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Two donor-c-acceptor-o-donor triads incorporating tetrathiafulvalene (TTF) and 3,4,9,10-perylene
tetracarboxylic diimides (PDI) units were synthesized. The structures of the triads and their interme-
diates were characterized by 'H NMR, 3C NMR, MS, IR. The results of UV-vis and cyclic voltammetry (CV)
of the triads indicated negligible intramolecular charge transfer (ICT) interaction in their ground states.
The fluorescence and fluorescence lifetimes of the triads were reduced compared to PDIs, which evidently
indicated that photoinduced electron transfer (PET) interaction occurred from the TTF unit to the PDI unit
in the excited state. The fluorescence intensity of the triads could be reversibly modulated by sequential
oxidation and reduction of the TTF unit using the chemical methods. Therefore two new fluorescence
molecular switches based on TTF and PDI units were established.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Derivatives of perylene such as perylene diimides (PDI) have
been widely employed and extensively studied in these molecu-
lar systems due to their high molar absorptivity, high quantum
yields of fluorescence with excellent photochemical and ther-
mal stabilities as well as electrochemical performance [1-8].
However, the poor solubility and difficult separation make the
manufacture of this kind of wonderful dyes in material science
confined.

Two methods are offered to increase the solubility of PDIs
in organic solvents: (1) N-substituent in the “imide” region of
PDIs, usually the long alkyl substitutions, to obtain the long-tail
or swallow-tail conformation [9-11], however, this only enhances
the solubility in a slight degree; (2) bis-substituent or tetra-
substituent in the “bay” region of PDIs, to afford PDI dyes
with the markedly improved solubility [12], 1,6,7,12-tetrachloro-
3,4,9,10-perylene tetracarboxylic dianhydride (PDA) 1 (Fig. 1) is
of importance among perylene derivatives [13-15]. We chose this
perylene derivative to synthesize a series of PDI derivatives with
tetrasubstituted p-t-butylphenoxy at the “bay” region and bis-N-
substituent in the “imide” region (Fig. 1, Schemes 1 and 2), all these
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dyes have good solubility and outstanding chemical, thermal and
photochemical stability.

The electrochemical properties of perylene diimides make them
become the important electron acceptor and electron-transporting
materials [16,17]. Specially remarkable for the construction of
donor-acceptor (D-A) systems showing electron transfer are its
good electron accepting ability [18]. Thus, PDIs have been recently
linked to aligothiophenes [19], porphyrins[20], phthalocyanines
[21] and tetraphenylbenzidines [22] as the counterpart aiming the
induction of electron transfer. On the other hand, tetrathiafulvalene
(TTF), such as TTF 7 (Fig. 1), has also been widely used to con-
struct D-A molecular systems [23-31]. The possibility of exploiting
the multistage redox state (TTFC, TTF**, TTF2*) was investigated
to construct molecular systems that can be controlled by exter-
nal stimuli, such as TTF-based fluorescence-redox switches [32].
Researchers have tried to merge the perylene and TTF, however, to
our knowledge, very few of this kind of donor-acceptor molecules
had been achieved [32,33]. Thus, we are interested in the syn-
thesis of triad 1 with a shorter chain between perylene and TTF
units, and triad 2 with the aryl substitutions as the bridge of the
donors and acceptors consisted of the highly soluble PDIs (Fig. 2).
Herein, we report the synthesis (Schemes 3 and 4), spectroscopic
and electrochemical properties of triad 1 and 2 together with their
chemical redox performances. These two triads could finally act as
the potential reversibly fluorescence-redox dependent molecular
systems whose fluorescence intensity could be modulated by the
oxidation state of TTF.
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Fig. 1. The structures of PDA 1, PDI 3, 5, 6 and TTF-bis-CH,CH,CN 7.

2. Experimental
2.1. Chemicals and instruments

All chemicals were purchased commercially, PDI 2-4 were
synthesized according to the literature [34,35], TTF 7, 8 was
synthesized according to the reported procedures [36-38] and

the solvents dried or distilled when necessary using standard
procedures. '"H NMR and 3C NMR were obtained on a Bruker

C4Hg

@

C4Hg
2

AVANCE 500 spectrometer operating at 500 MHz and 100 MHz:
chemical shifts were quoted downfield of TMS. Elemental analy-
ses were obtained from a Elementar vario ELIII C, H, N analyzer.
Infrared spectra were obtained on a NICOLET 5 SXC spectrome-
ter. UV-vis spectra were recorded on a CARY 100 Conc UV-visible
Spectrophotometer. The fluorescence spectra were recorded on a
CARY Eclipse Fluorescence spectrophotometer and were corrected
for the spectral response of the machines. The fluorescence life-
time experiment was performed on Edinburgh steady state and

C4Hg

Scheme 1. Reagents and conditions: (i) NH,CH,CH,CH,CHj3, ethanol:H,0 = 1:1, reflux, 15 h, 92%; (ii) 4-tert-butylphenol, K, CO3, NMP, 180-190 °C, under N, atmosphere, 20 h,

75%; (iii) KOH, t-butanol, reflux, under N, atmosphere, 25 h, 68%.
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Scheme 2. Reagents and conditions: (i) 2-aminoethanol, toluene, reflux, 20 h, under N, atmosphere, 75%; (ii) p-phenylenediamime, pyridine, imidazole, reflux, 15 h, under

N, atmosphere, 68%.

time resolved fluorescence spectrometers FL 900. Thermal gravi-
metric analysis experiments were performed on PerkinElmer 7
series thermal analysis system. All the electrochemical experi-
ments were performed in dichloromethane with n-BuyNPFg as the
supporting electrolyte, platinum as the working and counter elec-
trodes, and Ag/AgCl as the reference electrode. The scan rate was
50mvVs-1,

2.2. Synthesis

2.2.1. N,N'-bis(2'-hydroxyethyl)-1,6,7,12-tetra-p-t-butylphenoxy-
3,4,9,10-perylene tetracarboxylic diimide
5

To a solution of 1,6,712-tetra-p-t-butylphenoxy-3,4,9,10-
perylene tetracarboxylic dianhydride 4 (788 mg, 0.8 mmol) in
toluene (50 ml) was added ethanolamine (488 mg, 4 mmol). The
reaction mixture was heated under nitrogen atmosphere and
refluxed for 20h, cooled to 50°C, petroleum ether (200 ml) was
added into the reaction mixture till no more dark violet grain was
precipitated, then filtered and washed with petroleum ether to
gain the crude product, which was purified by column chromatog-
raphy on silica gel (CH,Cl;/ethyl acetate, 15:1, v/v) to give the PDI
5 as red-brown solid. (628 mg, 75% yield). mp>300°C; 8y (CDCl3,
500 MHz) 8.15(4H, s), 7.12(8H, d, J 8.45Hz), 6.75(8H, d, ] 8.36 Hz),
4.32(4H, t, ] 6.93 Hz), 3.85(4H, m, ] 6.65Hz), 1.20(36H, s); Found:
C, 76.05, H 6.13, N 2.50. C68H65N2010 requires C, 76.24, H 6.21, N
2.61%; m/z (ESI*): 1093.5(M*+Na).

2.2.2. N,N'-bis(4'-aminophenyl)-1,6,7,12-tetra-p-t-butylphenoxy-
3,4,9,10-perylene tetracarboxylic diimide
6

1,6,7,12-tetra-p-t-butylphenoxy-3,4,9,10-perylene tetracar-
boxylic dianhydride 4 (394 mg, 0.4 mmol), 1,4-phenylenediamine
(648 mg, 6 mmol) and imidazole (2.00 g, 31.2 mmol) were added to
180 ml of dried fresh distilled pyridine and brought to reflux under
nitrogen atmosphere for 15 h, cooled. 500 ml of water was added to
the reaction mixture and violet fine solid was precipitated, filtered
and washed with water to gain the crude product, which was
purified by column chromatography on silica gel (CH,Cl,/ethyl
acetate, 25:1, v/v) to afford the PDI 6 as violet solid (342 mg, 68%
yield). mp >300°C; dy (CDCl3, 500 MHz) 8.16(4H, s), 7.13-7.17(16H,
m), 6.77(8H, d, J 8.37 Hz), 1.20(36H, s); Found: C, 78.08, H 5.80, N
4.77. C76HggN4Og requires C, 78.33, H 5.88, N 4.81%; m/z (ESI*):
1165.4(M*+1).

2.2.3. TTF-CO,Et9

TTF-mono-CH,CH,CN 8 (1.134 g, 2 mmol) was dissolved in dried
DMF (80ml) and degassed with N, for 30min. A solution of
CsOH-H,0 (0.336 mg, 2.10 mmol) in dry MeOH (10 ml) was added
dropwise to the mixture over a period of 15 min. After stirring for
another 30 min, excess ethyl bromoacetate (2.5 ml, 22 mmol) was
added and the solution turned from dark-orange to yellow-orange.
The reaction mixture was stirred for another 6 h. The solvent and
excess ethyl bromoacetate were removed under reduced pressure
and the residue was purified by column chromatography on silica
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Fig. 2. The structures of triads 1 and 2.

gel (CH,Cl,/petroleum ether, 1:3, v/v) to give the TTF-CO,Et 9 as
dark-orange oil. (950 mg, 79% yield). 8y (CDCl3, 500 MHz) 4.13(2H,
t,J 7.11 Hz), 3.51(2H, s), 2.77(4H, br t), 2.36(3H, s), 1.60-1.68(4H, br

m) 1.33-1.38(4H, m) 1.30-1.28(11H, m), 0.82 (6H, t, ] 6.69 Hz); m/z
(EI): 600.1(M*, 100) 513.0(32) 482.0(12).

2.2.4. TTF-COOH 10

A solution of LiOH-H,0 (269 mg, 6.4 mmol in 15.4 ml H,0) was
added to a stirred solution of TTF-CO,Et 9 (769 mg, 1.3 mmol) in
1,4-dioxane (102 ml) at room temperature. After stirring for 20 h,
HCI (5M, 3.6 ml, 18.1 mmol) was added dropwise and the solution
stirred for 15 min. Diethyl ether (100 ml) and water (13 ml) were
added followed by adjusting pH with 5M HCI to 1. The organic
layer was isolated, dried over anhydrous MgSO4 and the solvent was

NC

NC. .S

HOOCH,CS

S S i

Iﬁi ——

evaporated under reduced pressure. The dark brown solid was puri-
fied by column chromatography on silica gel (CH,Cl,/petroleum
ether, 2:1, v/v, and then CH,Cl,/ethyl acetate, 1:1, v/v) to gain
the TTF-COOH 10 as dark-orange solid (594 mg, 82% yield). mp
82-83°C; dy (CDCl3, 500 MHz) 3.80-4.00(2H, s br), 2.83(4H, t, J
6.92Hz), 2.35-2.42(3H, t br), 1.84-1.90(4H, m) 1.55-1.58(4H, m)
1.18-1.24(8H, m), 0.81(6H, t, J 6.69 Hz); vmax (KBr)/cm~1: v 2970,
1693, 1408, 1269, 1137; m/z (El): 572.0(M*, 100) 512.9(51) 528.0(24)
482.0(29).

2.2.5. Triad 1
To a suspension of TTF-CO;H 10 (114mg, 0.2 mmol) in

dried CH,Cl, (8 ml) were added successively dicyclohexylcarbodi-
imide (45.2mg, 0.22 mmol), 4-(dimethylamino)pyridine (24 mg,

NC S._s S S
T~
H,CS™ S ST g
8

3CH2CZOCHQCS

IHI

Scheme 3. Reagents and conditions: (i) DMF, CsOH-H,O/methanol, Mel, RT, under N, atmosphere, 85%; (ii) DMF, CsOH-H,O/methanol, BrCH,COOCH,CHj3, under N, atmo-

sphere, 79%; (iii) 1,4-dioxane, LiOH-H,O, RT 20 h, under N, atmosphere, 82%.
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Scheme 4. Reagents and conditions: (i) PDI 5, DCC, DMAP, HOBT, CH,Cl,, RT 48 h, under N, atmosphere, 78%; (ii) PDI 6, DCC, DMAP, HOBT, pyridine, 80-90°C, 72 h, under N,

atmosphere, 55%.

0.2 mmol), 1-hydroxybenzotriazole (27 mg, 0.2 mmol) and PDI 5
(107 mg, 0.1 mmol) under nitrogen atmosphere. The reaction mix-
ture was stirred at room temperature for 48 h. After removed the
solvent under reduced pressure, the residue was purified by col-
umn chromatography on silica gel (CH,Cl, ) and triad 1 was isolated
as dark violet crystals. (169 mg, 78% yield) mp 244-245°C; dy
(CDCl3, 500 MHz) 8.17(4H, s), 7.16 (8H, d, ] 8.45Hz), 6.76(8H, d, J
8.36 Hz), 4.40(8H, t, ] 6.93 Hz), 3.39(4H, s), 2.73(8H, br t), 2.28(6H,
s), 1.51-1.55(8H, m) 1.30-1.37(8H, m) 1.20-1.25(52H, m), 0.83(12H,
t, ] 5.30Hz); 8¢ (CDCl3, 100 MHz) 168.7, 163.5, 155.9, 153.0, 147.3,
132.9, 127.8, 126.6, 122.1, 120.9, 120.3, 119.6, 119.3, 62.8, 38.9, 36.6,
34.4,31.48, 29.8, 28.2, 22.5, 19.3, 14.03; Found: C, 60.01, H 5.78, N
1.19. C]]oH]zsNzS]sO]z requires C,60.57,H5.82,N 1.28%; m/z(ESI*):
2201.8(M*+Na).

2.2.6. Triad 2

To a suspension of TTF-CO,H 10 (228 mg, 0.4 mmol) in dried
pyridine (30ml) were added successively dicyclohexylcarbodi-
imide (91mg, 0.44mmol), 4-(dimethylamino)pyridine (48 mg,
0.4 mmol), 1-hydroxybenzotriazole (54 mg, 0.4 mmol) and then PDI
6 (232 mg, 0.2 mmol) under nitrogen atmosphere. The reaction
mixture was stirred at 80-90°C for 72 h, cooled. Water (100 ml)
was added to the reaction mixture and dark violet solid was
precipitated, filtered and washed with water to gain the crude prod-
uct, which was purified by column chromatography on silica gel
(CH,Cly) and triad 2 was isolated as dark violet crystals. (249 mg,
55% yield) mp 243-244°C; 8y (CDCl3, 500 MHz) 8.89-9.02 (2H, br
s), 8.17(4H, s), 7.68(4H, d, ] 8.62 Hz), 7.14(12H, d, ] 8.38 Hz), 6.76(8H,
d,J8.40Hz),3.55-3.78(4H, brs),2.75(8H, brt,] 6.82 Hz), 2.32(6H, br
s), 1.70-1.80(8H, m) 1.31-1.38(8H, m) 1.16-1.23(52H, m), 0.83(12H,

t, ] 5.56 Hz); 8¢ (CDCl3, 100 MHz) 165.1, 163.6, 156.1, 152.8, 147.4,
137.8, 135.0, 133.1, 131.2, 129.3, 128.0, 126.7, 122.5, 120.8, 120.0,
119.7, 119.3, 40.3, 38.0, 36.4, 34.4, 31.4, 31.3, 29.7, 28.2, 22.5, 19.7,
14.1; Found: C 61.98, H 5.64, N 2.33. Cy1gH128N4S16010 requires C
62.29, H 5.67, N 2.46%; m/z (ESI*): 2296.2(M*+Na).

3. Results and discussion
3.1. Synthesis

To obtain the triad 1 and triad 2, N,N’-bis(2’-hydroxyethyl)-
1,6,7,12-tetra-p-t-butylphenoxy-3,4,9,10-perylene tetracarboxylic
diimide 5 (PDI 5) and N,N’-bis(4’-aminophenyl)-1,6,7,12-tetra-p-t-
butylphenoxy-3,4,9,10-perylene tetracarboxylic diimide 6 (PDI 6)
were used to react with TTF-CO,H 10 for the synthetic strategy. The
symmetrical PDI 5 and PDI 6 tetrasubstituted by p-t-butylphenoxy
at the bay region were obtained efficiently by direct condensation
of 2-aminoethanol and p-phenylenediamime with 1,6,7,12-tetra-
p-t-butylphenoxy-3,4,9,10-perylene tetracarboxylic dianhydride 4
under nitrogen atmosphere, respectively (Scheme 2). The PDI 5
was afforded in 75% yield after silica gel column chromatography
with toluene as reaction solvent, while the synthesis of PDI 6 was
carried out in pyridine using imidazole as catalyst yielding 68%.
The concentration of reactants should be much diluted and the
p-phenylenediamime needed to excess largely in order to avoid
forming the poly-PDI.

The monoacid TTF-CO,H 10 was synthesized with gram-
prepared TTF-bis-CH,CH,CN 7 as starting material (Scheme 3)
[36-38]. TTF 7 was mono-deprotected using one equivalent of
CsOH-H,0, subsequent alkylation with the Mel to give TTF 8 in
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Fig. 3. Thermogravimetric analysis curves of PDI 5 and PDI 6 at a heating rate of 20 °C/min in oxygen.

85% yield. Then one equivalent of CsOH-H, 0 was used to deprotect
another cyanoethyl of TTF 8, subsequent excess of ethyl bro-
moacetate was used as electrophile to form TTF 9, yielding 79%.
Hydrolysis of the ester group in TTF 9 gave the monoacid TTF-
CO,H 10 in 82% yields, according to reported procedures [39,40].
This three-step transformation of bis-cyanoethyl TTF 7 into the
monoacid TTF 10 proved to offer the much easy-operating reac-
tions with common organic reagents [41]. TTF 9 was chosen as the
reference compound for further studies of triad 1 and triad 2.
Esterification reaction between TTF 10 and PDI 5 using dicy-
clohexylcarbodiimide (DCC) as the coupling reagent together with
4-(dimethylamino)pyridine (DMAP) and 1-hydroxybenzotriazole
(HOBT) afforded triad 1 [32], yielding 78%. With the similar reac-

tion process, triad 2 was synthesized in 55% yields. As the reaction
activity of aryl amine was much lower than the alkyl alcohol, the
synthesis of triad 1 was carried out at room temperature with a
shorter reaction time (48 h) while the synthesis of triad 2 was real-
ized in pyridine at 80-90 °C with longer reaction time (72 h) and a
lower yield.

3.2. Thermal stability of PDIs

Thermal analyses were studied by thermal gravimetric analy-
sis (TGA) to prove the excellent thermal stability of the functional
PDI 5 (Fig. 3a) and PDI 6 (Fig. 3b). The AH of these two compounds
implied no melting points for them but the decomposition temper-
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Fig. 4. The absorption spectra of PDI 3, PDI 5, PDI 6, triads 1 and 2 in CH,Cly,
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ature for both PDI 5 and 6. The degradative temperature range of
PDI 5 was 536-378 °C with a decomposition temperature of 412 °C,
and the degradative temperature range of PDI 6 was 540-415°C
with a decomposition temperature of 453 °C, with a heating rate
of 20°C/min in oxygen. The results were coincident with former
study [42] that the decomposition temperature N-aryl substituted
PDI dye was higher than N-alkyl substituted PDI dye, indicating that
the degradation of an aryl group occurred at a higher temperature
and the thermal stability of PDI 6 was better.

3.3. Electronic absorption

The UV-visible spectra of PDIs and triads showed a wide absorp-
tion in the visible range between 300nm and 700nm (Fig. 4,
Table 1). With tetrasubstitutions of p-t-butylphenoxy at the bay
region, PDIs were highly soluble in normal organic solvents, such
as CH,Cl,, CHCl3, ethyl acetate, acetone, DMF, toluene, pyridine. The
absorption curves of PDIs 3, 5, 6 were nearly identical. All of these
absorption curves exhibited the absorption maximum centered in
the small range of 578-583 nm, with characteristic absorptions of
perylene core near 540 nm and 450 nm. It is notable that despite
the colors of PDIs at solid state were different, their absorption
spectra in the same solvent were similar to the reported results
[42].

The absorption curves of the triad 1 and triad 2 exhibited not
only the similar characteristic absorption of PDI moiety, but also
a new absorption shoulder at 332 nm, which could attribute to
the TTF moiety by comparison with the TTF 9 and PDIs. Nei-
ther a new intramolecular charge transfer band above 600 nm nor

Table 1

The UV-vis absorption and fluorescence maximum wavelengths

Compound UV-vis? (nm) FL" (nm) AEg_o (eV)
PDI 3 578, 538, 451 610 2.09

PDI 5 583, 543, 455 618 2.07

PDI 6 579, 539, 451 613 2.10

TTF9 332 - -

Triad 1 583, 544, 453, 332 616 2.11

Triad 2 582, 542, 451,332 617 2.11

a UV-visible spectrum was obtained at a concentration of 10-> mol/L in CH,Cl,.
b Fluorescence spectra in CH,Cly, Aexc =540 nm, c=10-° mol/L.

Table 2

Maximum absorption wavelengths Amax (nm), molar extinction coefficients emax
(1mol~'cm~1), fluorescence quantum yields ® (Aexc =540 nm), radiative lifetimes
7o (ns) of PDI 3, PDI 5, PDI 6, triads 1 and 2 in CH,Cl,

Amax Emax D¢ To
PDI 3 578 39563 1 19.70
PDI 5 583 31141 0.78 24.64
PDI 6 579 33066 0.018 23.04
Triad 1 583 37531 0.072 21.71
Triad 2 582 52336 0.043 15.84

the intermolecular interaction between TTF and PDI units in the
300-500 nm range was observed in triad 1 and triad 2. In our pre-
vious work, a TTF and PDI dyad, the TTF was directly attached to
the bay region of PDI unit, which led to a totally different absorp-
tion curve and proved the internal charge transfer interaction taken
place in the molecular system. Hence, it could conclude that the
spatial separation of the electron donor and acceptor was the pri-
mary reason for the negligible charge transfer interaction in the
ground state.

3.4. Steady-state fluorescence and fluorescence lifetimes

The maximum absorption wavelengths Amax (nm, CHyCly),
fluorescence quantum yields @, radiative lifetimes 7y (ns) of
PDIs and two triads were listed in Table 2. The theoretical
radiative lifetimes 7y were calculated according to the for-
mula: 79=3.5 x 108V maxEmax Avy 2, Where vmax stands for the
wavenumber in cm™!, emax for the molar extinction coefficient at
the selected absorption wavelength and Avy, indicated the half-
width of the selected absorption in units of cm~! [43].

The emission spectra of all the PDIs and triads were excited
at Aexc =540nm with PDI 3 as the reference, as shown in Fig. 5
(Table 1). By comparison with the fluorescence spectrum of PDI
3, the fluorescence of PDI 5 was decayed in a slight degree while
the fluorescence of PDI 6 was quenched thoroughly. It was not diffi-
cult to find out the structure differences between PDI 6 with other
two PDIs. As N-aryl group is substituted with an electron donat-
ing group at para-position, the new molecular system would have
a donor-acceptor-donor-acceptor-donor combination. So a pho-
toinduced electron transfer (PET) interaction would happen in this
molecule [2]. Another important evidence for this PET interaction

550 —
500 —
450 —
400 —
350 -
300 -
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Fig. 5. The fluorescence spectra of PDI 3, PDI 5, PDI 6, triads 1 and 2 in CH,Cl,,
Aexc =540nm, c=10"> mol/L.
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was provided by the electrochemical study of PDI 6 and a new
oxidation potential was observed at 0.66v.

Without exception, the fluorescence intensities of triad 1 and
triad 2 were quenched almost quantitative. This phenomenon could
be ascribed to an intramolecular process due to two main reasons:
(1) the PET process is thermodynamically favorable as the calcu-
lated free energy (AGpgt) is estimated to be —1.00eV for triad 1
and triad 2 (calculated by the Rehm-Weller equation) [32,44,45];
(2) there was no spectral overlap of the absorption curve of TTF unit
and the fluorescence curve of PDI unit, hence the energy transfer
process from PDI* to TTF was prohibited according to the Forster
mechanism [33].

The fluorescence quantum yields of PDIs were reduced because
of the bis-substitution at the imide region. This result was in agree-
ment with earlier comment [46], that the fluorescence quantum
yield of perylene bis-substitution diimides was dominantly depen-
dent on the type of the substitution. The low fluorescence quantum
yield of PDI 6 indicated that perylene p-aniline diimide derivative
could be used as at photo electron transfer reactions.

The fluorescence decay curves of triads 1, 2 were shown in Fig. 6.
The technique of time correlated single photon counting was used
to record fluorescence lifetimes of the compounds, and measured
fluorescence lifetimes were offered (Table 3). The calculated flu-
orescence lifetimes 7; = 7o®Ps and the rate of fluorescence from
k¢ = 1/7; were presented in Table 3 as comparison.

The fluorescence decays of PDI 3 and 5 could be well-fitted by
the single-exponential decay component and the fluorescence life-
times were 6.28 ns and 5.97 ns, respectively. The fluorescence decay
curves of PDI 6, triad 1 and 2 were double-exponential and ana-
lyzed by using the standard method of iterative reconvolution and
non-linear least square fitting method. The fluorescence lifetimes
of PDI 6, triad 1 and 2 were consisted of a fast major component
(the intramolecular interaction between donor and acceptor) and
a decay minor component (PDI moiety). Take into account the facts
that the strongly quench of the fluorescence in PDI 6, triad 1 and 2
and the PET interaction might be the reason for this phenomenon,
the photoinduced electron transfer from the donor counterpart to

Table 3
The measured fluorescence lifetimes tr (ns)*, calculated fluorescence lifetimes z{
(ns) and fluorescence rate constants kg (103 s~1)

Compounds T¢ T ke
PDI 3 6.28 (100%) 19.70 0.5
PDI5 5.97 (100%) 19.20 0.5
PDI 6 0.26 (62.79%), 6.05 (37.21%) 0.42 23
Triad 1 1.72 (63.44%), 5.27 (36.56%) 1.56 6
Triad 2 0.45 (62.40%), 6.01 (37.59%) 0.68 14

2 The measured fluorescence lifetimes were obtained in CH,Cl,, ¢=10"> mol/L,
Eex =440 nm, Ee =616 nm, corresponding to the emission maxima of the PDI chro-
mophore in CH,Cl,.

the PDI moiety could be the rate-determining step, followed by the
fast charge recombination to the ground state. Comparing the flu-
orescence lifetimes of all the compounds, the reduced tendency of
fluorescence lifetimes would be deduced, which was in good agree-
ment with the fluorescence intensity reduction in CH,Cl,. As can
be seen from Table 3, the calculated fluorescence lifetimes of all the
compounds were in the same reduced tendency and similar to the
measured fluorescence lifetimes.

3.5. Chemical oxidation

The fluorescence intensity of the PDI moiety was strongly
quenched in triad 1 and 2, so, if the TTF units of triad 1 and 2 could
be oxidized chemically or electrochemically, the photoinduced
electron-transfer from TTF to PDI units could be hindered. The fluo-
rescence intensity of 1 and 2 could be increased. This approach has
been wide applied in recent year for the construction of new molec-
ular switches [28-31]. The chemical oxidation experiments were
carried out to test the potential of the triad 1 and triad 2 as the fluo-
rescence switches by adding excess of diacetoxyiodobenzene in the
presence of triflic acid (PhI(OAc),/CF3SO3sH) in CH,Cl, (Fig. 7) [47].
The fluorescence emission was recorded without any supplemen-
tary addition of oxidation reagent. Consequently, the fluorescence
intensity was gradually recovered at the TTF2*-PDI-TTF2* stage.
The fluorescence intensity reached a limit value after about 120 min
for triad 1 and 70 min for triad 2, it implied that triad 2 was easier to
be oxidated than triad 1, who was more stable than 2 in the excited
state, which was agreed with the fluorescence lifetime results. The
values of oxidative fluorescence intensity of triad 1 and triad 2 cor-
responded to around 35% and 58% of the fluorescence intensity of
PDI 3 recorded with the same experiment condition.

The reversible processes of triad 1 and triad 2 were studied
with adding excess zinc power to the solution in order to reduce
TTF2*-PDI-TTF2* into TTFO-PDI-TTF?, the fluorescence intensity of
both triads was quenched again and the initial fluorescence spectra
were almost completely recovered (Fig. 8). The chemical oxidation
and reduction paths clearly indicated that triad 1 and triad 2 could
be employed as the reversible fluorescence-redox switch with a
good solubility in organic solvents.

3.6. Electrochemistry

The cyclic voltammetry (CV) data of all compounds (triad 1, 2 PDI
3,5, 6 and TTF 9) were given in Table 4. Both of triads had two wide
one-electron reversible reduction position in the negative position,
due to the successive formation of the radical anion TTF-PDI*~-TTF
and dianion TTF-PDI2~ -TTF, respectively.

Two reversible TTF oxidation waves and one reversible PDI oxi-
dation wave were shown in the positive direction, corresponding
to the radical cation TTF**-PDI-TTF**, dication TTF2*-PDI-TTF2*
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Fig. 8. Fluorescence emission spectra of triad 1 (a) and triad 2 (b), after oxidation

and TTF2*-PDI*-TTF2*. The oxidation of PDI moiety was observed
in the TTF-PDI donor-acceptor molecular systems in CH,Cl, con-
taining 0.1 M n-BuyNPFg. Since the perylene moiety and the TTF
moiety in triad 1 triad 2 showed their individual electrochem-

Table 4
Electrochemical Data for triad 1, triad 2, PDI 3, PDI 5, PDI 6 and TTF 9 in CH,Cl,
Compound E12 red2®P E1jarea1®P E1j20x1"® E1j20x0*"® E1j20x3*"®
Triad 1 —0.88 -0.59 0.62 0.96 1.39
Triad 2 -0.87 -0.60 0.61 0.94 1.40

PDI 3 —-0.91 -0.60 - - 1.37

PDI 5 -1.03 -0.59 - - 1.40
PDI 6 -1.29 -0.60 0.66 - 1.41
TTF9 - - 0.61 0.94 -

2 The values (V) were recorded in CH,Cl; solution using nBusNPFg 0.1 M in CH,Cl,

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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and after oxidation and reduction paths (CH,Cly, ¢= 105 mol/L, Aexc =540 nm).

ical characteristics, it indicated that neither intramolecular nor
intermolecular interaction took place between both electroactive
moieties in the ground state and the result was matched that of
the UV/vis absorption. The HOMO orbital energies were calcu-
lated as HOMOy;j3q1 =—5.68 eV and HOMO,j,42 = —5.66eV from
cyclic voltammograms based on the value of 4.8 eV for Fc. Thus,
the LUMO orbital energies were obtained as LUMOjq1=—-3.71eV
and LUMOyj,q 2 = —3.69 eV with the equation AEg(eV) = 1240/A(nm).
The energetically minimized conformations of triad 1 (Fig. 9a) and
triad 2 (Fig. 9b) were calculated with Gaussian(R) 03 program [48].
It is notable that two TTF groups were exposed, which benefited for
them to take parts in redox processes [49].

The first reduction potentials of perylene units for all the com-
pounds were nearly identical (Table 4) and the corresponding
potentials of the radical anion were around —0.60V. The second
reduction potentials of perylene units were shifted, according to
pervious study [42], the difference on this reduction step was
attributed to the substituents effects at the imide region. The oxida-
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Fig. 9. Energetically minimized structures of triad 1 (a) and triad 2 (b), modeled using Gaussian(R) 03 program, gray = carbon; white = hydrogen; red = oxygen; blue = nitrogen;
yellow = sulfur.

tion potentials of PDIs became much lower than the unsubstituted substitutions made the perylene framework twisted and the elec-
PDIs (+2.32V to +2.85 V, respectively [32]), indicating that tetrasub- tron could be lost easily as the descent strength of delocalization
stituted p-t-butylphenoxy at the “bay” region made the perylene pathway for the 20 m-electron system. The energetically minimized
compounds much easier to be oxidated. It could be due to the conformations of PDI 5 (Fig. 10a) and PDI 6 (Fig. 10b) were offered

(a)

4

Fig. 10. Energetically minimized structures of PDI 5 (a) and PDI 6 (b), modeled using Gaussian(R) 03 program, gray = carbon; white = hydrogen; red = oxygen; blue = nitrogen.
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with Gaussian(R) 03 program [50], the twisted structure of pery-
lene framework was obtained because of the electrostatic repulsion
and steric effect among these four aryl substitutions.

4. Conclusions

Several highly soluble perylene compounds (PDI 3, PDI 5 and
PDI 6) were synthesized as well as TTF compounds (TTF 9 and
TTF 10). Two donor-acceptor-donor molecular systems, triads 1,
2, were afforded by combining PDIs and TTFs compounds. The sol-
ubility of PDIs was enhanced greatly because of tetra-substituted
p-t-butylphenoxy at the bay region, while the thermal stability
remained, which made these PDIs useful in material science. The
VU/vis absorption spectra of PDIs implied that the substituents are
not involved in the chromophore. The absorption spectra of triads
in solution were the addition of PDI and TTF units, indicating no
intramolecular charge transfer interaction for triad 1, 2 in their
ground state. The fluorescence spectra implied that the type of
the substitution of perylene bis-substitution diimides played an
important role in the fluorescence behavior. The PET interaction
was proved in the triad 1, triad 2 and PDI 6 by the fluorescence
spectra and theoretical calculation. Differences between the second
reduction potentials of PDIs were observed. The redox potentials of
the triads exhibited no shift compared to the individual PDI and TTF
also indicating no internal charge transfer interaction occurred in
triad 1, 2 in their ground state. The chemical oxidation experiments
indicated the fluorescence intensity was depending on the oxida-
tion state of TTF unit in triad 1, 2, which could be considered as new
kinds of fluorescence redox molecular switches with reasonable big
molecular weight, good solubility.
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