two dyes is certainly the larger

ransition dipole in the excited-state of 7, which is experimen-

ally evidenced by a higher absorption coefficient and a longer
avelength maximum absorption and emission bands. In the

xcited-state of 8, the electronic density mostly shifts from the
mino groups to the nearby bisimide, while in 7 the closer

t
e
o
i

otobiology A: Chemistry 197 (2008) 156–169

istance of one nitrogen to the anchoring group permit to redis-
ribute more electron density into TiO2, hence a larger electronic
oupling. Consistently, with what was observed with the weakly
oupled sensitizers 1, 2 and 4, the electron injection yield of
erylene 8 drops importantly when the electrolyte contains tert-
utyl pyridine (Table 2).

.4.3. Extension of the π-conjugation with benzimidazole
nit

The attachment of a benzimidazole moiety on the perylene
dyes 2 versus 1 and dyes 4–5 versus 3) significantly red-shifts
he absorption spectrum in agreement with the expected longer
elocalization of the �-aromatic system (Table 1 and Fig. 1).
owever, this effect is not as strong as introducing charge trans-

er transitions with N-piperidinyl substituents.
The benzimidazole moiety being more electron rich than a

isanhydride acid, the former unit should not bear the anchor-
ng group as discussed before. However, if it is placed at the
ther extremity of the molecule, like in perylene 5, it can give
real benefit and proved to be relatively efficient, especially

f we take into account the weak absorbance of the electrode
Fig. 3). Introduction of stronger electron donating substituents
n the benzimidazole, by replacing the methoxy substituents
y amino ones for example, could certainly even improve the
erformances, since perylene 5 displays a quite high oxidation
otential and is not a real charge transfer transition.

.4.4. Influence of tert-butyl-pyridine in the electrolyte
The addition of tert-butyl-pyridine in the electrolyte is known

o improve the overall photoconversion efficient by increas-
ng the open-circuit voltage owing to upright conduction band
ending. The photovoltaic performances of these dyes were
nvestigated with two electrolytes that differ only by the pres-
nce or the absence of tert-butyl-pyridine. A clear trend appears
ithin these series since the photoconversion efficiencies of
, 2, 4 and 8 drop significantly upon addition of tert-butyl-
yridine, while those of perylenes 3, 5, 6 and 7 were enhanced,
ssentially thanks to a larger open circuit voltage (Table 2).
yes 1, 2 and 8 exhibit relatively high reducing power in

heir excited-state (Table 2), therefore the electron injection
riving force cannot control entirely the lower performances
bserved with tert-butyl-pyridine. It is rather the weaker elec-
ronic coupling that limits the electron injection yield and it
ecomes critical when the driving force is decreased upon band
ending.

In conclusion, we have synthesized and investigated the
roperties of a series of eight new perylene imide sensitizers
hat differ with several structural characteristics (binding mode,
ature of the substituents on the perylene core, functionalization
ith a benzimidazole moiety). This study shows that electronic

oupling is an important factor that controls the efficiency of
he sensitizer and the bisanhydride acid proved to be the opti-

al anchoring group. The presence of four O-aryl groups make

he perylene sufficiently electron donating to sensitize TiO2
fficiently, since relatively high overall photoconversion was
btained with perylene 6. It is important to underline, the pos-
tive effect of bulky branched imide substituents that prevent



d Ph

c
t
m
i
o
W
f
i

R

[

[

[

[

[

[
[
[
[
[

[

[
[
[

[

[
[

[

[

[

[

[

[

[

[
[
[
[
[

[

[

[

[
[

[

[

[
[

[

[

[

[

[

[

[

J. Fortage et al. / Journal of Photochemistry an

lose packing of the sensitizers on TiO2 and limit their aggrega-
ion. The functionalization of the perylene with a benzimidazole

oiety is an effective strategy to extend the absorption spectrum
nto the red, but it must be preferably placed at the opposite side
f the binding group owing to its rather electron rich nature.
e believe that these informations constitute useful guidelines

or the future molecular design of sensitizers based on perylene
mide.
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