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a b s t r a c t

The TTF–perylene dyads 1–3 were designed and synthesized. The absorption spectra, cyclic voltammo-
gram (CV) of dyads and the frontier orbital calculation indicated no intramolecular charge transfer (ICT)
interaction in their ground state. The fluorescence spectra and theoretical calculation of the dyads 1–3
revealed the photoinduced electron transfer (PET) interaction existed in the dyads in their excited state.
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The chemical oxidation implied an effective reverse electron transfer from the perylene* to the TTF2+

species. The three donor–acceptor systems could be used as models for the study of photoinduced electron
transfer and reverse electron transfer process.

© 2009 Elsevier B.V. All rights reserved.
ntramolecular charge transfer
lectron transfer

. Introduction

Perylene and its derivatives have been widely studied in mate-
ial science due to their high molar absorptivity, high fluorescence
uantum yields together with excellent photochemical and thermal
tability [1–5]. This chromophore has also attracted considerable
ttention on account of its optical and electrochemical properties
6,7] and the perylene derivatives have been applied in various
elds [8,9].

On the other hand, tetrathiafulvalene (TTF) and its derivatives
eature unique �-donor properties and the possibility of exploit-
ng these multistage redox states (TTF0, TTF•+, TTF2+) have been
ntensively investigated. As a result of progress in synthetic TTF
hemistry, TTFs have been incorporated into a number of macro-
yclic and supramolecular systems in order to create new functional
aterials with desired structures, stability, and physical proper-

ies [10–12]. As a consequence, many efforts have been devoted
o the preparation of a variety of the covalent linkage of the
TFs and an electron acceptor counterpart [13], for instance the
TF–anthrancene triads [14,15]. However, the TTF–perylene sys-

ems have been rarely investigated. Leroy-Lhez et al. [16] and D.B.
hu and co-workers [17] reported the TTF–perylene diimide molec-
lar systems respectively, and the diimide was used as the linkage

n all these systems.

∗ Corresponding author. Tel.: +86 21 64252967; fax: +86 21 64252967.
E-mail address: yjshen@ecust.edu.cn (Y.-j. Shen).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.02.016
Hence, we set our target to merge TTF and perylene moieties
(Fig. 1) and the donor–�-acceptor systems (Fig. 2) could be formed
as the perylene with a low-lying HOMO level compared to TTF.
Herein, we reported the synthesis of the TTF–perylene dyads 1–3
(Schemes 1 and 2), their spectroscopic and electrochemical prop-
erties.

2. Experimental section

2.1. Chemicals and instruments

All chemicals were purchased commercially and the solvents
dried or distilled when necessary using standard procedures. 1H
NMR and 13C NMR were obtained on a Bruker AVANCE 500 spec-
trometer operating at 500 and 100 MHz: chemical shifts were
quoted downfield of TMS. Elemental analyses were obtained from
an Elementar vario ELIII C, H, N analyzer and their results were
found to be in good agreement with the calculated values. UV–vis
spectra were recorded on a CARY 100 Conc UV–vis spectropho-
tometer. The fluorescence spectra were recorded on a CARY Eclipse
Fluorescence spectrophotometer and were corrected for the spec-
tral response of the machines. The fluorescence lifetime experiment
was performed on Edinburgh steady state and time resolved

fluorescence spectrometers FL 900. All the electrochemical experi-
ments were performed in dichloromethane with n-Bu4NPF6 as the
supporting electrolyte, platinum as the working and counter elec-
trodes, and Ag/AgCl as the reference electrode. The scan rate was
50 mV/s.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:yjshen@ecust.edu.cn
dx.doi.org/10.1016/j.jphotochem.2009.02.016
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Fig. 1. The structures of per

Fig. 2. The structures of TTF–perylene dyads 1–3.

Scheme 1. Synthes

Scheme 2. Synthesis o
ylene 4 and TTFs 5–7.

2.2. Molecular orbital calculations

Quantum mechanical calculations were performed on an SGI
Altix 450 sever using Gaussian 03 package [18]. All geometries
were initially optimized with MM2 method combined in Chem-
BioOffice 2008 with default set, and then by the semi-empirical
AM1 method. The obtained optimized geometries were finally re-
optimized with ab initio HF method at 6-31g level. The frontier
orbitals were depicted with 0.01 isocontour based on HF/6-31g
level.

2.3. Synthesis

2.3.1. Dyad 1
To a suspension of TTF–CO2H 5 (288 mg, 0.5 mmol) in

dried CH2Cl2 (15 mL) were added successively dicyclohexylcar-
bodiimide (DCC) (113 mg, 0.55 mmol), 4-(dimethylamino)pyridine
(DMAP) (61 mg, 0.5 mmol), 1-hydroxybenzotriazole (HOBT) (68 mg,
0.5 mmol) and perylene 8 (141 mg, 0.5 mmol) under nitrogen atmo-

sphere. The reaction mixture was stirred at room temperature
for 48 h and the reaction mixture turned from yellow brown to
a ginger-yellow color. After removed the solvent under reduced
pressure, the residue was purified by column chromatography on
silica gel (CH2Cl2/petroleum ether, 1:2, v/v) and dyad 1 (217 mg,

is of dyad 1.

f dyads 2 and 3.
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The UV–vis absorption spectra of dyads 1–3 and TTF 7 in CH2Cl2
were shown in Fig. 3 and the maximum absorption wavelengths
were listed in Table 1, respectively. The maximum absorption wave-
length of perylene 4 was also presented in Table 1 as reference. For
the dyads, all of them showed two strong absorption bands around

Table 1
The maximum UV–vis absorption and fluorescence emission wavelengths.

Compound UV–vis (nm)a FL (nm)b

Dyad 1 443, 416, 394, 339 451
Dyad 2 447, 421,394, 338 448
Dyad 3 447, 421, 397, 338 458
Perylene 4c 437, 420, 392 452
4 Y. Zhang et al. / Journal of Photochemistry a

2% yield) was isolated as ginger-yellow solid. mp 135–137 ◦C; ıH
CDCl3, 500 MHz) 8.27–8.08 (4H, m, Ar–H), 7.81–7.76 (1H, m, Ar–H),
.63–7.61 (2H, m, Ar–H), 7.52–7.49 (2H, m, Ar–H), 7.43–7.39 (2H, m,
r–H), 5.52 (2H, s, Ar–CH2), 3.15 (2H, s, S–CH2–), 2.78-2.72 (4H, t,
7.2 Hz, S–CH2–), 2.26 (3H, s, S–CH3), 1.55–1.49 (4H, m, alkyl-H),
.11–1.30 (12H, m, alkyl-H), 0.81–0.77 (6H, t, J 6.2 Hz, alkyl-CH3);
C (CDCl3, 100 MHz) 168.7, 134.6, 131,2, 131.0, 129.0, 128.6, 128.4,
28.0, 127.8, 126.8, 126.6, 123.6, 120.4, 120.2, 119.7, 64.5, 32.3, 31.3,
9.7, 28.2, 22.5, 19.0, 14.0; found: C, 60.02, H, 5.33. C42H44S8O2
equires C, 60.25, H, 5.30%; m/z (ESI+): 837.7 [M+1]+.

.3.2. Dyad 2
To a solution of compound 7 (0.567 g, 1 mmol) in anhydrous

egassed DMF (50 mL) was added a solution of CsOH·H2O (0.168 g,
.05 mmol) in absolute degassed MeOH (8 mL) over a period of
0 min. The mixture was stirred for the additional 30 min, then bro-
omethylperylene 9 (0.345 g, 1 mmol) in anhydrous DMF (20 mL)
as introduced and orange compound started to precipitate.

he mixture was stirred for an additional 12 h. The precipitate
as filtered and washed with MeOH (3 × 10 mL), and dried. The

rude product was purified by column chromatography on silica
el (CH2Cl2/petroleum ether, 1:2, v/v) and dyad 2 (0.23 g, 29.6%
ield) was obtained as orange powder. mp 107–110 ◦C; ıH (CDCl3,
00 MHz) 8.30–8.15 (4H, m, Ar–H), 7.92 (1H, d, J 7.8 Hz, Ar–H), 7.71
2H, d, J 8.2 Hz, Ar–H), 7.64 (1H, t, J 7.9 Hz, Ar–H), 7.56–7.51 (3H, m,
r–H), 4.95 (2H, s, alkyl-H), 2.82 (t, 4H, J 7.3 Hz, S–CH2–), 2.46 (3H,
, S–CH3), 1.72–1.58 (4H, m, alkyl-H), 1.46–1.42 (4H, m, alkyl-H),
.30–1.25 (8H, m, alkyl-H), 0.88 (t, 6H, J 6.2 Hz, alkyl-CH3); ıC (CDCl3,
00 MHz) 134.6, 131,2, 131.0, 129.0, 128.7, 128.4, 128.0, 127.9, 126.8,
26.6, 123.6, 120.4, 120.3, 119.7, 36.3, 31.3, 29.7, 28.2, 22.5, 19.0,
4.0; found: C, 61.57; H, 5.45. C40H42S8 requires: C, 61.65; H, 5.43;
/z (ESI+): 778.3 [M+].

.3.3. Dyad 3
To a solution of compound 6 (0.303 g, 1 mmol) in anhydrous

egassed DMF (30 mL) was added a solution of CsOH·H2O (0.326 g,
.10 mmol) in anhydrous degassed MeOH (10 mL) over a period
f 30 min. The mixture was stirred for an additional 30 min,
hereupon bromomethylperylene 9 (0.690 g, 2 mmol) in anhy-
rous DMF (20 mL) was introduced and the orange crude product
tarted to precipitate. After stirring for 16 h, the precipitate was
ltered and washed with MeOH (3 × 10 mL), dried. Then, the
range solid was purified by column chromatography on silica
el (CH2Cl2/petroleum ether, 1:2, v/v) and dyad 3 (0.078 g, 15.2%
ield) was obtained as orange powder. mp 134–138 ◦C; ıH (CDCl3,
00 MHz) 8.28–8.13 (4H, m, Ar–H), 7.96 (1H, d, J 7.8 Hz, Ar–H), 7.71
2H, d, J 8.2 Hz, Ar–H), 7.64 (1H, t, J 7.9 Hz, Ar–H), 7.56 (1H, d, J
.6 Hz, Ar–H); 7.51 (2H, m, Ar–H), 4.95 (2H, s, alkyl-H), 2.82 (t, 4H, J
.3 Hz, S–CH2–), 1.72–1.58 (4H, m, alkyl-H), 1.46–1.42 (4H, m, alkyl-
), 1.30–1.25 (8H, m, alkyl-H), 0.88 (6H, t, J 6.2 Hz, alkyl-CH3); ıC

CDCl3, 100 MHz) 134.6, 131,2, 131.1, 129.0, 128.7, 128.4, 128.0, 127.9,
26.8, 126.6, 123.6, 120.4, 120.3, 120.8, 36.3, 31.3, 29.7, 28.1, 22.5,
4.0; found: C, 70.12; H, 5.11. C60H52S8 requires: C, 69.99; H, 5.09;
/z (ESI+): 1028.6 [M+].

. Results and discussion

.1. Synthesis

Our target is to synthesize a kind of the dyads con-

isted of TTF and perylene, expecting them will exhibit unique
hoto/electrochemical properties. However, directly linking these
wo moieties is impossible, because of no reactive groups in the

olecules. A reasonable covalent bridge between them is needed.
ased on the synthetic TTF chemistry, cyanoethyl groups in TTFs, i.e.
Fig. 3. The absorption spectra of dyads 1, 2 and 3 (1 × 10−5 M) in CH2Cl2.

TTFs 6 and 7, can be deprotected by caesium hydroxide monohy-
drate (CsOH·H2O) to afford TTF thiolates, which can be trapped by
the appropriate electrophlie (usually RX, R = alkyl, CH2Ph, X = I, Br,
Cl) to form the expected TTF derivatives [19–21]. According to this
reaction, TTFs 6 and 7, with long alkyl chains, were designed and
synthesized. Simultaneously, bromomethylperylene 9 [22,23] was
synthesized and used as an alkylation reagent. TTF 6 or 7 reacted
with perylene 9 in dried DMF in the presence of one equivalent
or two equivalent of CsOH·H2O to form dyads 2 and 3 (Scheme 2),
respectively. Thus, two dyads were obtained, which linked with the
same thioether group between the TTF and perylene. They exhib-
ited good solubility in normal organic solvents. In order to compare
the internal interactions of dyads linked with different covalent
bridges, for example, a longer flexible ester linkage, we synthesized
the TTF 5 with a carboxyl functional group [24] and a hydroxymethyl
substituted perylene 8, expecting them to exhibit more efficient
photoinduced charge-separation with long lifetime radical ion-pair
[25]. Through the esterification reaction between 5 and 8 by using
dicyclohexylcarbodiimide as the coupling reagent together with
4-(dimethylamino)pyridine and 1-hydroxybenzotriazole, dyad 1
with ester group as linkage was obtained (Scheme 1). Further, we
attempted to synthesize a perylene derivative with two hydrox-
ymethyl groups, as well as TTF with two carboxyl groups and to
achieve the TTF–perylene polymer. Unfortunately, it failed.

3.2. Electronic absorption
TTF 7 335 –

a UV–vis spectra were obtained at a concentration of 10−5 mol/L in CH2Cl2.
b Fluorescence spectra in CH2Cl2, �exc = 420 nm, c = 10−5mol/L.
c The UV–vis absorption of perylene 4 was measured in the same conditions as

the dyads.
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Table 2
The maximum absorption wavelengths �max (nm), molar extinction coefficients εmax

(1 mol−1 cm−1), fluorescence quantum yields Фf (�exc = 420 nm), radiative lifetimes
�0 (ns) of dyads 1–3 in CH2Cl2.

Dyads �max εmax Фf �0

The fluorescence lifetime of perylene 4 was measured for
comparison and it was only a single-exponential decay with a flu-
orescence lifetime of 5.98 ns. In contrast, the fluorescence decay
curves of dyads 1–3 were well-fitted double-exponential decay

Table 3
The measured fluorescence lifetimes �f (ns)a, calculated fluorescence lifetimes �f

′

(ns), reduced �2 value and fluorescence rate constants kf (108 s−1) of dyads 1–3 in
CH2Cl2.

Dyads �f �2 �f
′ kf

1 1.05 (64.55%), 5.97 (35.45%) 1.107 3.6 2.7
ig. 4. (a) The fluorescence emission spectra of dyads 1–3 and perylene 4, in CH2Cl2,
exc = 420 nm, c = 1 × 10−5 mol/L. (b) Fluorescence spectra of dyads 1–3 in CH2Cl2,
exc = 420 nm, c = 1 × 10−5 mol/L.

20 and 450 nm and a shoulder at 390 nm, which were attributed
o the 20 �-electron perylene moiety. A weak absorption band
round 340 nm was observed in Fig. 3 as well, which belonged to
he absorption of the TTF moiety by comparing with the absorption
urve of TTF 7. No new absorption band or distinctive spectroscopic
houlder was detected in the UV–vis spectra, just the summation of
he spectra of both TTF and perylene units. This fact suggested that
o appreciable interaction between the TTF and perylene moieties

n the ground states, in despite of the different �-bonds linkage of
yads 1 and 2. The spatial separation of electron donor and acceptor
nits was the main reason for the negligible intramolecular charge-
ransfer interaction in dyads, which was similar to the previous
tudies [17,25].

In addition, the absorption intensity of dyad 3 was higher than
nother two dyads in the region of 350–500 nm and the two pery-
ene rings of the dyad 3 could be one reason. Comparing with dyad
, a slightly blue shift (4 nm) of maximum absorption wavelength
or dyad 1 was observed, which was most probably caused by the
lectron withdrawing effect of the ester linkage.

.3. Steady-state fluorescence and fluorescence lifetimes
The emission spectra of all the dyads were excited at
exc = 420 nm with perylene 4 as the reference, as shown in Fig. 4a.
he maximum fluorescence wavelengths of the dyads were given
n Table 1. Comparing with the fluorescence spectrum of perylene
1 443 34500 0.10 36
2 447 30500 0.11 37
3 447 47300 0.05 28

4, a strong fluorescence quenching for dyads 1–3 was observed
(c.a. 90% for dyads 1 and 2, and 95% for dyad 3). As there was a
smaller optical band gap of the perylene moiety than that of the
TTF moiety, i.e. there was a minimal spectral overlap between the
absorption spectrum of the TTF unit and fluorescence spectrum of
the perylene fragment and according to the Förster mechanism,
quenching caused by energy transfer process from perylene to TTF
in the existed state would be prohibited [26]. Thus, the reason for
the fluorescence quenching was most probably the photoinduced
electron transfer (PET) interaction between the perylene and TTF
moieties, and the PET process was thermodynamically favorable
based on Rehm–Weller equation [27].

More fines of the fluorescence emission curves of dyads 1, 2 and
3 were shown in Fig. 4b. All the fluorescence emission curves were
mirror images of the curves of absorption of the dyads. Obviously,
two fluorescence emission peaks at 450 and 480 nm arise from
the excited singlet state of the perylene fragment. The emission
curves of dyads 1 and 2 seemed similar, though different �-bond
linkages in them. The interaction between the perylene moieties
was revealed by the corresponding fluorescence curve of dyad 3,
a Stokes’ shift and a larger fluorescence quench were most prob-
ably caused by the interaction between the excited and unexcited
perlyene moieties in dyad 3 in the excited state. The configuration
interaction of the perylene moieties could also be deduced by the
less structured fluorescence spectrum of the dyad 3 compared with
those of dyads 1 and 2.

The maximum absorption wavelengths �max (nm, CH2Cl2), fluo-
rescence quantum yields Фf (the emission spectra of all dyads were
taken at �exc = 420 nm with perylene 4 as the standard, ФfP4 = 1),
radiative lifetimes �0 (ns) of the dyads were listed in Table 2. The
theoretical radiative lifetimes �0 were calculated according to the
formula: �0 = 3.5 × 108/�2

maxεmax��1/2, where �max stands for the
wavenumber in cm−1, εmax for the molar extinction coefficient at
the selected absorption wavelength and ��1/2 represented the half-
width of the selected absorption in units of cm−1 [28].

The technique of time correlated single photon counting was
used to record fluorescence lifetimes of the dyads, and the mea-
sured fluorescence lifetimes were offered (Table 3). The calculated
fluorescence lifetimes �f

′ = �0Фf and the rate of fluorescence from
kf = 1/�f

′ were also given in Table 3.
2 1.52 (68.32%), 6.03 (32.68%) 1.002 4.1 2.5
3 0.64 (59.87%), 5.74 (40.13%) 1.092 1.3 7.7

a The measured fluorescence lifetimes were obtained in CH2Cl2, c = 10−5 mol/L,
Eex = 372 nm, Eem = 450 nm, corresponding to the emission maxima of the perylene
chromophore in CH2Cl2.
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withdrawing perylene rings reduced the electron-donating ability
of the TTF fragment more strongly, leading to the positive shift
of the TTF oxidation wave and increased the electrochemistry
HOMO–LUMO gap [13]. As the perylene moiety and the TTF moiety

Table 4
Electrochemical data for dyads 1, 2 and 3, perylene 4, TTFs 6 and 7 in CH2Cl2a,b.

Compounds Ered1 (V) Eox1 (V) Eox2 (V) Eox3 (V) Eox4 (V)

Dyad 1 −1.58 0.62 1.01 1.23 1.68
Dyad 2 −1.59 0.62 0.99 1.24 1.72
Dyad 3 −1.75 0.65 1.00 1.23 1.70
Perylene 4 −1.82
TTF 6 0.65 1.01
ig. 5. Fluorescence emission spectra of dyads 1–3 recorded before and after ad
c = 10−5mol/L, �exc = 420 nm), the fluorescence emission curves were recorded ever

omponent and the reduced �2 values were given in Table 3. The
uorescence lifetimes of dyads 1–3 were all consisted of a fast
ajor component and a decay minor component [29]. The two-

omponent fluorescence lifetimes were expected to belong to the
erylene unit itself and the interaction in the dyads in the excited
tate [30]. The longer fluorescence lifetime of the dyads was almost
he same with that of the perylene monomer, while the relatively
hort-lived fluorescence lifetime could be assignable to the residual
omponent after the photochemical communication between pery-
ene cores and TTF units [31]. Comparing the measured fluorescence
ifetimes of all the dyads, we could find the reduced tendency of flu-
rescence lifetimes was in good agreement with the fluorescence
ntensity reduction in CH2Cl2. The calculated fluorescence lifetimes
f the dyads indicated the same reduced tendency (see Table 3).

.4. Chemical oxidation

The fluorescence intensity of the dyads 1–3 was strongly
uenched, theoretically speaking, if the TTF units in the dyads could
e oxidized chemically or electrochemically, the photoinduced
lectron-transfer from TTF to perylene units could be hindered
nd the fluorescence intensity of the dyads would be recovered.
owever, when the neutral TTF was oxidized to the radical cation,

he TTF•+ species had a broad absorption in the wavelength range
f 350–600 nm [16,32], there would be a large spectral overlap
etween the absorption spectrum of the TTF radical cation and
he fluorescence spectrum of the perylene unit. As a result, the
hotoinduced energy transfer could take place effectively between
TF•+ and the perylene unit and the fluorescence intensity might
ot be enhanced at this stage. But when the TTF was oxidized

nto radical dication, its absorption would be in the range of
00–800 nm [16], which was not overlap with the fluorescence
pectrum of the perylene and the energy transfer would not take
lace. Thus the chemical oxidation experiments were carried out
y adding excess of diacetoxyiodobenzene in the presence of tri-
ic acid (PhI(OAc)2/CF3SO3H) in CH2Cl2, as the neutral TTF could
e oxidized into radical dication easily with the oxidant [33]. The
uorescence emission was recorded without any supplementary
ddition of oxidation reagent. Surprisingly, the fluorescence inten-
ity of the dyads was quenched more deeply at the TTF2+–perylene
tate (Fig. 5), which was totally different from the chemical oxi-
ation results of the previous reported TTF–PDI molecular system
16]. We ascribed this phenomenon to a stronger binding between
he two �-electron-rich units. A reverse photoinduced electron
ransfer and the intersystem crossing (ISC) interaction between the

erylene fragment and TTF unit could respond for this. Based on
he previous reports of PDI–TTF molecular systems [16,19,34], we
onsidered that the reverse photoinduced electron transfer inter-
ction should be the main contribution to this stronger quench. TTF
icationic species could be treated as electron acceptors [35] and
of an excess of (diacetoxyiodo)benzene in the presence of triflic acid in CH2Cl2
n.

the photo-excitation of the perylene might increase its acceptor
strength, accompanied by an equal increase in its donor strength,
thus perylene* could readily donate electrons to electron-deficient
TTF2+ species and a new reverse electron transfer was existed. The
similar phenomena were reported in a TTF–Pc system [32] and a
TTF–anthracene polymer [36]. For dyads 1–3, the photoinduced
reverse electron-transfer kinetic process should be much more effi-
cient because the fluorescence intensity was quenched ever than
before.

The fluorescence intensity reached a minimize value after about
30 min for dyad 1 and 10 min for dyads 2 and 3, it implied that the
intramolecular electron-transfer interaction in dyads 2 and 3 were
occurred more easily than dyad 1.

3.5. Electrochemistry

The electrochemical redox properties of dyads 1–3 were stud-
ied by cyclic voltammetry (CV) in CH2Cl2 (Table 4). The CV data of
perylene 4, TTFs 6 and 7 were also presented in Table 4 as reference.
All the dyads exhibited a wide one-electron irreversible reduction
wave in the negative position, indicating the reduction of the pery-
lene moiety to perylene•−. The sequent reduction of the perylene
moiety was not observed in CH2Cl2 containing 0.1 M n-Bu4NPF6.
Two reversible TTF oxidation waves, one reversible perylene oxi-
dation wave and one irreversible perylene oxidation wave were
shown in the positive direction, corresponding to the radical
cation TTF•+–perylene, dication TTF2+–perylene, TTF2+–perylene+

and TTF2+–perylene2+, respectively.
Comparing TTFs 6 with 7, the electron-withdrawing substitute

on the TTF 6 made oxidation of TTF unit less favorable and the anodic
shift was observed, which was also existed in the TTF–perylene
dyads. In the case of dyad 3, the presence of the two electron-
TTF 7 0.60 0.99

a The values (V) were recorded in CH2Cl2 solution using n-Bu4NPF6 0.1 M in CH2Cl2
as supporting electrolyte, AgCl/Ag as the reference electrodes, platinum wires as
counter and working electrodes, scan rate: 50 mV/s.

b Versus AgCl/Ag.
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Table 5
The calculated HOMO, LUMO orbital energies, �Ecv and �E0−0 = 1240/�.

Dyads EHOMO (eV) ELUMO (eV) �Ecv (eV) �E0−0 (eV)

1
2
3

i
i
i
g
t
c
f
t

d
i
d
b

−5.32 −3.12 2.20 2.74
−5.32 −3.11 2.21 2.72
−5.35 −2.95 2.40 2.74

n the dyads showed their individual electrochemical character-
stics, it exhibited that neither intermolecular nor intramolecular
nteraction took place between the electroactive moieties in the
round state and the result was matched that of the UV–vis absorp-
ion. The HOMO orbital and LUMO orbital energies (eV) were
alculated from cyclic voltammograms based on the value of 4.7 eV
or Fc (Table 5). The optical band gap �E0−0 = 1240/� were given in
he table as comparison.

Optimized structures of dyads 1–3 were presented in Fig. 6. For

yads 1 and 2, with flexible chain, the extended structure had min-

mum potential energy. Two long alkyl chains were extended to
ifferent orientations of the TTF plane. The structure difference
etween 1 and 2 was due to the orientation of the methyl on the

Fig. 6. Optimized molecular structures of dyads 1–3.
[

otobiology A: Chemistry 204 (2009) 32–38 37

TTF moiety. In dyad 1, the perylene unit of the opposite position to
the methyl seemed to have the optimized structure and the dihe-
dral angel of the two planes was evaluated to be smaller. For dyad
3, two perylene planes had different orientations with respect to
the TTF moiety and almost paralleled with the TTF fragment. The
calculation of electron densities of the HOMO and LUMO for dyads
1–3 revealed the LUMO localized on the perylene moieties, corre-
sponding to the distribution of the electron (radical anion) in the
charge-separated state. However, the HOMO localized partly on the
TTF fragments and mostly still localized on the perylene fragments,
which corresponds to the distribution of the hole (radical cation) in
the charge-separated state. The results indicated that in dyads 1–3,
there was no intramolecular interaction in the ground state, which
matched the absorption spectra and CV results.

4. Conclusions

Three TTF–perylene dyads, linked by two kinds of covalent
bridges, were synthesized and characterized. The absorption spec-
tra of dyads in CH2Cl2 were the addition of perylene and TTF units,
indicating no intramolecular charge transfer interaction in their
ground state. The photoinduced electron transfer interactions in
dyads 1–3 were rationalized based on the fluorescence spectra
and theoretical calculation. The redox of the dyads revealed no
obvious shift compared to the individual TTF and perylene, which
also indicated no internal charge transfer interaction occurred
in their ground state. Quantum mechanical calculation gave the
energy optimal structures of dyads 1–3 and the frontier orbital
calculation implied there was no intramolecular charge transfer
interaction in the ground state. With the chemical oxidation exper-
iment of the dyads to the TTF2+–perylene state, a fast and effective
electron transfer in the reverse direction to that of the unoxi-
dized TTF–perylene dyads was undergoing and a facile method of
reversing electron transfer within a donor–acceptor system was
presented. The difference in covalent bridges had little influence
on the photo- and electrochemical properties of the TTF–perylene
molecular systems.
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