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ABSTRACT: Two visible light-harvesting perylenebisimide (PDI)-[60]fullerene (Cg,) systems, dyad P1 with one Cg, unit and
triad P2 with two Cg, units, have been synthesized. Both systems are axially symmetrical with a rigid biphenyl linker, ensuring a
relatively fixed spatial distance between the donor and acceptor, preventing through-space interaction, and enhancing energy
transfer. Steady-state and transient spectroscopy, electrochemistry, as well as theoretical calculations have been used to
investigate the electrochemical and photophysical properties of the two systems. Steady-state and time-resolved spectroscopy
demonstrate that the excited state is featured by an efficient intramolecular energy transfer from PDI to Cg,. Then, the high
efficient intrinsic intersystem crossing of Cg, eventually leads to the production of the triplet C4, The extensive visible light
absorption of PDI in the range of 400—650 nm and the final localization of the excited energy at the triplet C4, make these
compounds ideal singlet oxygen inducers. Further investigation shows that the photooxidation capability for both compounds is
significantly enhanced with respect to either PDI or Cg, and even better than that of the commonly used triplet photosensitizer
methylene blue (MB). The double Cy, moieties in P2 display a better result, and the photooxidation efficiency of P2 increases
1.3- and 1.4-fold compared to that of P1 and MB, respectively. The combination of a light-harvesting unit with an intersystem
crossing unit results in a highly efficient photooxidation system, which opens up a new way to triplet photosensitizer design.

B INTRODUCTION

In recent decades, fullerenes and their derivatives have gained
increasing attention because of their special photophysical
features such as low excited state, low reduction potential,l
good thermal stability,” as well as low cost and environmental
friendliness.” In particular, because of the conjugated z-network
covering the entire molecular surface,* fullerenes exhibit
important photophysical characteristics, i.e., high intrinsic
intersystem crossing (ISC) efficiency,"”* which results in a
high triplet state yield (~1). The triplet fullerenes, whose long
lifetimes benefit energy storage, have been verified as good
sensitizers of singlet oxygen used in photodynamic therapy.”’
However, the weak absorption in the visible range imposes a
significant limitation on the application of fullerenes. In natural
photosynthesis, the photon energy is utilized efficiently through
energy or electron transfer from the light-harvesting antenna
pigment to the reaction center and has proven to be of high
quantum yield. Inspired by the natural system, molecules
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exhibiting high extinction coefficients in the visible region have
been connected to fullerenes as light-harvesting antennas.”* "¢

Similarly, the energy can be utilized by the artificial systems
comprising an antenna moiety and a fullerene motif through
two pathways, i.e., charge separation and energy transfer. In the
case of charge separation, the dye moieties such as porphyrin
derivatives'”'® and oligothienyls'”*" should have the first
reduction potential lower than that of fullerenes besides their
good spectral matching, whereas in the case of energy transfer,
both moieties should possess similar reduction potentials. To
finish the energy transfer from dyes to fullerenes, the excited
state level of the former, such as subphthalocyanines,”" should
be closer to but somewhat higher than that of the latter. Both
mechanisms have been applied in different fields, for example,
charge separation in photovoltaic systems’”*’ and energy
transfer in photosensitized reactions. ' *'®**
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Figure 1. Molecules synthesized and studied in the present work.

Scheme 1. Synthetic Procedures for P1-P4“
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“(a) Boc,0, 1,4-dioxone, Ar, rt, 24 h, 85%; (b) BrCH,CO,Et, K,CO;, DMF, Ar, 1t, 12 h, 68%; (c) C4, HCOCO,Et, ODCB, Ar, 150 °C, 4 h, 35%;
(d) TFA, CHCL,, Ar, rt, 2 h, 95%; (e) 4, imidazole, CHCl,, Ar, 80 °C, 3 d; then aniline, Ar, 80 °C, 24 h, P1 (36%) + P4 (38%); (f) 4, imidazole,

CHCL,, Ar, 90 °C, S d, 44%.

Perylenebisimides (PDIs) are well-known chromophores
combining high quantum yield of photoluminescence with
excellent photochemical and thermal stability and have been
successfully used in field-effect transistors,” electroluminescent
devices,”® and solar energy conversion areas.””*® Moreover,
PDIs are characteristic of low reduction potential close to that
of [60]fullerene (Cgy),”””” which makes them ideal for
fundamental studies to address photoinduced energy transfer
in new donor—acceptor systems. In addition, PDI derivatives
and related compounds are known to exhibit strong two-

photon absorption,”””" which extends the excitation light to the
NIR region and are of interest for biological applications.

In this study, we designed and synthesized two axially
symmetrical rigid visible light-harvesting systems, PDI-[60]-
fullerene dyad P1 (PDI-Cyy) and triad P2 (Cg-PDI-Cg)
(Figure 1), investigated their photophysical properties through
steady-state and transient spectra, electrochemistry, and
theoretical calculations, and further explored their photo-
oxidation capability. In previous studies, flexible linkages
between the PDI and fullerene subunits have been used in
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most cases, leading to complex dynamic processes owing to the
varying distances between PDI and Cg, units in different folded
and extended conformers.””™** It has been reported that rigid
spacers between porphyrin and Cg could prevent through-
space interaction and enhance electron transfer.’”*° Inspired by
this, a rigid bridge (biphenyl) was employed between PDI and
Cgo in the present work to ensure a relatively fixed spatial
distance between the donor and acceptor. For the photo-
physical processes to be simplified further, the PDI and C,
were connected through the nitrogen atoms of the full-
eropyrrolidine and perylenebisimide moieties with a biphenyl
linker, where the axially symmetrical structure would lead to a
more efficient energy and/or electron transfer between PDI
and Cg,.*® Previously, to increase photon-harvesting capability,
more PDIs have been attached to one Cyy;*” however, this
protocol inevitably leads to a slightly lower energy-transfer
efficiency than that with one PDI moiety due to the long
triplet-state lifetime of the Cg4, moiety (40 us)’ during which
period PDI would not transfer energy to Cgq, but rather would
undergo fluorescence emission within lifetime at the nano-
second level. Taking this into consideration, we deliberately
attached the second Cg, moiety to PDI, providing a triad Cgp-
PDI-Cg, that possessed two pathways to receive the excited
energy of PDL

B RESULTS AND DISCUSSION

Synthesis. Besides target molecules P1 and P2, P3 and P4
were also synthesized as reference compounds (Scheme 1).
The strategy employed for the preparation of P1, P2, and P4 is
based upon the efficient amidation reaction of 3,4,9,10-
perylenetetracarboxylic dianhydride (PDA). The initial effort
was focused on the synthesis of fulleropyrrolidine 4 with amino
as the terminal group, which was produced by deprotection of
P3. Compound P3 was prepared by the 1,3-dipolar cyclo-
addition of the azomethine ylide generated in situ from the
condensation of amino acid ester 3 with glyoxylic acid ethyl
ester to Cg, as outlined in Scheme 1. First, Boc,O was selected
to protect one of the amino groups of benzidine 1 in 1,4-
dioxane at room temperature for 24 h under argon atmosphere,
giving 2°” in 83% yield. Then, 2 was reacted with ethyl
bromoacetate in DMF with K,CO; as a base at room
temperature for 12 h to provide 3 in 68% yield. After reaction
of 3 with glyoxylic acid ethyl ester and Cg in o-dichlorobenzene
(ODCB) at 150 °C for 4 h, Boc-protected fulleropyrrolidine P3
was isolated in 35% yield. The Boc-group could be easily
removed by TFA in CHCl; at room temperature within 2 h to
afford 4 in 95% yield. PDA and its monoanhydride derivatives
have strong adsorption on a silica gel column when separated
by column chromatography. For the adsorption to be avoided,
P1 was synthesized by cross-condensation of aniline, full-
eropyrrolidine 4, and PDA §. The mixture was stirred in CHCl,
with imidazole as the base afforded P1 as the target product in
36% yield along with P4 as a reference compound in 38% yield.
P2 was similarly synthesized in 44% yield by the amidation
reaction of § with 2.5 equiv of fulleropyrrolidine 4 at 90 °C for
S days.

The introduction of the tert-butylphenoxy groups at the
perylene bay region greatly improved the solubility of
compounds P1 and P2, thus allowing their full spectroscopic
and electrochemical characterization. The IR spectra of P1 and
P2 showed characteristic absorption of Cg, at approximately
530, 580, and 1175 cm™, respectively, and the characteristic
absorption pattern of the perylene skeleton with bands at

approximately 1500 and 1590 cm™. The "H NMR spectra of
P1 and P2 in CDCl; also gave all expected signals, such as
those corresponding to the perylene skeleton protons (two
singlets at 8.25 and 8.29 ppm for P1 and a singlet at 8.29 ppm
for P2) and methine protons of the pyrrolidine ring (a singlet
at 6.57 ppm for both P1 and P2). In the *C NMR spectra of
P1 and P2, no more than 27 peaks were seen in the 135—154
ppm range for the sp” carbons of the Cy, cage, and one peak at
~71 ppm for the sp® carbons of the Cg, skeleton, which is
consistent with the molecular symmetry of C, for P1 and C,,
for P2. The structures of P1 and P2 were also characterized by
MALDI-TOF mass spectroscopy with molecular peaks at m/z
2116.5893 and 3098.6865, respectively. Full characterizations of
the reference compounds P3 and P4 were similarly achieved
due to their good solubilities.

Steady-State Absorption and Emission. The UV—vis
absorption spectra of P1 and P2 in toluene are shown in Figure
2a. For comparison, the spectra of the reference compounds P3
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Figure 2. (a) UV—vis absorption spectra of P1 (dashed line), P2
(dotted line), P3 (dashed-dotted-dotted line), and P4 (solid line) in
toluene (¢ = 1.0 X 107> mol L™"). (b) Fluorescence of P1—P4 in
toluene (excited at 450 nm, ¢ = 1.0 X 107 mol L™ for P1, P2, and P4
and ¢ = 1.0 X 107 mol L™ for P3). For clarity, the emission intensity
of P4 was divided by 10.

and P4 are also included. Compounds P1 and P2 revealed
strong absorptions at 535 and 575 nm and relatively weak
absorption around 448 nm that came from the PDI moiety,
together with strong absorption in the UV region from the Cq
moiety. The UV—vis spectra of P1 and P2 were essentially the
superimposition of reference compounds P3 and P4 in a 1:1
and 2:1 ratio, respectively, implying that the electronic
interactions between Cg, and PDI moieties in both P1 and
P2 were negligible at the ground state. The UV—vis absorption
spectra of P1—P4 in the solid state were also investigated and
are shown in Figure Sla. Compared with the spectra in solution
at low concentration, broader absorption spectra were observed
for all four compounds.

Chromophore PDI has been investigated widely for its high
emission efficiency.”® Herein, the fluorescence spectra of the
four compounds in toluene have been measured and are shown
in Figure 2b. From the results, it can be found that P1, P2, and
P4 exhibited similar spectral profiles with characteristic features
of the PDI unit. However, the luminescence of P1 at 603 nm is
largely quenched (96%), suggesting that the excited singlet
state of the PDI moiety (‘PDI*) was quenched by the Cg
moiety via photoinduced energy transfer’”*****° and/or
electron transfer.””*>*'~* The luminescence quenching of
approximately 98% for P2 at 603 nm indicated a more efficient
quenching of the perylenebisimide fluorescence in the system
containing two fullerene units. It is interesting to note that a
more efficient fluorescence quenching (>96%) for P1 and P2
was observed compared to that (~88.4%) for a similar
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compound with a flexible linker between Cg, and PDL>® When
excited at 450 nm, P3 exhibited a weak emission at 709 nm
arising for the fullerene chromophore. However, this emission
band was not observed in both P1 and P2 due to the weak
visible light absorption and low fluorescence yield of Cg** as
well as the overlapping by the fluorescence emission of PDL
The fluorescence spectra of P1, P2, and P4 in tetrahydrofuran
(THF), which has a very different polarity compared with
toluene, were also measured (see Figure S2), and no apparent
change was observed in the emission peak positions. The low
solvent effect indicated the formation of a neutral excited state
because charge-separated states are normally characterized by
significant emissive response to solvent polarity.*** Thus, the
emission quenching observed here should be ascribed to the
intramolecular energy transfer from PDI to Cg, It can be
predicted that the energy-transfer process would eventually lead
to the formation of the triplet C4 due to its high ISC
efficiency,"”” which resulted in high triplet state yield (~1). The
fluorescence spectra of the four compounds in the solid state
were also measured, and are shown in Figure S1b. Compared
with the spectra in solution at low concentration, the emission
peak of P4 was shifted to 680 nm, whereas no emission bands
were observed for P1—-P3 in the solid state under the same
measured conditions.

Electrochemical Studies. C, as one of the best electron
acceptors, has been widely investigated in the photoelectron
transfer system,”’ " where Cg, is usually attached to one or
more light antennas and behaves as the electron-acceptor from
the antenna. In this study, more attention was paid to the triplet
formation of C4. We believed that the emission quenching
observed above arose from an energy transfer from antenna to
Cgo rather than from charge separation caused by electron
transfer. To obtain information on the reduction potential of
PDI and Cg, which was the premise of electron transfer in the
dyad and triad, cyclic voltammograms of P1-P4 were
measured (Figure 3), and the redox potentials are collected
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Figure 3. Cyclic voltammograms of dyad P1 and triad P2 along with
references P3 and P4.

in Table 1. By comparison with the data of reference
compounds P3 and P4, the second redox potentials of P1
and P2 could be attributed to the second reduction potential of
the PDI moiety, and the third and the fourth reduction redox
waves arose from the second and third reduction processes of
the fullerene moiety. In agreement with the literature,”™** a
broader first reduction wave was observed for both P1 and P2,
indicating overlap of the first reduction peak of Cqy and PDI
moieties. The close first reduction potential suggested a lower
probability of the electron-transfer process between Cg, and

PDI. Therefore, the fluorescence quenching of the PDI moiety
in P1 and P2 should be attributed to energy transfer.

Time-Resolved Fluorescence Spectroscopy. For deeper
insight into the photophysical properties of the excited state to
be obtained, the fluorescence decays of these compounds were
recorded using time-correlated single photon counting
(TCSPC). The fluorescence decay at 603 nm due to PDI
was monoexponential (z = 5.9 ns) for P4 in toluene, and the
decay curve is shown in Figure S3a. The decay curves of P1 and
P2 at 603 nm attributed to the PDI moiety in toluene are
shown in Figure 4. For both traces, two exponential processes
were required to obtain the best fitting: the shorter one (= 0.2
ns) corresponded to the energy transfer process from PDI to
Cep and the longer one (7 = 5.9 ns) was assigned to the
fluorescence lifetime of PDL’”* The high percentage of the
short-lived fluorescent component in both P1 and P2 indicated
that the introduction of Cg, resulted in effective excitation
energy quenching of the PDI unit. Consistent with the steady-
state emission results, a higher percentage (95%) of the short-
lived fluorescent component in P2 relative to that of P1 (83%)
was observed. For comparison, the fluorescence decays of P1,
P2, and P4 in the solid state were also measured. The decay
curve of P4 in the solid state is shown in Figure S3b, and the
fluorescence lifetime recorded at 680 nm was 3.2 ns, which was
slightly shorter than that (5.9 ns) in toluene. Unfortunately, we
failed to record the emission dynamics of both P1 and P2 due
to the strong quenching of the PDI chromophore by C,.

TD-DFT Calculations. TD-DFT calculations were carried
out at the CAM-B3LYP/3-21G level to figure out the excited-
state charge distribution. Herein, the excited-state properties
were characterized with the three-dimensional cube representa-
tion of the charge difference density (CDD),”"** which
illustrated the distribution of net change in electron density
as a result of electronic transition and the orientation of the
possible intermolecular charge transfer (ICT) process. Figure 5
shows the CDD of Franck—Condon state and the lowest
excited state of P1, displaying the intramolecular charge transfer
orientation just upon excitation and that after suffering possible
vibration relaxation, energy, or electron transfer processes.
From the calculated results, it was found that although the
holes (green) and electrons (red) could be distinguished from
each other, both of them distributed all at the PDI unit for the
initial state and then all at the Cg; unit for the final state. The
failed observation of a significant charge separation between
PDI and Cg at excited states in CDD provided further
evidence that the observed emission quenching should be
ascribed to energy transfer from PDI to Cg, rather than
electron transfer. A similar CDD feature was obtained in P2
(see Figure S4). Furthermore, Cg, has also been known as a
material with a high triplet yield (~1) through intersystem
crossing.”> As a result, it is logically accepted that the light
energy harvested by the PDI moiety would be stored in these
systems in the form of the triplet C4,, which has been shown to
be an effective singlet oxygen inducer.

Nanosecond Time-Resolved Transient Absorption
Spectroscopy. Nanosecond time-resolved transient absorp-
tion spectroscopy was utilized to characterize features of the
triplet state of these systems. The transient absorption spectra
of P1 and P2 in toluene are shown in Figure 6. As expected, a
typical transient absorption band between 600 and 800 nm with
a well-defined maximum around 700 nm for the triplet Cq, was
observed.”*" In the control experiment, the spectra of both P3
and P4 were also recorded, where P3 showed a Cy, moiety
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Table 1. Redox Potentials (CV) of P1-P4“

E,/, (Lst red.) E,/, (2nd red.)
P1 —0.58 (0.20)” -0.77 (0.10)°
P2 —0.55 (0.20)” —0.76 (0.13)°
P3 —0.52 (0.13) —0.92 (0.13)
P4 —0.61 (0.11) -0.77 (0.10)

E,/, (3rd red.) E,), (4th red.)

—-0.92 (0.10)¢ —1.46 (0.10)7
—0.93 (0.16)7 —1.47 (0.14)7
—1.46 (0.12)

“All potentials reported as E,j, (= (E°, + E,)/2) in V vs SCE; the values in parentheses are (E°, — E,) for the redox couples with platinum
electrode as the working electrode, platinum wire electrode as counter electrode, and calomel electrode as standard electrode. P1—P4 are in ODCB
using tetrabutylammonium perchlorate as supporting electrolyte. Scan rate = 100 mVs . YReduction potential associated with both Cg, and
perylenebisimide. “Reduction potential associated with perylenebisimide. “Reduction potential associated with C.
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Figure 4. Fluorescence decay traces obtained with TCSPC of P1 and
P2 in toluene and the corresponding dual-exponential function fitting
results excited at 450 nm and recorded at 603 nm.

triplet profile (see Figure SSa) and P4 did not give significant
absorption during the measurement time scale. Taking the
possible intermolecular energy transfer due to collision into
consideration, the solution of a mixture of P3 and P4 with a
ratio of 1:1 was measured under the same conditions (see
Figure SSb). As expected, no significant enhancement was
observed in the spectrum of the mixture compared with that of
P3, indicating that the energy transfer from donor to acceptor
took place only intramolecularly in the dyad and triad and not
between the reference compounds P3 and P4 distributed in
solution. The pronounced formation of the Cq, triplet in both
dyad and triad suggested a potential ability to induce singlet
oxygen in solution.

Another striking feature of the data is that the AOD for P2
was somewhat higher than that for P1 at the same delay time.
Notably, the initial absorbance of both compounds at 532 nm
was made sure to be identical with a value of 0.18, and the
measurement was carried out under identical conditions. This
suggested that although both molecules harvested the same
amount of photons, the yield of the triplet C, moiety in P2
was relatively higher than that in P1. According to the
discussion above, once the PDI moiety was excited, its singlet
state energy was going to transfer to Cg within 1 ns and
subsequently generate the triplet Cg, with a longer lifetime of
~1 ps. For P1 with one C, unit, once the Cg, unit reached its

0.03
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[a]
5 P1 S
< 0.01} 0'01\’_\_/\’
o.oom O_OOM_\’\'
400 500 600 700 800 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 6. Representative transient absorption spectra of (a) P1 and
(b) P2 in deaerated toluene observed at a series of delay times after
excitation (532 nm, 7 ns fwhm, 2 mJ/pulse) at room temperature.
Arrows indicate the spectral trend with increasing time. Insets show
the dynamic curves and transient absorption time profiles of P1 and
P2 at 710 nm.

triplet state, within the triplet state lifetime, it was not able to
accept more energy from the singlet PDI, which had been
excited by the following photon. In this case, the singlet PDI
would be deactivated via fluorescence or other radiationless
deactivation. In comparison, P2 had two Cg, units, and the
subsequent energy had a chance to be transferred to another
Cgo unit. In the case of the nanosecond time-resolved transient
experiment, a nanosecond pulsed laser with pulse width of 7 ns,
which was longer than the lifetime of the singlet PDI, and a
laser output of 2 mJ/pulse made it possible to excite the PDI
unit twice or even more times within a single pulse; thus, a
relatively higher triplet Cq, signal was observed in P2. Herein,
we observed a signal enhancement in P2 by a factor of 1.5 with
respect to P1 rather than the expected 2-fold proportional to
the number of the Cg; unit. This could be ascribed to the laser
intensity, which was assumed to lead to a nonlinear effect on
the yield of the triplet Cqy,.

Singlet Oxygen Production. For the ability of the dyad
and triad as photosensitizers to be demonstrated, the
photooxidation experiment was performed by using 1,5-
dihydroxy naphthalene (DHN) as a chemical sensor, which
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could be oxidized by 'O, to give an intermediate peroxide and
then produced juglone.” The pathway for the reaction of DHN
with '0, leading to juglone is given in Scheme 2.°>**

photooxidation of DHN by P1—P4 and MB, respectively. I(x)
and I(std) were the total light intensities absorbed by P1—P4
and MB, respectively. The data are listed in Table 2.

Scheme 2. Reaction Mechanism for the Photooxidation of
DHN with a Singlet Oxygen Photosensitizer

IsC 3Sens

1Sens

Sens o OH HZO
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The spectral response of DHN using P2 as the sensitizer
upon photoirradiation by a xenon lamp is presented in Figure
7a, where the absorption of DHN at 301 nm decreased and the
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Figure 7. (a) Absorption spectral evolution for the photooxidation of
DHN using P2 as sensitizer. (b) Plots of In[(A — A’)/A,] vs
irradiation time (f) for the photooxidation of DHN using different
sensitizers (collected at 301 nm). c[sensitizers] = 1.0 X 10™> mol L™},
¢[DHN] = 1.0 X 10~* mol L. In CH,Cl,/MeOH (9:1, v/v). A, A’,
and A, were the absorbances at 301 nm where A was the absorption of
DHN and sensitizer, A’ was the absorption of sensitizer, A, was the
initial absorption of DHN.

absorption of juglone at 427 nm increased with time,
demonstrating the generation of singlet oxygen in solution.
The photooxidation of DHN with P1, the reference
compounds P3 and P4, along with the typical organic triplet
sensitizer methylene blue (MB) was also studied (Figure S6).
P2 exhibited the most significant UV—vis absorption change in
the investigated samples. A similar spectral response of DHN
with P1 as the sensitizer was obtained, whereas the change was
smaller than with P2. The photostabilities of P1 and P2 were
also studied by exposure to light for 1 h, and no bleaching was
observed (see Figure S7), demonstrating that the spectral
alteration observed above was caused by the photooxidation of
DHN instead of photobleaching. The kinetics of photo-
oxidation of the sensitizers could be quantified by following
the decrease rate of the absorbance at 301 nm.”” The observed
rate constants (k) of the sensitizers were calculated by using a
linear least-squares fitting of the plot of In[(A — A’)/A,]
relative to the irradiation time (Figure 7b).

With the typical organic triplet sensitizer methylene blue
(MB) [®,(std) = 0.57 in CH,Cl,] as a reference,'® the singlet
oxygen quantum yield (®,) of P1—P4 could be obtained by
using eq 1. 53

ko (x)-I(std)
kops(std)1(x) (1)

where k,,,(x) and k. (std) were the absolute values of the
slopes of In[(A — A’)/A,] relative to irradiation time for the

Table 2. Photophysical Parameters of P1—P4 and the

Reference MB”
kobsb/
Aabs Ao min~* 0" () Ad
Pl 311,456, 544, 586 614, 671,705 345 345 070
P2 311,456, 544, 586 614, 671,705 433 433 084

P3 311 705 225 225 086°
P4 456, 544, 586 614, 671 1.57 1.57 003
MB 292, 602, 655 f 313 313 057

“In CHCly; ¢ = 1.0 X 107 mol L7, YThe rate constant kobs was
calculated by the rule: In[(A — A")/Ay] = —kguit; in 107> min™". A, A/,
and A, were the absorbances at 301 nm. Imtlal consumption rate of
DHN, v; = kg, [DHNTJ; in 107 M min~'. “Quantum yield of singlet
oxygen ( 0,) with MB as standard (®, = 0.57 in CH,Cl,). The D,
of C4y was between 0.76 and 0.96 according to the literature. 7 MNot
determined. £Literature value.'®

Among all the investigated samples, both P1 and P2
exhibited the higher photooxidation efficiencies, and their
performances were better than that of the conventional triplet
photosensitizer MB. Here, P3, though containing a fullerene
moiety, showed a lower efficiency, and P4 with only a PDI
moiety did not exhibit a noticeable spectral response to the
light exposure. Thus, in this case, we attributed the enhanced
photosensitizing ability of P1 and P2 to the synergetic effect of
Cgo and PDI: the PDI unit had a strong absorption of visible
light, then the energy transfer from the excited singlet PDI to
Cgp occurred and resulted in the S, excited state of Cg;, and the
highly eflicient ISC of C4 would eventually lead to a
population of the triplet Cg."” From the photosensitivity
data, it could be found that the double C¢, moieties in P2 gave
a higher photooxidation efficiency compared to that of P1 with
a single Cg. The photooxidation rate constant of P2 increased
1.3-fold compared to that of P1 and increased 1.4-fold
compared to that of MB. This had been identified by the
results of the nanosecond time-resolved transient absorption
spectroscopy in Figure 6, where P1 had one Cg; to store the
energy from the singlet PDIL P2 should have higher triplet Cq,
yield due to its double C4, moieties; thus, the spectral intensity
of P2 at various delay times were higher than that of P1 at the
corresponding time points. However, although P2 contained
two Cg, moieties, we failed to observe a 2-fold enhancement of
the spectral intensity in P2 in comparison to that in P1. The
reason for this difference is in the low excitation intensity of the
laser, which could not pump the PDI moiety at high frequency
and, in turn, populated all attached Cg, to the triplet state. The
quantitative relationship between the input intensity and
fluorescence or the triplet moiety yield goes beyond the
scope of this work and remains a subject of future investigation.

B CONCLUSIONS

In summary, two axially symmetrical rigid visible light-
harvesting PDI-fullerene systems, dyad P1 with only one Cq
and triad P2 with two Cgy units, have been designed and
synthesized. These two molecules show high solubility in
common solvents and are axially symmetrical with a rigid
biphenyl as linker, ensuring a relatively constant spatial distance
between the donor and acceptor and thus a unique photo-
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physical property. Steady-state and time-resolved transient
studies, electrochemistry, as well as TD-DFT calculations have
been used to analyze the photophysical procedures of the two
systems. The results indicate that the excited state is dominated
by an intramolecular energy transfer from the perylene antenna
to the Cg, acceptor. The high intersystem crossing efliciency of
Cgoy which leads to a high triplet yield accompanied by the
excellent absorption of PDI in the visible region, makes the
dyad and triad ideal photosensitizers. This property has been
substantiated by the photooxidation experiment, where both P1
and P2 give photooxidation efficiencies better than that of the
conventional triplet photosensitizer MB and significantly higher
than those of the references P3 and P4, indicating a synergetic
effect of C4 and PDI Consistent with the results of the
nanosecond time-resolved transient absorption spectroscopy,
an even better performance for P2 has been observed with its
photooxidation rate constant increasing 1.3-fold compared to
that of P1 and 1.4-fold relative to MB. The combination of
light-harvesting unit and intersystem crossing unit results in a
highly efficient photooxidation system, which can be employed
as a general structural motif for a heavy-atom-free organic
triplet photosensitizer.

B EXPERIMENTAL SECTION

General Methods. An absorption spectrometer and a fluorescence
spectrophotometer were used to record the room-temperature UV—
vis absorption and fluorescence spectra, respectively. The fluorescence
lifetime measurements were performed at room temperature using a
time-correlated single photon counting (TCSPC) apparatus, and a
pulsed laser at a wavelength of 450 nm was applied as the excitation
source. The nanosecond transient absorption spectra were performed
on a nanosecond flash photolysis system. A pulse laser (7 ns, 10 Hz)
from a Nd:YAG at a wavelength of 532 nm was used as the pump
source. All samples in 10 mm path length quartz cells were
deoxygenated by bubbling nitrogen over 20 min before measurement.
The decay curves were fitted with least-squares regression using a
custom-written algorithm in Matlab. All electrochemical measure-
ments were performed under a nitrogen atmosphere at room
temperature using an electrochemical analyzer. Cyclic voltammetry
was performed in a three-electrode cell equipped with a platinum disc
working electrode, a platinum wire counter electrode, and a calomel
electrode as the standard electrode. Quantum calculations were
performed with the Gaussian 09 package. The molecular structure
optimization and excited-state property calculations were performed at
the CAM-B3LYP/3-21G level.

Synthesis of N-tert-Butoxycarbonyl Benzidine (2). 4,4’-Diamino-
biphenyl 1 (1.54 g, 8.4 mmol) was dissolved in 1,4-dioxane (30 mL).
After stirring at room temperature under argon atmosphere for 30
min, a solution of Boc,O (1.83 g 8.4 mmol) in 1,4-dioxane (10 mL)
was added dropwise over 30 min. The reaction mixture was allowed to
stir at room temperature for 24 h under an argon atmosphere. Then,
the solvent was removed by rotary evaporator; the residue was
redissolved in dichloromethane, and then silica gel was added to
absorb the mixture. After pumping off the volatiles, the resulting
residue was separated on silica gel using petroleum ether-AcOEt (4:1)
as the eluent to afford N-tert-butoxycarbonyl benzidine (2)*” as a faint
yellow powder (2.02 g, 85%). '"H NMR (400 MHz, CDCl;) § 7.4S (d,
] = 8.6 Hz, 2H), 7.36 (d, ] = 8.5 Hz, 4H), 6.73 (d, ] = 8.5 Hz, 2H),
6.52 (bs, 1H), 3.69 (bs, 2H), 1.52 (s, 9H).

Synthesis of Ethyl 2-((4'-((tert-Butoxycarbonyl)amino)-[1,1'-bi-
phenyl]-4-ylJamino)acetate (3). Compound 2 (0.75 g, 2.6 mmol) was
dissolved in DMF (1.5 mL) in a 25 mL single-necked round-bottomed
flask. After the mixture was stirred at room temperature under an
argon atmosphere for 30 min, anhydrous K,CO; (0.62 g, 4.5 mmol)
was added, and the mixture was allowed to stir under argon for
another 10 min. Then, BrCH,CO,Et (295 uL, 2.7 mmol) was added
quickly, and argon was maintained for another 10 min before the flask

was equipped with an airproof stopper. The reaction mixture was
stirred at room temperature for 12 h, and the solvent was removed
under reduced pressure. Then, the residue was redissolved in
dichloromethane, and silica gel was added before dichloromethane
was removed. The resulting solid residue was separated on silica gel
using petroleum ether/AcOEt (4:1) as the eluent to produce ethyl 2-
((4'-((tert-butoxycarbonyl)amino)-[ 1,1’-biphenyl]-4-yl)amino )acetate
(3) as a faint yellow powder (0.66 g, 68%). 'H NMR (400 MHg,
CDCl,) 6 7.45 (d, ] = 8.7 Hz, 2H), 7.41 (d, ] = 8.7 Hz, 2H), 7.37 (d, ]
= 8.6 Hz, 2H), 6.67 (d, ] = 8.6 Hz, 2H), 6.49 (bs, 1H), 426 (q, ] = 7.1
Hz, 2H), 3.93 (s, 2H), 1.53 (s, 9H), 1.30 (t, J = 7.1 Hz, 3H); °C
NMR (100 MHz, CDCly; all 1C unless indicated) & 171.2, 153.0,
146.3, 136.9, 136.2, 130.9, 127.8 (2C), 126.9 (2C), 119.1 (2C), 113.5
(2C), 80.7, 61.5, 46.1, 28.5 (3C), 14.4; HRMS (MALDI-TOF) m/z
caled for C,H,4N,O, [M]* 370.1893, found 370.1880.

Synthesis of Compound P3. The solution of 3 (162.4 mg, 0.44
mmol), C4 (152.4 mg, 0.21 mmol), and ethyl glyoxylate (225 uL, 1.14
mmol) in ODCB (8 mL) was bubbled with argon for 1 h at room
temperature and then heated to 150 °C for 4 h with stirring. After the
solvent was removed under reduced pressure, the mixture was
subjected to column chromatography on silica gel (1:1 CS,/CH,CL,)
to give P3 as a brown powder (86.9 mg, 35%) and unreacted Cg, (80.8
mg, 53%). '"H NMR (400 MHz, CS,/CDCl,) § 7.62 (d, J = 8.5 Hg,
2H), 7.55 (d, J = 8.5 Hz, 2H), 7.43 (d, ] = 8.4 Hz, 2H), 7.33 (d, ] = 8.6
Hz, 2H), 6.53 (s, 2H), 6.51 (bs, 1H), 4.31—4.18 (m, 4H), 1.54 (s,
9H), 1.17 (t, J = 7.1 Hz, 6H); *C NMR (100 MHz, CS,/CDCI, with
Cr(acac); as relaxation reagent; all 2C unless indicated) & 169.58,
153.01, 152.13 (1C), 150.13, 147.20, 146.16, 146.11, 145.84 (4C),
145.50, 145.41 (4C), 145.35, 145.33, 145.07, 145.01, 144.28, 14422,
144.03 (1C), 142.85, 142.50, 142.42, 141.96, 141.89, 141.67, 141.65,
141.53, 141.47, 139.93, 139.36, 137.16 (1C), 136.59, 135.91, 134.88
(1C), 134.32 (1C), 127.41, 126.98, 118.99, 118.69, 80.03 (1C), 74.05,
70.75, 61.61, 28.13 (3C), 14.03; FT-IR v/cm™' (KBr) 2973, 2926,
1733, 1702, 1612, 1505, 1367, 1161, 823, 579, 527; UV—vis (CHCL,)
Ama/nm 275, 308, 428, 693; HRMS (MALDI-TOF) m/z calcd for
CyesHyoN,O, [M]* 1174.2104, found 1174.2100.

Synthesis of Compound 4. A solution of P3 (100.9 mg, 0.09
mmol) and TFA (2.0 mL) in CHCl; (12 mL) was stirred under argon
for 2 h at room temperature. After the solvent was removed, the
mixture was separated by column chromatography on silica gel with
CHCI, as the eluent, affording 4 as a brown powder (87.6 mg, 95%).
"H NMR (300 MHz, CS,/CDCL;) § 7.57 (d, ] = 8.6 Hz, 2H), 7.41 (d,
] = 8.4 Hz, 2H), 7.30 (d, ] = 8.6 Hz, 2H), 6.73 (d, ] = 8.4 Hz, 2H),
6.52 (s, 2H), 4.31—4.15 (m, 4H), 3.69 (s, 2H), 1.17 (t, ] = 7.1 Hz,
6H); °C NMR (75 MHz, CS,/CDCl,; all 2C unless indicated) &
169.95, 153.39, 150.54, 147.53, 146.49, 146.44, 146.16 (4C), 145.83,
14577 (4C), 145.67 (3C), 145.57, 14540, 145.33, 144.61, 144.56,
143.71 (1C), 143.18, 142.82, 142.74, 142.29, 142.22, 142.00 (4C),
141.86, 141.81, 140.25, 139.69, 136.95, 136.26, 135.33 (1C), 130.93
(1C), 127.70, 127.29, 119.35, 115.49, 74.41, 71.11, 61.84, 14.31; FT-
IR v/em™ (KBr) 3446, 3421, 2923, 2026, 1732, 1636, 1620, 1501,
1385, 1271, 1180, 1137, 873; UV—vis (CHCL) A,./nm 274, 310,
428, 690; HRMS (MALDI-TOF) m/z caled for CgoH,,N,0, [M]*
1074.1580, found 1074.1578.

Synthesis of Compounds P1 and P4. A mixture of 4 (61.0 mg,
0.06 mmol), $,6,12,13-tetrakis(4-(tert-butyl)phenoxy)anthra[2,1,9-
def:6,5,10-d’e’f']diisochromene-1,3,8,10-tetraone (5) (55.3 mg, 0.06
mmol), and imidazole (84.3 mg, 1.24 mmol) was stirred under argon
atmosphere at 80 °C in CHCl; (15 mL) for 3 days (monitored by
TLC). Then, aniline (20 xL, 0.22 mmol) was added, and the reaction
mixture was allowed to react at 80 °C for 24 h. The mixture was
cooled to room temperature and washed with water. The aqueous
phase was extracted with CHCl;, and the combined organic phase was
dried over anhydrous Na,SO,. After the solvent was removed, the
residue was purified by column chromatography on silica gel with
toluene as the eluent to give P4 as a red solid (24.2 mg, 38%) and P1
as a dark red solid (42.9 mg, 36%). P4: "H NMR (300 MHz, CDCl,)
5 8.24 (s, 4H), 7.53—7.41 (m, 6H), 7.26—7.21 (m, 12H), 6.85 (d, ] =
8.7 Hz, 8H), 1.26 (s, 36H); '3C NMR (75 MHz, CDCl;) § 163.6,
1562, 152.9, 147.5, 135.3, 133.2, 129.4, 128.8, 128.6, 126.8, 122.6,
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120.8, 1202, 119.9, 119.5, 34.5, 31.5; UV—vis (CHCL,) A,./nm 456,
504, 544, 586; FT-IR v/cm™" (KBr) 2961, 1706, 1673, 1588, 1504,
1407, 1340, 1315, 1288, 1206, 1175, 839. HRMS (ESL-TOF) m/z
caled for C;gHgN,NaO, [M]* 11574717, found 1157.4678. P1: 'H
NMR (400 MHz, CDCl,) 6 8.29 (s, 2H), 8.25 (s, 2H), 7.77 (d, ] = 8.3
Hz, 2H), 7.72 (d, ] = 8.5 Hz, 2H), 7.53—7.43 (m, 3H), 7.39 (d, ] = 8.6
Hz, 2H), 7.35 (d, ] = 8.3 Hz, 2H), 7.26—7.22 (m, 10H), 6.87 (d, ] =
8.6 Hz, 4H), 6.86 (d, ] = 8.6 Hz, 4H), 6.57 (s, 2H), 4.34—4.20 (m,
4H), 1274 (s, 18H), 1.270 (s, 18H), 1.17 (t, J = 7.1 Hz, 6H); 13C
NMR (100 MHz, CDCl; with Cr(acac); as relaxation reagent) &
170.10, 163.65, 163.54, 156.14, 156.09, 153.28, 152.86, 152.81, 150.42,
147.47, 147.41, 147.39, 146.41, 146.34, 146.09, 145.70, 145.68, 145.64,
145.61, 145.57, 145.32, 145.26, 145.01, 144.50, 144.46, 143.05, 142.73,
142.65, 142.19, 142.14, 141.90, 141.86, 141.78, 141.75, 140.97, 140.15,
139.61, 136.83, 136.14, 135.18, 134.16, 133.99, 133.18, 133.16, 129.27,
128.88, 128.69, 128.51, 128.25, 127.60, 126.66, 122.64, 122.59, 120.85,
120.75, 120.28, 120.16, 119.88, 119.80, 119.37, 119.33, 119.16, 74.40,
71.08, 61.96, 34.34, 31.42, 14.19; FT-IR v/cm™' (KBr) 2961, 1708,
1672, 1622, 1591, 1503, 1439, 1204, 1174, 963, 879, 831, 720, 580,
S51, 529; UV—vis (CHCL,) A,./nm 274, 292, 456, S04, 544, 586;
HRMS (MALDI-TOF) m/z caled for C,3oHgN;0,, [M]* 2116.5854,
found 2116.5893.

Synthesis of Compound P2. A mixture of 4 (59.6 mg, 0.06 mmol),
5,6,12,13-tetrakis(4-(tert-butyl)phenoxy)anthra[2,1,9-def:6,5,10-
d’e’f']diisochromene-1,3,8,10-tetraone (5) (21.6 mg, 0.02 mmol), and
imidazole (153.0 mg, 2.25 mmol) was stirred under an argon
atmosphere at 90 °C in CHCl; (10 mL) for S days (monitored by
TLC). Then, the mixture was cooled and washed with water. The
aqueous phase was extracted with CHCl;, and the combined organic
phase was dried over anhydrous Na,SO,. After the solvent was
removed, the residue was purified with column chromatography using
toluene as the eluent to provide P2 as a dark red solid (29.7 mg, 44%).
'H NMR (400 MHz, CDCL,) & 8.29 (s, 4H), 7.77 (d, ] = 8.4 Hz, 4H),
7.72 (d, ] = 8.5 Hz, 4H), 7.38 (d, ] = 8.5 Hz, 4H), 7.35 (d, ] = 8.4 Hz,
4H), 7.25 (d, ] = 8.8 Hz, 8H), 6.87 (d, ] = 8.8 Hz, 8H), 6.57 (s, 4H),
4.33—4.20 (m, 8H), 128 (s, 36H), 1.16 (t, J = 7.1 Hz, 12H); *C
NMR (100 MHz, CDCl; with Cr(acac); as relaxation reagent) &
169.74, 163.28, 155.76, 152.93, 152.50, 150.07, 147.13, 147.03, 146.06,
145.99, 145.75, 145.32, 145.29, 145.27, 145.22, 144.98, 144.92, 144.66,
144.16, 144.12, 142.70, 142,39, 142.31, 141.85, 141.79, 141.55, 141.51,
141.43, 141.40, 140.61, 139.80, 139.26, 136.47, 135.78, 133.79, 133.63,
132.84, 128.55, 127.92, 127.27, 126.32, 122.29, 120.50, 119.92, 119.53,
119.00, 118.82, 74.04, 70.71, 61.66, 33.99, 31.09, 13.88; UV—vis
(CHCI 3) ,,,/nm 274, 292, 456, 504, 544, 586; FT-IR v/cm™" (KBr)
2958, 1707, 1674, 1588, 1503, 1405, 1340, 1285, 1178, 1015, 880, 838,
819, 578, 553, 527. HRMS (MALDI-TOF) m/ z caled for
Co4HoeN,O 15 [M]* 3098.6888, found 3098.6865.

Photooxidation Details. The photooxidation experiments were
carried out by following similar methods to those reported by the
Zhao group.” DHN (1.0 X 107 mol L™") and triplet photosensitizer
(1.0 X 1075 mol L") were dissolved in a mixture of CH,Cl,/MeOH
(9:1, v/v) in a two neck round-bottom flask (25 mL), and O, was
bubbled through the solution for 10 min. The solution was then
irradiated using a 70 W xenon lamp with 0.72 M NaNO, aqueous
solution as a cutoff filter. UV—vis absorption spectra were recorded at
intervals of approximately 5 min. The consumption of DHN was
monitored by the decrease of the UV absorption at 301 nm, and the
production of juglone was recorded by an increase in the absorption at
427 nm. The photostability experiments for P1 and P2 were carried
out with the same procedure except without DHN.
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