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Coronenetetraimide-Centered Cruciform Pentamers Containing
Multiporphyrin Units: Synthesis and Sequential Photoinduced
Energy- and Electron-Transfer Dynamics

Taku Hasobe,*[a] Koichi Ida,[a] Hayato Sakai,[a] Kei Ohkubo,[b, c] and Shunichi Fukuzumi*[b, c, d]

Abstract: A series of coronenetetraimide (CorTIm)-centered
cruciform pentamers containing multiporphyrin units, in

which four porphyrin units are covalently linked to a CorTIm

core through benzyl linkages, were designed and synthe-
sized to investigate their structural, spectroscopic, and elec-

trochemical properties as well as photoinduced electron-
and energy-transfer dynamics. These systems afforded the

first synthetic case of coroneneimide derivatives covalently
linked with dye molecules. The steady-state absorption and
electrochemical results indicate that a CorTIm and four por-

phyrin units were successfully characterized by the corre-
sponding reference monomers. In contrast, the steady-state

fluorescence measurements demonstrated that strong fluo-
rescence quenching relative to the corresponding monomer
units was observed in these pentamers. Nanosecond laser
flash photolysis measurements revealed the occurrence of

intermolecular electron transfer from triplet excited state of
zinc porphyrins to CorTIm. Femtosecond laser-induced tran-

sient absorption measurements for excitation of the CorTIm

unit clearly demonstrate the sequential photoinduced
energy and electron transfer between CorTIm and porphyr-

ins, that is, occurrence of the initial energy transfer from
CorTIm (energy donor) to porphyrins (energy acceptor) and

subsequent electron transfer from porphyrins (electron
donor) to CorTIm (electron acceptor) in these pentamers,
whereas only the electron-transfer process from porphyrins

to CorTIm was observed when we mainly excite porphyrin
units. Finally, construction of high-order supramolecular pat-

terning of these pentamers was performed by utilizing self-
assembly and physical dewetting during the evaporation of
solvent.

Introduction

Disc-shaped molecules such as polycyclic aromatic hydrocar-
bons (PAHs) and their derivatives are finding increasing interest
among other self-assembled molecular systems because of

their tendency to form extended p-stacked assemblies.[1] Be-
cause of many potential properties such as a high electron
density, these molecules are of fundamental importance not

only as models for the study of energy and electron transfer in
organized systems,[2] but also as functional materials for device
applications such as light-emitting diodes (LED),[3] photovoltaic
cells,[2l, 4] and field-effect transistors (FET).[5]

In contrast to the comparatively large collection of available

disk-shaped electron-donating molecules, disk-shaped elec-
tron-accepting molecular systems are still considerably under-
developed. Fullerenes possess three-dimensional and spherical
p-systems,[6] whereas the representative two-dimensional mol-
ecules are mainly perylenediimides (PDIs). PDIs exhibit reversi-

ble and successive first and second one-electron reduction.
Therefore, PDIs are widely utilized as good electron acceptors

in reaction center models for artificial photosynthesis[2b–f, h, 7]

and electronic devices.[5f, 8]

On the other hand, a systematic and rational synthesis of

coroneneimide derivatives has been recently reported.[9] Ac-
tually, the chemical structures of coronenes increased a great

diversity of synthetic strategies for coroneneimide derivatives.
For example, in the case of coronenetetraimide (CorTIm), four
maleimides can be fused to a coronene skeleton, whereas PDIs

have only two maleimides. Consequently, the photophysical
and redox properties can be systematically controlled by the

type and number of substituents.[9d] In particular, CorTIm
shows four reversible one-electron reduction waves because

the LUMO is energetically low-lying and doubly degenerate.[9d]

This is in sharp contrast with the above-mentioned trend of
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PDIs, which accept only two electrons. However, the synthesis
of covalently linked donor–acceptor systems composed of cor-

oneneimide derivatives have yet to be explored because of
synthetic difficulty.

Porphyrins possess an extensively two-dimensional p-conju-
gation and basically act as electron donors[2h, 6a,c,e,g, 10] or energy
acceptors,[11] but not electron acceptors because of the low
one-electron reduction potentials (i.e. , high energy level of
LUMO). Therefore, synthetic covalent systems from molecular

dyads and triads[2e, 6b, 12] to macromolecules such as oligo-
mers[11d, 13] and dendrimers[10, 14] have been extensively reported
to investigate sequential energy and electron transfer. More-
over, in a combination of coronenetetraimide (CorTIm) and

porphyrin units, an overlap beween energy donor emission
(CorTIm) and acceptor absorption (porphyrin) is expected to

occur in the spectral range from about 500 to 600 nm.[9d] In

contrast, considering the reported first one-electron reduction
potential of coronenetetraimides (¢0.65 V vs. SCE)[9d] and oxi-

dation potential of zinc porphyrins (�0.8 V vs. SCE),[15] the
energy level of the charge-separated state composed of

CorTIm radical anion and porphyrin radical cation is approxi-
mately estimated to be �1.5 eV, which is smaller than the

single and triplet excited energies of these molecules. Thus,

a combination of these two units seems ideal for enhancing
the light-harvesting efficiency and the resulting energy and

electron transfer throughout the solar spectrum.
On the basis of the above consideration, we newly synthe-

sized new coronenetetraimide (energy donor and electron ac-
ceptor)-centered cruciform pentamers containing four porphyr-

ins (energy acceptor and electron donor) as shown in Figure 1.

In this study, we report the details of the synthesis as well as
spectroscopic and photophysical properties of these molecules

including the sequential energy and electron transfer.

Results and Discussion

Synthesis

To achieve synthesis of cruciform pentamer, (H2P)4-CorTIm,

a synthetic scheme of maleimidation of coroneneimide was
proposed on the basis of the maleimidation of coroneneocta-

carboxilic acid derived from CorDIm(iBu)4 and porphyrin 5
(Scheme 1). Here it should be noted that direct introduction of

4-aminomethyl-phenyl group onto a porphyrin ring from mon-
obromo-substituted porphyrin by Suzuki–Miyaura coupling did
not proceed. Therefore, we employed a synthetic strategy to
protect the NH2 unit as a phthalimide as shown in Scheme 1.
In particular, the coupling reaction between monobromo-sub-

stituted freebase porphyrin and aryl boronic acid did not pro-
ceed well. Therefore, we employed zinc porphyrin derivatives

in the initial step and then removed the zinc from the porphy-

rin center to perform the subsequent reactions.
On the basis of on the above considerations, first, bromina-

tion of porphyrin 1 was carried out with NBS at 0 8C for synthe-
sis of porphyrin 2.[16] Next, porphyrin 3 was synthesized by

Suzuki–Miyaura coupling of porphyrin 2 and aryl boronic
acid.[17] To remove the zinc unit, porphyrin 3 was treated with

trifluoroacetic acid (TFA) to obtain the free base porphyrin 4.

Then, porphyrin 5, which is a precursor of (H2P)4¢CorTIm, was
obtained by replacing the phthalimide of porphyrin 4 with an
amino group under basic conditions.

With regard to the synthesis of coroneneoctacarboxylic acid,
which is a precursor of (H2P)4-CorTIm, first, the isobutoxycar-

bonyl groups of CorDIm(iBu)4 were replaced with a carboxylate
anion under basic conditions.[9a] To synthesize coroneneocta-
carboxylic acid, protonation of carboxylate anion was carried
out by using acetic acid, which was followed by dehydration

under vacuum. Because of accomplished preparation of each
precursor for the synthesis of (H2P)4¢CorTIm, (H2P)4¢CorTIm
was synthesized by dehydration condensation of each precur-

sor. The synthesized pentamer was characterized by the
1H NMR and 13C NMR spectroscopy and MALDI-TOF MS (see

the Experimental Section and Figure S1 in the Supporting In-
formation). The synthesis of (ZnP)4¢CorTIm was finally ach-

ieved by the insertion of zinc into the center of the free base

porphyrin macrocycle.

Steady-state absorption spectra

Figure 2 displays the absorption spectra of (H2P)4¢CorTIm (Fig-
ure 2 A) and (ZnP)4¢CorTIm (Figure 2 B) in benzonitrile (PhCN).

Figure 1. Chemical structures of donor–acceptor cruciform pentamers
((H2P)4¢CorTIm and (ZnP)4¢CorTIm) and reference compounds employed in
this work.
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By comparing the spectra of (H2P)4¢CorTIm and (ZnP)4¢CorTIm
with those of the corresponding reference monomer com-
pounds, we can identify the respective peaks of porphyrin and
CorTIm units. For example, in (H2P)4¢CorTIm (spectrum a in
Figure 2 A), a CorTIm unit has an absorption maximum at
380 nm, whereas an intense Soret band at 419 nm and four Q-

bands at 511, 544, 586, and 648 nm were observed in porphy-
rin units, which are derived from the typical spectral features
in free base porphyrin monomer (spectra b and c in Fig-
ure 2 A). More importantly, the absorption maxima of (H2P)4¢
CorTIm are the same as those of the respective reference com-

pounds (H2P¢NHAc and CorTIm) as shown in spectra b and
c in Figure 2 A. As a consequence, we can conclude that

a CorTIm and four porphyrin units in (H2P)4-CorTIm were basi-

cally characterized by the corresponding monomers, although
the broadened feature was slightly observed in the Soret and

Q-bands. These trends were also similarly observed for (ZnP)4¢
CorTIm in Figure 2 B, which exhibits an absorption maximum

of CorTIm unit at 381 nm, an intense Soret band at 425 nm,
and three Q-bands at 513, 550, and 594 nm.

Steady-state fluorescence spectra

Steady-state fluorescence spectra of (H2P)4¢CorTIm and refer-

ence molecules (i.e. , H2P¢NHAc and CorTIm) with the excita-

tion at 585 and 380 nm are shown in Figure 3 A and 3 B, re-
spectively. These excitation wavelengths mainly correspond to
absorption maxima of Q-band in porphyrin unit (585 nm) and
CorTIm unit (380 nm) (Figure 2 A). Then, we fixed the same ab-

sorbance for excitation wavelength at 585 or 380 nm to com-
pare the quenching efficiencies between (H2P)4-CorTIm and

H2P-NHAc. The fluorescence spectrum of H2P-NHAc with excita-
tion at 585 nm (spectrum a in Figure 3 A) shows only two
peaks at 645 and 709 nm, which are assigned to the emission

from the porphyrin unit. In contrast, the emission of (H2P)4¢
CorTIm was strongly quenched (>99 %; see spectrum b in Fig-

ure 3 A). These results suggest additional deactivation path-
ways for the excited state of the porphyrin units arising from

the interaction between CorTIm and porphyrin units in (H2P)4¢
CorTIm. This may result from photoinduced electron transfer
from the singlet excited state of porphyrin to CorTIm (see

below). A similar trend was also observed in (ZnP)4¢CorTIm
(see Figure S2 in the Supporting Information).

The spectrum a in Figure 3 B exhibits strong fluorescence
emission bands of CorTIm at 513, 550, and 594 nm because

Scheme 1. Synthetic schemes of porphyrin 5, (H2P)4¢CorTIm, and (ZnP)4¢
CorTIm.

Figure 2. Steady-state absorption spectra of (A) (a) (H2P)4¢CorTIm (c),
(b) H2P-NHAc (a), and (c) CorTIm (c) in PhCN; (B) (a) (ZnP)4¢CorTIm
(c), (b) ZnP¢NHAc (a), and (c) CorTIm (c) in PhCN. The concentra-
tions were 1.0 mm in all systems. The inset of (A) shows the enlarged spec-
trum of CorTIm in the long wavelength region for clarification.
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the absorption band of CorTIm unit is excited. The fluores-
cence of (H2P)4¢CorTIm is significantly quenched compared

with that of CorTIm (spectrum b in Figure 3 B). The possible
reason is occurrence of energy transfer from CorTIm to por-
phyrins because of large overlap between emission bands of

CorTIm and absorption bands (Q-bands) of the porphyrins at
around about 500–600 nm region (see above). However, the
emission bands derived from the porphyrins were not clear be-
cause photoinduced electron transfer may occur through the

singlet excited states of porphyrins after energy transfer from
CorTIm to porphyrins. To carefully check the photodynamics,

the excitation spectrum of (H2P)4¢CorTIm was measured (Fig-
ure S3 in the Supporting Information). The observed wave-
length was 650 nm, which corresponds to the emission band

of porphyrins. Although the signal-to-noise ratio (S/N) is not
low because of the occurrence of efficient photoinduced elec-

tron transfer, the excitation spectrum roughly agrees with the
corresponding absorption spectrum of (H2P)4¢CorTIm with an

absorption peak at about 380 nm (Figure S3 in the Supporting

Information). On the basis of these results, we suggest that the
initial energy transfer from the singlet excited state of CorTIm

to porphyrins and subsequent electron transfer from the por-
phyrin to CorTIm occur when CorTIm is mainly excited. Addi-

tionally, femtosecond time-resolved transient absorption meas-
urements strongly support the above discussion (see below). A

similar trend was also observed in the case of ZnP¢NHAc and
(ZnP)4¢CorTIm (Figure S2 in the Supporting Information).

Electrochemical measurements

We next performed electrochemical measurements by using

cyclic voltammetry to determine the first one-electron reduc-
tion and oxidation potentials of these pentamers. In these

measurements, we employed CH2Cl2 as a solvent because of
the limited solubility. Figure 4 shows the cyclic voltammograms

of (ZnP)4¢CorTIm and the reference compounds in CH2Cl2. The
summarized electrochemical data are shown in Table 1. (ZnP)4¢

CorTIm exhibits reversible redox waves, which are typical for
the first one-electron oxidation (ZnPC+/ZnP) and reduction pro-

cesses (CorTIm/CorTImC¢). The first one-electron reduction (Ered)
and oxidation (Eox) potentials were assigned to be ¢0.72 and

0.83 V versus SCE, respectively (Figure 4 A). These values are

very similar to those of reference single components such as
Ered of CorTIm: ¢0.65 V and Eox of ZnP-NHAc: 0.78 V as shown

in Figure 4 B and 4 C. The electrochemical results indicate that
a CorTIm and four porphyrin units in (H2P)4-CorTIm were char-

acterized by the corresponding reference monomers in solu-
tion, which is similar to the trend of absorption spectra in

Figure 3. Steady-state fluorescence spectra of (A) (a) H2P-NHAc and
(b) 0.25 mm (H2P)4-CorTIm in PhCN: lex = 585 nm and (B) (a) CorTIm and
(b) 1.0 mm (H2P)4-CorTIm in PhCN: lex = 380 nm. Figure 4. Cyclic voltammograms of (A) (ZnP)4-CorTIm; (B) CorTIm; and

(C) ZnP-NHAc in CH2Cl2 with 0.3 m n-Bu4NPF6 as the supporting electrolyte.
Scan rate: 200 mV s¢1.

Table 1. First one-electron reduction and oxidation potentials of (H2P)4¢
CorTIm, (ZnP)4¢CorTIm, and the reference compounds.

Compounds Ered, V vs.
SCE[a] [V]

Eox, V vs.
SCE,[a] [V]

(ZnP)4¢CorTIm ¢0.72 + 0.83
(H2P)4¢CorTIm ¢0.72 + 1.00
CorTIm ¢0.65 –
ZnP¢NHAc ¢1.41 + 0.78
H2P¢NHAc ¢1.26 + 0.95

[a] Measured in CH2Cl2 containing 0.3 m n-Bu4NPF6 at 298 K.
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Figure 2. Considering the above electrochemical data, the
energy level of the charge-separated state of CorTIm and ZnP

unit (i.e. , CorTIm radical anion and ZnP radical cation) was de-
termined from the difference between Eox of ZnP and Ered of

CorTIm in (ZnP)4¢CorTIm to be 1.55 eV. This value is smaller
than the excited energies of each chromophore: 2.08 and

1.59 eV for the singlet and triplet excited states of zinc por-
phyrins[15] and 2.42 and 2.02 eV for the singlet and triplet excit-
ed states of CorTIm,[9d] respectively (see later ; Figure 7).

Intermolecular photoinduced electron transfer monitored
by nanosecond laser flash photolysis

To discuss the electron-accepting properties of pristine CorTIm,
nanosecond laser flash photolysis measurements were per-

formed to examine intermolecular electron transfer from the
triplet excited state of ZnP¢NHAc to CorTIm in PhCN

(Figure 5). The excitation wavelength was chosen as 532 nm to

excite porphyrins. We can clearly observe relatively strong radi-
cal anion bands of CorTIm (CorTImC¢) at around the 500–

700 nm and 800–950 nm regions upon laser pulse excitation,
whereas the corresponding broad bands of porphyrin radical

cation were seen at around the 600–750 nm region (Fig-
ure 5 A).[15] The absorption spectrum of CorTImC¢ is also shown

in Figure S4 (the Supporting Information). The decay of the
transient absorption at 930 nm due to CorTImC¢ obeyed

second-order kinetics, indicating that the charge-recombina-
tion by back electron transfer (BET) occurred through a bimo-

lecular process (Figure 5 B). From the slope of the plot in the
inset of Figure 5 B, the second-order rate constant was deter-

mined to be 5.5 Õ 109 m¢1 s¢1, which is very close to the diffu-

sion-limited value in PhCN.[18] This is in sharp contrast with the
intramolecular electron transfer through singlet excited states
in (ZnP)4¢CorTIm (see below). It should be noted that no tran-
sient signals were observed within the time resolution of nano-

second transient measurements in both (H2P)4¢CorTIm and
(ZnP)4¢CorTIm. Therefore, femtosecond laser flash photolysis

measurements were performed to examine the much faster

process as discussed in the next section.

Ultrafast intramolecular photoinduced processes monitored
by femtosecond laser-induced transient absorption

Time-resolved transient absorption spectra of (ZnP)4¢CorTIm
and (H2P)4¢CorTIm in PhCN were measured by femtosecond

laser photolysis. The transient absorption spectra of pristine
porphyrin (ZnP¢NHAc), CorTIm, (ZnP)4¢CorTIm, and (H2P)4¢
CorTIm in deaerated PhCN were also measured by using
a 430 nm femtosecond laser pulse (fwhm = 130 fs), which se-

lectively excited only the porphyrin units. Figure 6 A and 6 B

show the transient absorption spectra of the reference ZnP¢
NHAc and CorTIm single components to assign the singlet–sin-

glet transient absorption bands, respectively. The transient
spectrum of H2P-NHAc is shown in Figure S5 (the Supporting

Information) for comparison. In both cases, broad transient ab-
sorption bands at around the 400–800 nm for ZnP¢NHAc and

the 600–800 nm region for CorTIm were observed.

Figures 6 C and 6 D also show the transient absorption spec-
tra of (ZnP)4¢CorTIm and (H2P)4¢CorTIm in PhCN, respectively.

Two strong transient absorption bands immediately appeared
after laser-pulse excitation. The absorption band at 500–
700 nm is probably attributable to the overlapped components
of the singlet–singlet absorption of porphyrins and the radical

cation of porphyrins.[15] The other band at about 860 nm is as-
cribed to the CorTIm/CorTImC¢ (see Figure S6 in the Supporting

Information). It should be noted that lmax of CorTImC¢ unit in
(ZnP)4¢CorTIm at 862 nm is blueshifted compared with that of
pristine CorTImC¢ (922 nm).

These values of radical anions were carefully confirmed by
spectroelectrochemical measurements under a negative ap-

plied voltage (see Figures S4 and S6 in the Supporting Infor-
mation).[19] In this case, direct charge separation occurred after

photoexcitation as discussed above, because the porphyrin

moieties were directly excited. The lifetimes for the charge-re-
combination were approximately assigned to be 82 ps for

(ZnP)4¢CorTIm and 210 ps for (H2P)4¢CorTIm, respectively.
Figures 6 E and 6 F also demonstrate the transient absorption

spectra of (ZnP)4¢CorTIm and (H2P)4¢CorTIm with 393 nm laser
excitation. The emphasis is that we mainly excited CorTIm

Figure 5. (A) Nanosecond transient absorption spectra of ZnP-NHAc (30 mm)
with CorTIm (60 mm) in deaerated PhCN taken at 0.1 ms (*), 0.5 ms (&), and
2.0 ms (~) after laser excitation at 532 nm; (B) The time profile of absorb-
ance at 930 nm due to the CorTImC¢ . The inset Figure shows second-order
plot for decay of CorTImC¢ . [CorTImC¢] is obtained from the absorbance at
930 nm and molar absorption coefficient value e of 13500 m¢1 cm¢1 (see: Fig-
ure S4 in the Supporting Information).
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units. Judging from the above-mentioned absorption spectrum

of (ZnP)4¢CorTIm (Figure 2 B), approximately 70 and 50 % of
absorption at 380 and 393 nm are attributable to the CorTIm
unit in (ZnP)4¢CorTIm. In addition, the lifetime of singlet excit-

ed state of CorTIm is long enough to perform photoinduced
events (e.g. , fluorescence lifetime tFL : 21 ns) according to our

previous work.[9d] After laser-pulse excitation of 393 nm, two
transient bands at about 500–700 nm (i.e. , singlet–singlet tran-

sient absorption of porphyrins and porphyrin radical cation)

and about 860 nm (i.e. , CorTIm radical anion) were immediate-
ly observed without a singlet–singlet absorption maximum of

CorTIm at about 700 nm (Figure 6 B). This clearly indicates that
ultrafast energy transfer occurs from CorTIm to porphyrin units

in both (ZnP)4¢CorTIm and (H2P)4¢CorTIm. This result also sup-
ported the above-mentioned energy-transfer from CorTIm to

porphyrins (see above). Consequently, when we mainly excite

the CorTIm unit, initial energy transfer from CorTIm (energy
donor) to porphyrins (energy acceptor) within several picosec-
onds and subsequent fast electron transfer from porphyrins

(electron donor) to CorTIm (electron acceptor) occurs in these
pentamers. The CS lifetimes of (ZnP)4¢CorTIm and (H2P)4¢
CorTIm were estimated to be 130 and 670 ps, respectively.
These values are much longer than those measured by excita-

tion wavelength at 430 nm (82 ps for (ZnP)4¢CorTIm and

210 ps for (H2P)4¢CorTIm) because of the occurrence of the ini-
tial energy-transfer process. The energy diagram and photody-

namics of (ZnP)4¢CorTIm are summarized in Figure 7.

Figure 6. Femtosecond transient absorption spectra and corresponding time profiles of (A) 5.0 mm ZnP¢NHAc (excited at 430 nm); (B) 30 mm CorTIm (excited
at 430 nm); (C) 5.0 mm (ZnP)4¢CorTIm (excited at 430 nm); (D) 5.0 mm (H2P)4¢CorTIm (excited at 430 nm); (E) 30 mm (ZnP)4¢CorTIm (excited at 393 nm); and
(F) 30 mm (H2P)4¢CorTIm (excited at 393 nm) in PhCN.
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High-order supramolecular patterning of (ZnP)4¢CorTIm ob-
served by an atomic force microscope (AFM)

Finally, construction of high-order supramolecular structures of
these pentamers was performed by utilizing self-assembly and

physical dewetting during the evaporation of solvent.[20] First,
we optimized the experimental conditions ((ZnP)4¢CorTIm

(20 mm) in toluene) by examining the concentration effects

(10–50 mm) on the aggregate structures. Then, the solution
(the optimized concentration: 20 mm) was simply cast onto the

TEM grid and dried in air. In the evaporation process of sol-
vent, the molecular pattern was effectively formed. The refer-

ence assemblies of ZnP¢NHAc and CorTIm were also prepared
in the same manner. Transmission electron microscope (TEM)

measurements of reference ZnP¢NHAc and CorTIm assemblies

showed spherical and flake assemblies, respectively (Figure S7
in the Supporting Information), whereas aligned fibrous pat-

terns were observed for (ZnP)4¢CorTIm in Figure 8 A. The ap-
proximate average width of (ZnP)4¢CorTIm assemblies was es-

timated to be about 600–900 nm. The AFM measurements in-
cluding the cross-sectional height information were also per-
formed as shown in Figure 8 A. The cross-sectional data

showed the average height: about 20–30 nm. Considering the
chemical structure of (ZnP)4¢CorTIm (approximate molecular

size: �40 æ estimated by DFT calculation) in Scheme 2, the
average height approximately corresponds to approximately

several layers of (ZnP)4¢CorTIm-stacked assemblies.
To analyze the internal structures of (ZnP)4¢CorTIm supra-

molecular patterning, an X-ray diffraction (XRD) measurement
was performed. Although the S/N ratio is low because of the
thin film, the characteristic patterns derived from two diffuse

reflections were observed in the wide-angle region. The broad
one centered at �4.2 æ corresponds to the aliphatic chains

and the relatively sharper one at higher 2q value (�3.2 æ) is
attributable to the separation between neighboring CorTIm

cores along the stacking direction.[9a, 21]

To further perform absorption spectral measurements of the
(ZnP)4¢CorTIm assemblies, (ZnP)4¢CorTIm toluene solution was

cast onto a quartz plate. A similar patterning formation was
successfully formed on the plate. Figure 8 C shows the absorp-

tion spectra of the (ZnP)4¢CorTIm assembly and the corre-
sponding monomer in PhCN, respectively. The Soret band of

porphyrins in (ZnP)4¢CorTIm assembly became significantly
broadened compared with that of the monomer solution. This

clearly indicates the effective stacking alignment of neighbor-

ing porphyrin moieties based on the p–p interaction. In con-
trast, the band of CorTIm unit in (ZnP)4¢CorTIm assembly

(378 nm) became blueshifted, which suggests the columnar
stacked-formation.[13a] Thus, on the basis of the above results,

we can summarize the proposed internal structures of (ZnP)4¢
CorTIm supramolecular patterning in Scheme 2.

Figure 8. (A) AFM images of (ZnP)4-CorTIm and the corresponding cross-sec-
tional height information. The images were taken by drop cast of the tolu-
ene solution of (ZnP)4¢CorTIm onto the grid; (B) X-ray diffraction (XRD) data
of (ZnP)4¢CorTIm-stacked assemblies ; (C) Absorption spectra of (a) (ZnP)4¢
CorTIm-stacked assemblies and (b) (ZnP)4¢CorTIm (monomer) in PhCN.

Figure 7. Energy diagram and photodynamics of (ZnP)4¢CorTIm based on
the excitation of (A) CorTIm unit and (B) ZnP unit. EN: energy transfer, ET:
electron transfer and CR: charge recombination.
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Conclusion

This work has demonstrated the synthesis and ultrafast photo-

induced dynamics of coronenetetraimide-centered cruciform

pentamers containing multiporphyrin units, which are the first
synthetic case of coroneneimide derivatives covalently linked

with dye molecules. The spectral overlap beween energy
donor emission (CorTIm) and acceptor absorption (porphyrin)

enabled initial ultrafast energy transfer from CorTIm (energy
donor) to porphyrin (energy acceptor) units to occur within

several picoseconds. Then, the appropriate redox potential gra-

dient in these D–A units result in the occurrence of subse-
quent electron transfer from porphyrins (electron donor) to

CorTIm (electron acceptor) in these pentamers. These process-
es were clearly confirmed by steady state and femtosecond
time-resolved spectroscopic measurements. On the other
hand, in the longer timescale, nanosecond laser flash photoly-

sis measurements revealed the occurrence of intermolecular
electron transfer from triplet excited state of zinc porphyrins to
CorTIm with diffusion-limited value in PhCN. Finally, the supra-
molecular interaction in cruciform pentamers contributes to
the highly ordered patterning on the TEM grid. These findings

provide a new perspective for the construction of efficient mo-
lecular electronic and light-energy conversion systems.

Experimental Section

Syntheses

meso-10-Bromo zinc porphyrin (2): Zinc porphyrin 1 (680 mg,
0.79 mmol) was dissolved in dichloromethane (57 mL) and pyridine

(0.96 mL), and the solution was cooled at 0 8C. Next, N-bromosucci-
nimide (140 mg, 0.79 mmol) was added to the solution, and it was
stirred for 10 min. After adding acetone (10 mL) to the mixture, the
solvent was evaporated. The product was purified over silica gel
column using hexane/ethyl acetate (10:1 v/v) as eluent to afford
porphyrin 2 as a red powder (647 mg (77 %)). 1H NMR (400 MHz,
CDCl3): d= 10.20 (s, 1 H), 9.80 (d, J = 4.9 Hz, 2 H), 9.34 (d, J = 4.9 Hz,
2 H), 9.17 (d, J = 4.9 Hz, 2 H), 9.16 (d, J = 4.9 Hz, 2 H) 7.37 (d, J =
2.4 Hz, 4 H), 6.90 (t, J = 2.4 Hz, 2 H), 4.16 (t, J = 6.8 Hz, 8 H), 1.89
(sept, J = 6.3 Hz, 4 H), 1.77 (q, J = 6.8 Hz, 8 H), 0.98 ppm (d, J =
6.3 Hz, 24 H); 13C NMR (100 MHz, CDCl3): d= 158.25, 150.44, 150.30,
149.30, 143.98, 133.21, 133.07, 132.82, 132.04, 121.09, 114.41,
100.96, 66.76, 38.11, 25.13, 22.67 ppm; MALDI-TOF MS: m/z calcd
for C52H59BrN4O4Zn: 946.30 [M++H]; found: 947.41; 1H NMR spec-
trum is shown in Figure S8 (the Supporting Information).

meso-10-(4-Phthalimidyl-phenyl)-zinc porphyrin (3): Porphyrin 2
(480 mg, 0.51 mmol), 2-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzyl]isoindoline-1,3-dione (180 mg, 0.51 mmol), Cs2CO3

(250 mg, 0.76 mmol), and [Pd(PPh3)4] (58 mg, 0.051 mmol,
10 mol %) were dissolved in degassed toluene (64 mL) and DMF
(32 mL). Then, the mixture solution was stirred at 80 8C for 10 h.
After finishing the reaction, the mixture was extracted with tolu-
ene, and organic phase was dried over anhydrous Na2SO4. Then,
the solvent was evaporated. The crude was purified over silica gel
column using column chromatography (chloroform/hexane = 2:1)
as eluent to afford porphyrin 3. Red powder: 404 mg (72 %),
1H NMR (400 MHz, CDCl3): d= 10.23 (s, 1 H), 9.38 (d, J = 4.4 Hz, 2 H),
9.19 (d, J = 4.4 Hz, 2 H), 9.06 (d, J = 4.4 Hz, 2 H), 8.91 (d, J = 4.4 Hz,
2 H), 8.14 (d, J = 8.2 Hz, 2 H), 7.94 (dd, J = 2.4, 2.4 Hz, 2 H), 7.80–7.76
(m, 4 H), 7.38 (d, J = 2.0 Hz, 4 H), 6.88 (t, J = 2.0 Hz, 2 H), 5.19 (s, 2 H),
4.14 (t, J = 6.3 Hz, 8 H), 1.88 (sept, J = 6.8 Hz, 4 H), 1.76 (q, J = 6.8 Hz,
8 H), 0.97 ppm (d, J = 6.8 Hz, 24 H); 13C NMR (100 MHz, CDCl3): d=
158.19, 149.92, 149.83, 149.70, 144.50, 134.68, 133.97, 132.68,
131.85, 131.62, 126.59, 123.39, 114.39, 100.87, 66.72, 41.54, 38.12,
25.11, 22.65 ppm; MALDI-TOF MS: m/z calcd for C67H69N5O6Zn:
1103.45 [M++H]; found: 1104.40; 1H NMR spectrum is shown in Fig-
ure S9 (the Supporting Information).

meso-10-(4-Phthalimidyl-phenyl)-porphyrin (4): Porphyrin 3
(350 mg, 0.32 mmol) was dissolved in CH2Cl2, and then TFA (35 mL)
was added to the solution. The mixture solution was stirring at
room temperature for 1 h. After diluting with water, organic phase
was washed with saturated NaHCO3 three times, and dried over
Na2SO4. Then, the solvent was evaporated. The product was puri-
fied over silica gel column using chloroform as eluent to afford
porphyrin 4. Purple powder 320 mg (96 %). 1H NMR (400 MHz,
CDCl3): d= 10.19 (s, 1 H), 9.32 (d, J = 4.4 Hz, 2 H), 9.12 (d, J = 4.4 Hz,
2 H), 8.98 (d, J = 4.4 Hz, 2 H), 8.82 (d, J = 4.4 Hz, 2 H), 8.15 (d, J =
4.4 Hz, 2 H), 7.97 (dd, J = 2.9, 2.9 Hz, 2 H), 7.81–7.78 (m, 4 H), 7.38 (d,
J = 2.4 Hz, 4 H), 6.89 (t, J = 2.4 Hz, 2 H), 5.21 (s, 2 H), 4.16 (t, J =
6.8 Hz, 8 H), 1.88 (sept, J = 6.8 Hz, 4 H), 1.76 (q, J = 6.8 Hz, 8 H), 0.97
(d, J = 6.8 Hz, 24 H), ¢3.08 ppm (s, 2 H); 13C NMR (100 MHz, CDCl3):
d= 168.31, 158.40, 143.45, 142.13, 135.77, 134.76, 134.11, 132.24,
126.67, 123.52, 119.58, 114.43, 104.73, 100.98, 66.73, 41.53, 38.10,
25.10, 22.65 ppm; MALDI-TOF MS: m/z calcd for C52H61BrN4O4 :
1041.54 [M++3 H]; found: 1044.70; 1H NMR spectrum is shown in
Figure S10 (the Supporting Information).

meso-10-(4-Aminomethyl-phenyl)-porphyrin (5): Porphyrin 4
(320 mg) was dissolved in CH2Cl2 (21 mL) and EtOH (21 mL). Hydra-
zine monohydrate (4.3 mL) was added to the solution and heated
at reflux for 5 h. After cooling to room temperature, the mixture
was extracted with CH2Cl2, and the organic phase was dried over
anhydrous Na2SO4. Then, by evaporating the solvent, porphyrin 5
was obtained. Purple powder 270 mg (96 %). 1H NMR (400 MHz,

Scheme 2. A schematic illustration of proposed supramolecular structures of
(ZnP)4¢CorTIm and the supramolecular patterning.
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CDCl3): d= 10.20 (s, 1 H), 9.32 (d, J = 4.4 Hz, 2 H), 9.13 (d, J = 4.4 Hz,
2 H), 9.01 (d, J = 4.4 Hz, 2 H), 8.86 (d, J = 4.4 Hz, 2 H), 8.17 (d, J =
7.4 Hz, 2 H), 7.69 (d, J = 7.4 Hz, 2 H), 7.40 (d, J = 2.0 Hz, 4 H), 6.90 (t,
J = 2.0 Hz, 2 H), 4.25 (s, 2 H), 4.16 (t, J = 6.8 Hz, 8 H), 4.14 (br s, 2 H)
1.88 (sept, J = 6.4 Hz, 4 H), 1.77 (q, J = 6.8 Hz, 8 H), 0.98 (d, J =

6.4 Hz, 24 H), ¢3.05 ppm (s, 2 H);13C NMR (100 MHz, CDCl3): d=
158.44, 143.51, 142.62, 141.03, 134.64, 125.25, 120.34, 119.51,
114.47, 104.67, 101.00, 66.74, 46.46, 38.12, 25.11, 22.65 ppm;
MALDI-TOF MS: m/z calcd for C59H69N5O4 : 911.53 [M++2 H]; found:
913.06. The 1H NMR spectrum is shown in Figure S11 (the Support-
ing Information).

(H2P)4¢CorTIm : CorDIm(iBu)4 (120 mg, 0.13 mmol) and KOH (1.5 g,
27 mmol) were added to n-BuOH (15 mL), and the solution was
stirred at 120 8C for 10 h. After cooling to room temperature, H2O
(20 mL) was added to the mixture solution. Then, after adding
excess volume of AcOH to the solution, it was stirred at room tem-
perature for 3 h. After the reaction was complete, the resulting
solid was collected by filtration. The solid was washed in water sev-
eral times. The solid was dried in vacuo for 4 h. Next, obtained
solid (24 mg) and porphyrin 5 (200 mg) were dissolved in DMF
(15 mL) and stirred at 150 8C for 12 h. After cooling to room tem-
perature, the solvent was evaporated. The crude was purified over
silica gel column using CHCl3. Finally, the product was purified by
size exclusion chromatography using toluene. Red purple solid:
5.0 mg (1.0 %);1H NMR (400 MHz, CDCl3): d= 10.08 (br s, 1 H), 10.00
(br s, 1 H), 9.15 (br d, 4 H), 8.91 (br d, 4 H), 8.64 (br d, 2 H), 8.4 (br d,
6 H), 7.10 (br s, 2 H), 5.30 (br s, 2 H), 3.80 (br s, 8 H), 1.92 (br s, 4 H),
1.77 (br s, 8 H), 0.64 (br d, 24 H), ¢3.16 ppm (br s, 2 H);13C NMR
(100 MHz, CDCl3): d= 167.77, 159.38, 158.14, 157.76, 143.25,135.21,
134.96, 134.80, 131.31, 130.90, 129.67, 128.95, 128.04, 125.66,
125.39, 125.02, 119.61, 119.34, 118.74, 114.21, 104.66, 100.71, 66.41,
37.86, 37.66, 24.85, 23.91, 22.45 ppm; MALDI-TOF MS: m/z calcd for
C258H252N20O22 : 4154.07 [M¢4 H]; found: 4150.10; 1H NMR and
MALDI-TOF mass spectra are shown in Figure S1 (the Supporting
Information).

(ZnP)4¢CorTIm : CorDIm(iBu)4 (4.0 mg, 0.13 mmol) and [Zn(OAc)2]
(0.98 g, 5.4 mmol) were dissolved in CH2Cl2 (4.0 mL) and MeOH
(0.40 mL). Then, the solution was stirred at 50 8C for 1 h. After dilut-
ing with water, organic phase was washed with saturated NaHCO3

three times, and dried over Na2SO4. Then, the solvent was evapo-
rated. The crude was purified over silica gel column using CHCl3.
Finally, the product was purified by size exclusion chromatography
using toluene. Red purple solid: 4.0 mg (94 %); 1H NMR (400 MHz,
CDCl3): d= 10.13 (br s, 1 H), 10.06 (br s, 1 H), 9.23 (br d, 4 H), 8.97
(br d, 4 H), 8.70 (br d, 2 H), 8.46 (br d, 6 H), 7.00 (br s, 2 H), 6.50 (br s,
2 H), 3.11 (br s, 8 H), 1.94 (br s, 12 H), 0.79 ppm (br d, 24 H); MALDI-
TOF MS: m/z calcd for C258H244N20O22Zn4 : 4401.72 [M] ; found:
4401.70.
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