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a  b  s  t  r  a  c  t

Porphyrin–perylene  bisimide  dyad  containing  a triazine  group  as the  linker  was  synthesized  and  charac-
terized.  The  absorption  spectra  reveal  that  there  is  no appreciable  interaction  between  the  ground-state
porphyrin  and  ground-state  perylene.  The  fluorescence  spectra  illustrate  that  photoinduced  energy  trans-
fer takes  place from  the  excited  perylene  to  ground-state  porphyrin  moiety  when  excited  at  491  nm,  while
enhanced  photoinduced  electron  transfer  occurs  from  the  porphyrin  singlets  to  ground-state  perylene
moiety  in the  case  of  excitation  at  423  nm.  The  kinetic  analysis  indicates  that  a long-lived  perylene  triplet
eywords:
lectron transfer
nergy transfer
orphyrin
erylene
onor–acceptor system

state  (146  �s) forms  via  triplet–triplet  energy  transfer  from  the porphyrin  to  perylene  moiety,  showing
potential  applications  in  the  photodynamic  therapy.  These  photochemical  events  are  explained  with  an
energy-level  diagram.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

In the natural photosynthesis, sun-lights are absorbed by
hotofunctional chromophores and are funneled to realize the
iopolymer conversion and energy storage [1]. The essential pro-
esses are the efficient photo-induced energy and electron transfer
mong various singlets, triplet excited states and ground states
n the photosynthetic reaction center, which result in the for-

ation of the charge-separated excited states [1–3]. Studies of
hese processes have led to the development of photocatalysts and
olar energy conversion systems such as organic donor–acceptor
olar cells and dye sensitized solar cells [2,3]. Relative triplet
tates are capable to react with oxygen to produce highly reac-
ive oxygen species, which can destroy the tumor cells, springing
p the photodynamic therapy of cancers and other diseases [4].

mong various photofunctional chromophores, porphyrin-based
onor–acceptor arrays have received much interest owing to
tructural similarity of porphyrins to the natural light-harvesting

∗ Corresponding author at: School of Chemical Engineering, Tianjin University,
ianjin 300072, PR China. Tel.: +86 22 27400911; fax: +86 22 27892283.
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W.  Li).

010-6030/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jphotochem.2013.09.018
chromophores in the photosynthetic reaction centers [2]. The effi-
ciency of dye-sensitized solar cells fabricated with asymmetric
porphyrin derivatives has been reported as high as 12.3% by Grätzel
and co-authors [5]. Porphyrin derivatives have also been found
applications as the photosentisizers for the photodynamic ther-
apy of cancers, cardiovascular and ophthalmic diseases by effective
accumulation within tumor tissues [6], excitation with relative long
wavelength light (650–800 nm)  and effective generation of singlet
oxygen via their long-lived triplet states (several to about hundred
microseconds) [7,8]. Anthraquinones [9], fullerenes [10], oxadia-
zoles [11] and perylenes [12] are common electron acceptors in
porphyrin donor–acceptor systems due to their low LUMO  and
small reorganizational energies. Specially, the intense absorption
bands of perylene derivatives are between porphyrin’s Soret band
and Q bands, thus perylenes can enhance the absorption efficiency
of the sunlight and is thought to be a better acceptor candidate
[13,14].

Substituted perylenes were linked assembly or covalently to
the porphyrin directly [15,16] or indirectly through imide [17],
ether [18], or alkyne [19] group. It has been shown that the

linker affects the distance, angle, relative orientation and coupling
energies between the donor and the acceptor, which significantly
influence the photoinduced electron transfer and charge recombi-
nation processes [20]. Previously we  have investigated the optical

dx.doi.org/10.1016/j.jphotochem.2013.09.018
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2013.09.018&domain=pdf
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Scheme 1. Synthesis scheme of dyad HTPP–PDI. (a) TEA

roperties of porphyrin–anthraquinone and porphyrin–oxadiazole
yads bridged by various groups, among which the triazine linker
as found favoring intramolecular photoinduced electron trans-

er process from the excited donor to the acceptor moiety while
ffectively blocking the charge recombination process [21,22].
n this paper the triazine group was employed to link the por-
hyrin and perylene bisimide (Scheme 1) to explore the efficiency
f the triazine linker in other donor–acceptor arrays. Studies of
he intramolecular/intermolecular energy and electron transfer of
ynthesized dyad HTPP–PDI are discussed in detail. Long-lived
erylene triplet state was found with a lifetime as long as 146 �s,
howing potential applications in the photodynamic therapy.

. Experimental

.1. General

5,10,15,20-Tetraphenylporphyrin (HTPP),  5-(4-aminophenyl)-
0,15,20-triphenylporphyrin (HTPPa) and N-(1-hexylheptyl)
erylene-3,4,9,10-tetracarboxyl-3,4-anhydride-9,10-imide (HPDI)
ere prepared as reported [21,23,24]. All other reagents and sol-

ents were in reagent grade and further purified by the standard
ethods if necessary. Infrared spectra were recorded on a
ICOLET380. 1H NMR  spectra were obtained on a Varian INOVA-
00MHZ superconducting spectrometer. FAB and ESI mass spectra
ere obtained on an Autoflex Tof/Tof III mass spectrometer

nd microOTOF-Q II mass spectrometer, respectively. Absorp-
ion spectra were taken on a NicoIet Evolution 300 UV–visible
pectrometer. Fluorescence spectra were recorded on a Varian
CLIPSE fluorospectrophotometer. Electrochemical properties
ere measured using a BAS 100 W electrochemical analyzer and
erformed in a three-electrode cell. A glassy carbon electrode

as used as working electrode, Ag/AgNO3 electrode as reference

lectrode and platinum as auxiliary electrode. The scan rate was
00 mV/s. Dichloromethane with 0.05 mol/L tetrabutylammonium
exafluorophosphate (TBAPF6) was employed as the medium for
-rt, 1 h; (b) imidazole, 130 ◦C, 5 h; (c) N2, NaH, 80 ◦C, 4 h.

all the cyclic voltammetric experiments. Nanosecond transient
absorption spectra were carried out by LP920 laser-flash photolysis
apparatus with, a Nd:YAG laser (532 nm)  as the exciting source
and a pulsed xenon flash lamp as monitor light. All solutions
were purged using nitrogen gas prior to the transient absorption
spectral determination and electrochemical measurement.

2.2. Synthesis

2.2.1. N-(1-Hexylheptyl)-N′-phenyl
perylene-3,4,9,10-tetracarboxylbisimide (PDI)

In a 100 mL  round-bottom flask, HPDI (100 mg,  0.174 mmol),
phenylamine (162 mg,  1.74 mmol) and imidazole (2.00 g,
29.3 mmol) were added to 35 mL  toluene. The solution was
refluxed for 8 h. The reaction mixture was  cooled to room tem-
perature upon which 25 mL  water was  added. The aqueous
fraction was  separated, and then re-extracted three times with
dichloromethane. All organic fractions were combined, dried over
MgSO4 and then stripped of solvent. Purification of the product by
column chromatography over silica gel (CH2Cl2) gave PDI as red
solid (63.2 mg,  56.3%). MALDI-TOF-MS (m/z): 649.682 [M+H]+.

2.2.2. N-(1-Hexylheptyl)-N′-(4-amino)phenyl
perylene-3,4,9,10-tetracarboxylbisimide (PDIa)

In a 100 mL  round-bottom flask, HPDI (900 mg,  1.53 mmol), 1,4-
diaminobenzene (1.65 g, 15.3 mmol) and imidazole (20 g, 0.3 mol)
were stirred 5 h at 130 ◦C under nitrogen. The reaction mixture
was cooled to room temperature, and then dispersed into 200 mL
ethanol. Afterwards 200 mL  2 M HCl was added to the mixture, fol-
lowed by stirring overnight. The dark red precipitate was  filtered

and rinsed thoroughly with water, and dried at 80 ◦C to give 760 mg
(74.9%) of red solid. FT-IR (cm−1): 3432, 3378, 2953, 2925, 2855,
1698, 1657, 1594, 1507, 1406, 1360, 1250; ESI-MS (m/z): 664.3168
(M+H)+.



X. Zhou et al. / Journal of Photochemistry and Ph

Table  1
Half-wave redox potentials (V vs SCE), HOMO (eV) and LUMO for synthesized por-
phyrin and perylene compounds in dichloromethane.

Compound E1/2
−/2− E1/2

0/− E1/2
+/0 E1/2

2+/+ HOMO LUMO

HTPP −1.69 −1.32 0.96 1.34 −5.70 −3.42
HTPPa −1.70 −1.35 – – – −3.39
HTPPt −2.03 −1.45 1.01 1.42 −5.75 −3.29
PDI  −0.99 −0.69 1.71 – −6.45 −4.05
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of porphyrin moiety overlaps with the absorption band of perylene
moiety in the region of 450–560 nm,  leading to three absorption
maxima at 460, 493 and 529 nm [32]. The weak absorption maxima
at 594 nm and 651 nm are the rest of Q band of the porphyrin moiety
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1.27
0.94

-0.69

-0.92

-1.71
-1.35
PDIa −0.93 −0.69 – – – −4.05
HTPP–PDI  −0.92 −0.69 0.94 1.27 −5.68 −4.05

.2.3. 5-(4-(3,5-Dichloro triazine)
minophenyl)-10,15,20-triphenylporphyrin hydrochloride
HTPPt)

HTPPa (25 mg,  0.04 mmol) dissolved in THF (1.0 mL)  was  added
nto solution of cyanuric chloride (7.3 mg,  0.04 mmol) and triethyl-
mine (TEA) (4.8 mg,  0.048 mmol) in THF (2.0 mL)  at 0 ◦C. After
tirring at 0 ◦C for 10 min, the solution was warmed to and then kept
t room temperature. After the reaction completed by monitoring
ith thin layer chromatography (TLC), the solvent was removed

y rotary evaporation. The residue was purified by column chro-
atography on silica gel. A blue violet solid (29 mg)  yielded (90.6%).

H NMR  (CDCl3, ppm), ı: 8.92–8.91 (d, J = 4.8 Hz, 2H, C4H5N �-H),
.88–8.86 (d, J = 6.0 Hz, 6H, C4H5N �-H), 8.24–8.19 (m,  8H, C6H5),
.01–7.99 (d, J = 8.0 Hz, 2H, C6H5), 7.79–7.74 (m,  10H, C6H5,
NH·HCl), 7.45 (s, 1H, NH), −2.72 (s, 2H, NH); ESI-MS (m/z): 814.4

M+HCl)+, 777.4 (M+H)+.

.2.4. 5-{4-[3-Chloro-5-(N-(1-hexylheptyl)-N′-(4-amino)phenyl
erylene-3,4,9,10-tetracarboxylbis-imide)triazine]
minophenyl}-10,15,20-triphenyl porphyrin (HTPP–PDI)

To a suspension of PDI (60 mg,  0.09 mmol) in dry DMF  (15 mL)
as added NaH (2.1 mg,  0.09 mmol) at 0 ◦C. As the mixture reached

oom temperature, HTPPt was added. Then the mixture was  heated
o and kept stirring at 80 ◦C under nitrogen for 4 h. The solvent was
emoved under reduced pressure and the residue was purified by
olumn chromatography on silica gel. Yield of product HTPP–PDI
as 40 mg (33%). 1H NMR  (CDCl3, ppm), ı: 8.89–8.56 (m,  12H),

.19–7.47 (m,  23H), 7.25–7.27 (m,  4H), 5.14 (s, 1H), 2.20 (s, 4H),

.97 (s, 4H), 1.59 (s, 4H), 1.27 (s, 8H), 0.86 (s, 6H), −3.53 (s, 2H, NH);
ALDI-TOF-MS (m/z): 1404.409 (M+H)+.

. Results and discussion

.1. Electrochemical properties

The electrochemical data for synthesized porphyrin and pery-
ene derivatives are summarized in Table 1. HTPP shows two
eversible oxidation waves (0.96 and 1.34 V vs SCE in CH2Cl2)
nd two reversible reduction waves (−1.32 and −1.69 V vs SCE
n CH2Cl2). The first oxidation potential is in consistence with
he reported data (0.99 V vs SCE in CH2Cl2) [25]. HTPPa only
xhibits two  reversible reduction waves due to the instability of
mino group, which gives little effect on the reduction potentials
f HTPP.  However, 4,6-dichloro-1,3,5-triazineamine group in com-
ound HTPPt can obviously increase the oxidation potentials and
ecrease the reduction potentials due to its electron withdrawing
nd steric effects. PDI shows one reversible oxidation wave (1.71 V
s SCE in CH2Cl2) and two reversible reduction waves (-0.99 and
0.69 V vs SCE in CH2Cl2). The first redox potentials, which were

alculated as −1.14 and 1.26 V vs Fc/Fc+, are consistent with the
eported values of N,N′-dialkyl or diaryl perylene derivatives (at ca.

0.98 and 1.21 V vs Fc/Fc+ in CH2Cl2) [26], indicating little effect of

he N,N′ substituents on the redox potentials even in asymmetric
erylene derivatives. This is due to the location of the LUMO (and
OMO) on the core [26], the orbital energies being modified by
otobiology A: Chemistry 274 (2014) 57– 63 59

inductive effects of N,N′ substituents relayed via the imide nitrogen
atoms. So it is reasonable that PDIa also shows similar reduction
potentials.

When HTPP and PDI were linked by a triazine group, the redox
potentials of the resulted dyad HTPP–PDI exhibit only a little
change in comparison with porphyrin and perylene derivatives. As
shown in Fig. 1, the dyad shows four reversible reduction waves
(−1.71, −1.35, −0.92 and −0.69 V vs SCE in CH2Cl2), of which the
first two reduction potentials agree with those of perylene deriva-
tives and another two  correspond to those of porphyrin derivatives,
together with two reversible oxidation waves (0.94 and 1.27 V
vs SCE in CH2Cl2), which are in consistence with the oxidation
potentials of porphyrin derivatives. These data suggests that the
porphyrin and perylene continue to behave as discrete units, indi-
cating the linkage between the two moieties lacks a continuous
delocalization pathway. This will be further confirmed by steady-
state absorption spectra.

The HOMO and LUMO energies can be calculated with the redox
potentials according to de Leeuw equation [27] and also listed in
Table 1. Both HOMO and LUMO levels of porphyrin derivatives are
higher than those of perylene derivatives, indicating a possible elec-
tron transfer from porphyrins to perylenes. This is in consistence
with the literatures [12–20,28–30]. For the dyad HTPP–PDI, the
HOMO locates on the porphyrin moiety while the LUMO locates on
the perylene moiety, which is not overly surprising considering the
orbital energies of the two moieties.

3.2. Steady-state absorption properties

The steady-state absorption spectra of the dyad along
with HTPPt, PDI, and their 1:1 mixture (HTPPt + PDI) in
dichloromethane are shown in Fig. 2. Compound HTPPt shows
a 2 nm blue-shift of the absorption spectrum together with a
little increase in the absorbance as comparing with compound
HTPP due to the induction and steric effect of 4,6-dichloro-1,3,5-
triazineamine group. This is in accordance with the increased
HOMO–LUMO energy gap from HTPP (2.28 eV) to HTPPt (2.46 eV).
So HTPPt was  used to discuss the interaction between both units.
The band at about 420 nm is the Soret band of the porphyrin moiety,
which is an a1u(�)→eg(�*) electron transition, assigned to the sec-
ond excited state S2 generated by �→�*  transition [31]. The Q-band
-2 -1 0 1
Poten tial  (V)

Fig. 1. Cyclic voltammetry curve of dyad HTPP–PDI in CH2Cl2 (vs SCE).
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Fig. 3. Fluorescence emission spectra of HTPPt (a), PDI (b), HTPP–PDI (c) and 1:1

T
T

ig. 2. Steady-state absorption spectra of HTPPt (a), PDI (b), HTPP–PDI (c) and 1:1
ixture of HTPPt and PDI (HTPPt + PDI) (d) in dichloromethane (5 × 10−6 mol/L).

31]. The absorption spectrum of the dyad is identical with the sum
f the spectra of HTPPt and PDI and greatly matches the solar spec-
rum. Same result was also obtained with the mixture. That is saying
hat, in the ground-state, the intermolecular nonbonding interac-
ion and intramolecular through bonding interaction between both

oieties are very weak so that we can ignore them. In another
ords, the porphyrin and perylene moieties in the dyad behave

ame as the discrete unites, in agreement with the electrochemical
roperties.

.3. Steady-state fluorescence spectra

Fig. 3a shows the fluorescence emission spectra of the dyad,
long with that of HTPPt,  PDI and their 1:1 mixture (HTPPt + PDI)
xcited at 423 nm.  HTPPt has a strong absorption at 423 nm while
he absorption of PDI is very weak. Accordingly, the fluorescence
f HTPPt is intense, which is almost the same as HTPP [21,22]. It
s noted as two bands at 651 and 717 nm,  which were also found
n the spectrum of the dyad. But the fluorescence of the dyad was
uenched by about 55% in comparison with that of HTPPt at same
oncentration, whereas little changes in the fluorescence intensity
f the porphyrin moiety were showed in the mixture (HTPPt + PDI).
hese results indicate the possibility of intramolecular photoin-
uced energy and/or electron transfer from excited HTPP to PDI

n the dyad, whereas the intermolecular interaction between both
nites are so weak that it can be ignored. This is because of differ-
nt distances, angles and relative orientations of two  modules in
wo cases. Furthermore, two bands of weak fluorescence from PDI

ecrease either in the dyad or in the mixture, which can exclude the
hotoinduced energy transfer from excited porphyrin to perylene.

To explore the photophysical processes from the excited PDI
o HTPPt,  the fluorescence spectra at the excitation wavelength of

able 2
ime-resolved fluorescence lifetimes � (ns) of investigated compounds (5 × 10–6 mol/L).

Compound Emission lifetime, (fraction %)

In dichloromethane 

PDI (�em = 541 nm)  HTPP (�em = 659 nm

HTPP – 8.25 

PDI  3.23 – 

HTPP + PDI 3.20 2.46 (6.9%) 

8.25  (93.1%) 

HTPP–PDI  0.64 (17.7%) 1.52 (16.9%) 

3.11  (82.3%) 8.11 (83.1%) 
mixture of HTPPt and PDI (HTPPt + PDI) (d) in dichloromethane (5 × 10−6 mol/L).
Excitation wavelength: 423 nm (top) and 491 nm (bottom). The insert is the fluo-
rescence excitation spectrum of HTPPt at the emission wavelength of 650 nm.

491 nm,  where PDI has a strong absorption, were further deter-
mined. As shown in Fig. 3b, the emission spectrum of their mixture
is almost the same as the sum of the spectra of both, except for a
little reduction of the fluorescence from PDI. But in the dyad, the
emission intensity from perylene moiety was  quenched about 34%
as compared to PDI. Concurrently the intensities at 651 and 717 nm
were found to increase by about four times compared to HTPPt.
Since the electron transfer from the perylene to the porphyrin is
forbidden, the increased emissions from the porphyrin moiety of
the dyad can be only explained by photoinduced through bond-
ing energy transfer from the perylene to the porphyrin, which is
accompanied with the decrease of emissions from perylene moiety.
This is a Forster energy transfer indicated by the excitation spec-
trum of HTPPt at emission wavelength of 650 nm (see the insert
of Fig. 3). Since the levels allowed, a hole transfer process from the
HOMO of the perylene to that of the porphyrin cannot be ruled out
completely.
3.4. Kinetic analysis

Fig. 4 provides the time-profiles for the decay of the perylene
moiety at 541 nm and the porphyrin moiety at 651 nm in the dyad at

In toluene

)  PDI (�em = 541 nm) HTPP (�em = 659 nm)

10.44
4.20

4.20 4.19 (6.0%)
10.36 (94.0%)

1.87 (15.7%) 2.85 (13.1%)
3.66 (84.8%) 10.04 (86.9%)
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Fig. 4. Fluorescence decay profiles of HTPPt (green dot), PDI (blue dot), HTPP–PDI
(solid) and 1:1 mixture of HTPPt and PDI (HTPPt + PDI) (dash) in dichloromethane
(5  × 10−6 mol/L). Excitation wavelength: 459 nm;  emission wavelength: 659 nm
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Fig. 5. Transient absorption spectra of HTPP (a) and HTPP–PDI (b) in
dichloromethane (5 × 10−6 mol/L) at different times after flashing at 532 nm under
nitrogen atmosphere. The (c) is the decay curves of HTPP–PDI at 440 (©) and 500
(�) nm together with blue fitting lines. (For interpretation of the references to color
top) and 541 nm (bottom). (For interpretation of the references to color in this
gure legend, the reader is referred to the web  version of the article.)

n excitation wavelength of 459 nm.  Both 1HTPPt*  and 1PDI* follow
onoexponential decay process with the calculated lifetimes of

.01 and 3.22 ns, respectively (Table 2). These are consistent with
he reports [33,34], showing that most 1HTPPt*  molecules undergo
ntersystem crossing to 3HTPPt* and most 1PDI* molecules relax
y the solvation. In the 1:1 mixture (HTPPt + PDI), the presence of
TPPt does not change the decay process and emission lifetime
f PDI, whereas the presence of PDI causes a two-order kinetic
ecay of the fluorescence from HTPPt.  The minor fast component
6.9%) may  be due to the weak intermolecular electron transfer
ccording to previous discussions. Higher electron transfer rate
ntramolecularly than intermolecularly increases the fast compo-
ent to 16.9% in the dyad, yielding the charge-separated excited
tate, HTPP•+–PDI•–. It is noted that the perylene fluorescence
rom the dyad also follows a biexponential decay equation with
ifetimes of 0.64 and 3.11 ns. The fast process is attributed to the
ntramolecular photoinduced hole transfer from excited perylene
o porphyrin and the slow one to the salvation relaxation of the
xcited perylenes. The shorter time constant (3.11 ns) than that of
DI (3.23 ns) confirms the Forster energy transfer from the excited
erylene to the porphyrin. The results obtained with toluene solu-

ions (Table 2) are similar, except that the lifetimes are longer in
oluene than in dichloromethane.

Furthermore, the 1HTPP* fluorescence decay process is com-
rised of two decay pathways. The first is the charge separation
in  this figure legend, the reader is referred to the web version of the article.)

pathway with a lifetime of 1.52 ns and the second is the intersystem
crossing pathway with a lifetime of 8.11 ns. It is worth mentioning
that the fast charge separation pathway contributes only 16.9% of
the entire decay. This smaller contribution from the faster decay
pathway was also observed previously in other donor–acceptor
systems [35–37]. The relative contribution from different compet-
ing decay pathways depends not only on the decay lifetime but

also on the population leading to a specific decay pathway, which
is determined by the factors such as the free energy change and
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ig. 6. Energy-level diagram and photophysical processes of dyad HTPP–PDI.

eorganization energy between the excited state and the relaxed
tate.

Fig. 5 gives the nanosecond transient absorption spectra and
elative time-dependent decay profiles. The toluene solution was
sed because the dichloromethane solution turns quickly from red
o green upon exposure to the laser pulse, indicating the destroy of
he dyad by the radical cations (CH2Cl•+) and carbocations (CH2Cl+)
erived from the solvent [38]. The spectra in Fig. 5a show the fea-
ures of pure 3HTPP* and corresponding ground-state bleaching
t 520, 550 and 590 nm because 1HTPP*  and stimulated emis-
ions are no longer present after 4 �s upon irradiation based on
he fluorescence decay spectra and literature [39]. In Fig. 5b, the
eature in the range of 620–800 nm contains contributions of por-
hyrin radical cation HTPP•+, perylene radial anion PDI•– and
HTPP*.  Since 3HTPP* could not completely quenched by the oxy-
en experimentally, their absorptions overlap the absorptions of
he charge-separated excited state, leading to a difficulty to analyze
he lifetime of PDI•– and HTPP•+.

Then the spectral changes of perylene transient species were
nvestigated. The dyad exhibits typical absorption of triplet excited
tate (3PDI*) at about 500 nm [40], which is negligible in direct
xcitation via intersystem crossing of 1PDI* [41], accompanied by a
ronounced feature at 530 nm,  which is attributed to the bleaching
f perylene ground state (0,0) absorption [28]. The decay over time
t 500 nm (Fig. 5c) appears to be monoexponential with a 3PDI*
ifetime of 146.5 �s. The absorption of the dyad at 440 nm,  which
ollows a monoexponential decay kinetics with a lifetime of 53.6 �s
Fig. 5c) and can be quenched by the introduction of oxygen, is
ssigned to 3HTPP*  (52.6 �s for HTPP solution). The quantity of
HTPP* was found relative small in the dyad in comparison of the
nitial difference absorptions at 440 nm in Fig. 5a (0.0618) and b
0.0130).

An interesting phenomenon is showed in Fig. 5b that the absorp-
ions of 3PDI* at 500 nm and perylene ground state bleaching
t 530 nm still rise at 4 �s after irradiation, which was  found
ogether with the reduced absorption in 600–800 nm.  This increas-
ng absorption of 3PDI* at 4 �s is indicative of a triplet–triplet
nergy transfer from the porphyrin to the perylene moiety because
ll stimulated emissions from the dyad that might cause the bleach-
ng of the perylene ground state have decayed out after 4 �s upon
rradiation based on the fluorescence decay spectra.

The energy of charge-separated excited state, HTPP•+–PDI•–, is
stimated by the offset of the HOMO level of HTPP (0.66 eV) and

UMO level of PDI (−0.79 eV). Perylene bisimide triplets have been
eported to have an energy as low as 1.2 eV [42], much lower than
he energy of the charge-separated excited state. Then the photo-
hysical mechanism is schematized in the energy-level diagram of

[
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Fig. 6. Since the energy level of HTPP•+–PDI•– is higher than those
of triplet species, decay of HTPP•+–PDI•– to 3PDI* or 3PDI* forms
through spin inversion [19] is allowed.

4. Conclusions

In conclusion, the porphyrin–perylene dyad linked by a triazine
group was successfully synthesized and showed an intramolecular
photoinduced energy transfer from the perylene singlet to the
porphyrin moiety, followed by an enhanced photo-induced elec-
tron transfer from the porphyrin singlet to the perylene moiety,
thus resulting in the formation of the charge-separated state
HTPP•+–PDI•−, which decays to the ground state via triplets.
Though the lifetime of HTPP•+–PDI•– may  be relatively long, the
photo-induced electron transfer is not efficient. In comparison to
HTPP,  the absorption of 3HTPP*  is very weak in dyad with a life-
time of 53.6 �s, close to that of HTPP. But the lifetime of 3PDI* was
found as long as about 146 �s, showing potential applications in
the photodynamic therapy.
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