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Perylenediimide derivatives in new donor–acceptor dyads
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Abstract

Novel donor–acceptor dyads were synthesized with tetrathiafulvalene (TTF) or perylene-3,4-mono(carboximide) (PMI) as
the donor and perylene-3,4:9,10-bis(dicarboximide) (PDI) as the acceptor. These two units were covalently attached using an
esterification reaction through a short and flexible linker. Thus, an original synthetic strategy for the electron-accepting dissym-
metrical PDI derivative bearing an alcohol group was developed. On the other hand, donors TTF and PMI were functionalized by
a carboxylic acid group. These dyads exhibited good solubilities in usual organic solvents (toluene, dichloromethane, THF...)
which allowed electrochemical and spectroscopic characterizations. In particular, it was demonstrated that the TTF–PDI dyad
can be assimilated as a new photo-redox switch. To cite this article: S. Leroy-Lhez et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

De nouveaux systèmes donneur–accepteur utilisant le tétrathiafulvalène (TTF) ou le 3,4-mono(carboximide)pérylène (PMI)
comme donneur et le 3,4:9,10-bis(dicarboximide)pérylène (PDI) comme accepteur ont été synthétisés. Ces différentes unités
sont liées de façon covalente par un espaceur court et flexible, en utilisant une réaction d’estérification. Une stratégie de synthèse
originale a été développée pour l’accepteur, dérivé dissymétrique du PDI portant une fonction alcool. Par ailleurs, les donneurs
TTF et PMI sont fonctionnalisés par un groupement acide carboxylique. Ces systèmes moléculaires présentent une très bonne
solubilité permettant leurs études électrochimiques et spectroscopiques. En particulier, nous avons démontré que l’assemblage
TTF–PDI peut être considéré comme un interrupteur moléculaire dans lequel la fluorescence du système est contrôlée et dépen-
dante du degré d’oxydation du donneur TTF. Pour citer cet article : S. Leroy-Lhez et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Perylene dyes have found widespread applications
ranging from industrial pigments [1] to components of
molecular photonic and electronic devices. In recent
years, there has been growing interest in developing
organic chemistry, photochemical and photophysical
properties of perylene-3,4:9,10-bis(dicarboximide)
(PDI) derivatives because of their exceptional chemi-
cal and photochemical stability [2]. These molecules,
classified as n-type semiconductors [3], have been used
as building blocks for molecular switches, wires, logic
gates [4], organic field-effect transistors [5], organic
light-emitting diodes [6] and solar cells [7]. Their pos-
sibility to undergo photoinduced energy or electron
transfer process justified also their attractivity for the
artificial mimicking of photosynthesis and light-
harvesting applications [8]. In these purposes, molecu-
lar systems that contain electron or energy donor–
acceptor pairs are of particular interest with regard to
the possibility to control this energy or electron trans-
fer. Efforts are especially stimulated to create artificial
donor–acceptor architectures in an attempt to mimic
the conversion of light into chemical or electrical
energy. Some examples of based PDI-dyads have been
reported very recently in the literature, those concern-
ing the use of oligo(p-phenylenevinylene) unit [9],
pyrene or ferrocene [10] as the donor. In this work, we
have been interested in the synthesis, electrochemical
and photophysical properties of PDI-based dyads 1 and
2 in which this highly fluorescent acceptor perylene-
3,4:9,10-bis(dicarboximide) is covalently attached to
the non fluorescent tetrathiafulvalene (TTF)1 or the high
fluorescent perylene-3,4-mono(carboximide) (PMI)
(Scheme 1)2.

2. Results and discussion

2.1. Synthesis

The most appropriate retrosynthetic analysis to reach
dyads 1 and 2 consists in an esterification reaction
involving carboxylic acids 3 and 4 in the TTF and PMI
series, respectively, and the unique PDI derivative 5
functionalized by the alcohol group (Scheme 2).

The synthesis of TTF monoacid 3 started by the
trimethylphosphite-mediated cross-coupling of the two
corresponding 2-(thi)oxo-1,3-dithiole moieties afford-
ing 2,3-bis(methyloxycarbonyl)TTF 6 in 59% yield.
[13] Further monodecarboxymethoxylation of the
diester 6 was cleanly achieved with LiBr in DMF under
reflux (95% yield) and subsequent ester hydrolysis of
compound 7a afforded TTF monoacid 3 in 90% yield
according to reported procedures (Scheme 3) [14].

A chief challenge in working with PMI or PDI dyes
is to overcome their low solubility. A widespread
approach consists in incorporating 2,6-diisopropyl-
phenyl groups located at the N-imide positions. Thus
N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide
was used as the starting material for preparing PMI
derivative 4. Bromination using bromine in chloroben-
zene [15] afforded a mixture of mono and tribromi-
nated compounds 8a and 8b, respectively, which were
separated by silica gel column chromatography
(CH2Cl2 as the eluent). The electron-donating charac-
ter of the PMI derivative was enhanced with substitu-
tion of the bromine atom by the pyrrolidinyl group [12]
leading to compound 9 in 68% yield. In order to intro-
duce the carboxylic acid functionality, the 2,6-
diisopropylphenyl group was first removed to afford
9-(N-pyrrolidinyl)perylene-3,4-dicarboximide 10 in
25% yield. Required carboxylic acid 4 was further
obtained in quantitative yield by reaction with glycine
in alkaline medium (Scheme 4).

1 To our knowledge, only a triad TTF–PDI–TTF has been recently
reported and partial quenching of fluorescence was ascribed to a pho-
toinduced electron transfer interaction. In our work, we have been
interested in the system TTF–PDI 1 because results obtained from a
dyad with the 1:1 stoichiometry between donor and acceptor are
expected to be unambiguous compared to those resulting from a triad
in which the role of the partner in excess is usually not really defined
[11].

2 To our knowledge, only a perylene-3,4-mono(carboximide) unit
linked to a naphthalene-1,8:4,5-bis(dicarboximide) (PMI-NI) dyad
has been recently reported to produce new materials for photorefrac-
tive liquid crystals composites in the near-infrared region [12].

Scheme 1.
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The other strategy commonly used to easier manipu-
late the quite insoluble PMI and PDI derivatives requires
the introduction of substituents at the bay region, such
as chlorine atoms. Their presences undergo a twist of
the perylene core, therefore restricting p-stacking inter-
actions. For the synthesis of compound 5, we have cho-
sen to develop a new methodology to reach dissym-
metrical tetrasubstituted perylenediimide at the bay
region. Instead of applying methods reported to reach
3,4:9,10-perylenetetracarboxylic monoanhydride
monoimide derivative [16], we have realized the direct
condensation of 1-pentylamine and 2-ethanolamine in
stoichiometric ratio on 1,6,7,12-tetrachloro-

perylenetetracarboxylic dianhydride as the starting
material. After precipitation of symmetrical perylene-
diimide dialcool 11, both symmetrical and dissymmetri-
cal compounds 12 and 5, respectively, were separated
by column chromatography on silica gel (CH2Cl2 fol-
lowed by CH2Cl2/EtOAc 1:4 as the mixture of eluents)
(Scheme 5).

Esterification between TTF monoacid 3 and
perylenediimide monoalcool 5 in the presence of DCC
as an activating reagent with both DMAP and HOBT
afforded dyad TTF–PDI 1 in 94% yield. TTF deriva-
tive 7b was thus prepared in 95% yield to act as a ref-
erence compound for further electrochemical and pho-

Scheme 2.

Scheme 3.

Scheme 4.
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tophysical studies. Using the same reaction, dyad PMI–
PDI 2 was synthesized in 34% yield by replacing TTF
monoacid 3 by PMI monoacid 43.

2.2. Electrochemical and optical properties

The cyclic voltammogram (Fig. 1a and Table 1) of
TTF–PDI 1 showed two one-electron reversible oxida-
tion waves at E1/2 ox1 = + 0.65 V and E1/2 ox2 = + 1.05 V
(vs. AgCl/Ag) corresponding to the successive genera-
tion of the cation radical (TTF+•–PDI) and dication
(TTF2+–PDI) of the TTF moiety. The oxidation of the
PDI moiety was not observed as it should occur above
1.95 V, which is the limit potential in our experimental
conditions. As chlorine atoms at the bay region of the
perylenediimide core present electron-withdrawing
effects, the oxidation potential of 12 must be shifted to
a more positive value by comparison with the non-
substituted perylenediimide [17]. Two one-electron
reversible reduction processes were shown for the PDI
moiety at E1/2 red1 = –0.32 V and E1/2 red2 = –0.52 V
which were ascribed to the successive formation of the
anion radical (TTF–PDI–•) and dianion (TTF–PDI2–)
of the perylene-3,4:9,10-bis(dicarboximide) unit.

The cyclic voltammogram of PMI–PDI 2 (Fig. 1b
and Table 1) showed two one-electron reversible oxi-
dation wave at E1/2 ox1 = + 0.69 V and E1/2 ox2 = + 1.40V
(vs. AgCl/Ag) corresponding to the successive genera-
tion of the pyrrolidinium cation then the oxidation of
the PMI unit of 2 [18]. Four one-electron reversible
reduction processes were shown at E1/2 red1 = –0.33 V,
E1/2 red2 = –0.53 V, E1/2 red3 = –1.00 V, and E1/2 red4 =
–1.51 V. These were assigned to the successive genera-

tion of the anion radical (PMI–PDI–•), then the dianion
(PMI–PDI2–), the trianion radical (PMI–•–PDI2–) and
finally the tetraanion species (PMI2––PDI2–).3 All new compounds gave satisfactory analytical and spectral data.

Scheme 5.

Fig. 1. (a) Cyclic voltammogram of TTF–PDI (c = 10–3 M) in
n-Bu4NPF6 0.1 M in CH2Cl2, platinum wire as working electrode
and AgCl/Ag as reference electrode. (b) Cyclic voltammogram of
PMI–PDI (c = 2.5 10–4 M) in n-Bu4NPF6 0.1 M in CH2Cl2, plati-
num wire as working electrode and AgCl/Ag as reference electrode.
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The UV–vis spectrum of dyad 1 in CH2Cl2 showed
a wide absorption in the visible range between 400 and
550 nm with the absorption maximum centered at
k = 517 nm. This absorption feature could be attrib-
uted to the PDI moiety by comparison with absorption
spectra of both references 7b and 12. This UV–vis
absorption spectrum matches the profile obtained by
summation of the spectra of both donor and acceptor
units, indicating the absence of significant interaction
in the ground state between TTF and PDI for dyad 1,
this being confirmed by electrochemical measure-
ments. The UV–vis spectrum of dyad 2 in CH2Cl2 was
characterized by a supplementary broad absorption
band with the maximum at k = 620 nm corresponding
to the absorption of the PMI part, since compound 9
exhibited the same characteristic features at this wave-
length (Fig. 2).

We were first interested in studying the TTF–PDI
dyad 1 since one of the most interesting properties of
TTF is that it can be oxidized successively and revers-

ibly to the cation radical and dication species within a
very accessible potential window.

The steady-state fluorescence emission in CH2Cl2
of PDI was quasi quantitatively quenched in dyad 1
(99.5% compared to fluorescence emission of 12 in
same conditions). This could be explained by an
intramolecular photoinduced electron transfer (PET)
from the donor TTF to the acceptor PDI. Thus it was
expected that the chemical or electrochemical oxida-
tion of TTF would hinder the fluorescence quenching.
Indeed, intramolecular PET would not be possible any-
more as TTF loses its donating character upon oxida-
tion. Experiments of emission fluorescence measure-
ments coupled to electrochemistry were carried out at
controlled potentials [19]. After applying an oxidation
potential of +0.85V where the TTF+•–PDI species must
be predominant, surprisingly the fluorescence emis-
sion of the PDI part was not recovered. This behavior
could result from a new quenching process such as an
energy transfer from PDI to TTF+• . This process is
allowed according to the energy position of the lowest
singlet excited states of both PDI and TTF+• units,
which can be estimated at 2.32 and 1.61 eV, respec-
tively (the energy position of the lowest singlet excited
state of TTF unit was estimated at 2.85 eV, which hin-
dered such energy transfer process)4. A reverse elec-
tron transfer from PDI to TTF+• species could be also
envisaged. Finally, when the potential was fixed
at +1.25 V, where TTF2+–PDI must be the main spe-
cies present, the fluorescence intensity increased slowly
to reach a stable limit value after more than 5 min.
Energy transfer from PDI to TTF2+ could exist as the

4 Values corresponding to the peak of highest energy featured in
absorption spectra or UV–vis spectroelectrochemical spectra recor-
ded in dichloromethane.

Table 1
Electrochemical data for 1, 2 and reference compoundsa

Compound E1/2 red4 E1/2 red3 E/2 red2 E1/2 red1 E1/2 ox1 E1/2 ox2

1 – – –0.52 V –0.32 V 0.65 V 1.05 V
12 – – –0.53 V –0.34 V –b –b

7b – – – – 0.63 V 1.05 V
2 –1.51 V –1.00 V –0.53 V –0.33 V 0.69 V 1.40 V
8a – – –1.34 V –0.89 V 1.50 V –
9 – – –1.54 V –1.07 V 0.67 V 1.37 V

a CV measurements in dichloromethane solution using n-Bu4NPF6 (0.1 M) as supporting electrolyte, platinum wire as working electrode and
AgCl/Ag as reference electrode.

b Not measurable.

Fig. 2. Normalized absorption spectra of dyad 1 and dyad 2 in dichlo-
romethane.
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energy position of the lowest singlet excited state of
TTF2+ unit, was estimated at 1.90 eV. Chemical oxida-
tion experiments were performed in order to confirm
the behavior of this TTF2+–PDI species. Thus, dyad 1
in CH2Cl2 solution was treated by an excess of (diac-
etoxyiodo)benzene in the presence of triflic acid
(PhI(OAc)2/CF3SO3H) used as oxidizing reagent [20].
The same phenomenon was observed since the fluores-
cence emission intensity increased to a limit value cor-
responding to around 16% of the initial fluorescence
emission of the PDI reference compound 12.

To study the reversibility of the process, zinc pow-
der was added in excess to this solution in order to
reduce TTF2+–PDI into neutral TTF–PDI. The initial
fluorescence spectrum of the PDI in the dyad was com-
pletely recovered.

3. Conclusion

We have demonstrated that the modulation of the
fluorescence emission intensity (quenching by elec-
tron and/or energy transfer or partial restoration) in dyad
1 can be reversibly controlled depending on the oxida-
tion state of the TTF unit (Fig. 3). Such a unique behav-
ior can be attributed to peculiar properties of the TTF
linked to the PDI acceptor which fluoresces intrinsi-
cally and consequently this dyad 1 can be considered
as a new redox-fluorescence molecular switch.

Photophysical studies of dyad 2 are currently under-
way and this dyad should present a different behavior
because an energy transfer process could be allowed
from PDI to PMI, according to preliminary UV–vis and
fluorescence emission spectroscopic investigations.

Acknowledgments

The authors acknowledge the ‘Région Pays de la
Loire’, the CNRS, TotalFinaElf and the ‘Conseil général

du Maine-et-Loire’ (France) for the grants of L. Perrin
and J. Baffreau, respectively, ADEME and CEA
through the CSPVP ‘Cellules solaires photovoltaïques
plastiques’ research program, BASF-AG (Ludwig-
shafen) for providing starting materials (1,6,7,12-
tetrachloroperylenetetracarboxylic dianhydride and
N-(2,6-diisopropylphenyl)perylene-3,4-dicarboxi-
mide).

References

[1] H. Zollinger, Color Chemistry, third ed., VCH, Weinheim,
2003.

[2] L. Feiler, H. Langhals, K. Polborn, Liebigs Ann. (1995) 1229.
[3] C.W. Struijk, A.B. Sieval, J.E.J. Dakhorst, M. van Dijk,

P. Kimkes, R.B.M. Koehorst, H. Donker, T.J. Schaafsma,
S.J. Picken, A.M. van de Craats, J.M. Warman, H. Zuilhof,
E.J.R. Sudholter, J. Am. Chem. Soc. 122 (2000) 11057.

[4] (a) M.P. O’Neil, M.P. Niemczyk, W.A. Svec, D. Gosztola,
G.L. Gaines, M.R. Wasielewski, Science 257 (1992) 63; (b)
W.B. Davis, W. A. Svec, M.A. Ratner, M.R. Wasielewski,
Nature 396 (1998) 60; (c) R.T. Hayes, M.R. Wasielewski, D.
Gosztola, J. Am. Chem. Soc. 122 (2000) 5563; (d) A.S. Lukas,
P. J. Bushard, M.R. Wasielewski J. Am. Chem. Soc. 123
(2001) 2440.

[5] (a) G. Horowitz, Adv. Mater. 10 (1998) 365; (b) F. Wurthner,
C. Thalacker, S. Diele, C. Tschierke, Chem. Eur. J. 7 (2001)
2245.

[6] M.A. Angadi, D. Gosztola, M.R. Wasielewski, Mater. Sci.
Eng. 63 (1999) 191.

[7] (a) D. Sclettwein, D. Wöhrle, E. Karmann, U. Melville Chem,
Mater. 6 (1994) 3; (b) B.A. Gregg, R.A. Cormier, J. Am.
Chem. Soc. 123 (2001) 7959; (c) A. J. Breeze, A. Salomon, D.
S. Ginley, B.A. Gregg, H. Tillmann, H.H. Horhold, Appl.
Phys. Lett. 81 (2002) 3085.

[8] (a) R.S. Loewe, K. Tomizaki, W.J. Youngblood, Z. Bo, J.S.
Lindsey, J. Mater. Chem. 12 (2002) 3438; (b) K. Tomizaki,
R.S. Loewe, C. Kirmaier, J.K. Schwartz, J.L. Retsek, D.F.
Bocian, D. Holten, J.S. Lindsey, J. Org. Chem. 67 (2002)
6519.

[9] (a) A. Syamakumari, A.P.H.J. Schenning, E.W. Meijer Chem,
Eur. J. 8 (2002) 3353; (b) E.E. Neuteboom, S.C.J. Meskers,
P.A. van Hal, J.K.J. van Duren, E. W. Meijer, R.A.J. Janssen,
H. Dupin, G. Pourtois, J. Cornil, R. Lazzaroni, J.-L. Brédas, D.
Beljonne J. Am. Chem. Soc. 125 (2003) 8625.

Fig. 3.

245S. Leroy-Lhez et al. / C. R. Chimie 9 (2006) 240–246



[10] L.D. Wescott, D.L. Mattern, J. Org. Chem. 68 (2003) 10058.
[11] X. Guo, D. Zhang, H. Zhang, Q. Fan, W. Xu, X. Ai, L. Fan,

D. Zhu, Tetrahedron 59 (2003) 4843.
[12] M.J. Fuller, M.R. Wasielewski, J. Phys. Chem. B 105 (2001)

7216.
[13] P. Blanchard, M. Sallé, G. Duguay, M. Jubault, A. Gorgues,

Tetrahedron Lett. 33 (1992) 2685.
[14] R.P. Parg, J.D. Kilburn, M.C. Petty, C. Pearson, T.G. Ryan,

J. Mater. Chem. 5 (1995) 1609.
[15] Y. Nagao, Y. Abe, T. Misono, Dyes Pigm. 16 (1991) 19.
[16] (a)Y. Nagao, T. Misono Bull, Chem. Soc. Jpn 54 (1981) 1191;

(b) H. Tröster Dyes Pigm. 4 (1983) 171; (c) H. Kaiser,

J. Lindner, H. Langhals Chem. Ber. 124 (1991) 529;
(d) Y. Nagao, T. Naito, Y. Abe, T, Misono Dyes Pigm. 32
(1996) 71.

[17] S.-K. Lee, Y. Zu, A. Herrmann, Y. Geerts, K. Müllen,
A.J. Bard, J. Am. Chem. Soc. 121 (1999) 3513.

[18] F. Würthner, Chem. Commun. 14 (2004) 1564.
[19] M. Dias, P. Hudhomme, É. Levillain, L. Perrin, Y. Sahin,

F.-X. Sauvage, C. Wartelle, Electrochem. Commun. 6 (2004)
325.

[20] M. Giffard, G. Mabon, E. Leclair, N. Mercier, M. Allain,
A. Gorgues, P. Molinié, O. Neilands, P. Krief, V. Khodork-
ovsky, J. Am. Chem. Soc. 123 (2001) 3852.

246 S. Leroy-Lhez et al. / C. R. Chimie 9 (2006) 240–246


	Perylenediimide derivatives in new donor–acceptor dyads
	Introduction
	Results and discussion
	Synthesis
	Electrochemical and optical properties

	Conclusion

	Acknowledgments
	References

