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Supramolecular Tetrad of Subphthalocyanine—Triphenylamine-Zinc
Porphyrin Coordinated to Fullerene as an “Antenna-Reaction-Center”
Mimic: Formation of a Long-Lived Charge-Separated State in Nonpolar

Solvent

Mohamed E. El-Khouly,”! Dong Kyu Ju,'”’ Kwang-Yol Kay,*"! Francis D’Souza,*'! and

Abstract: We report here the formation
of a long-lived charge-separated state
of a self-assembled donor-acceptor
tetrad, formed by axial coordination of
a fulleropyrrolidine appended with an
imidazole coordinating ligand (CyIm)
to the zinc center of a subphthalocya-
nine—triphenylamine-zinc  porphyrin
(SubPc-TPA-ZnP), as a charge-stabi-
lizing antenna reaction center mimic in
toluene. The subphthalocyanine and
triphenylamine entities, with their high-
energy singlet states, act as an energy-
transferring antenna unit to produce a
singlet zinc porphyrin. The formation
constant for the self-assembled tetrad
was determined to be 1.0x10*m~!, sug-
gesting a moderately stable complex

Introduction

The X-ray structures of the bacterial photosynthetic reaction
centers have revealed that the electron donor and acceptor

Shunichi Fukuzumi*® %

formation. The geometric and electron-
ic structures of the covalently linked
SubPc-TPA-ZnP triad and self-assem-
bled SubPc-TPA-ZnP:Cglm tetrad
were examined by using an ab initio
B3LYP/6-31G method. The majority of
the highest occupied frontier molecular
orbital was found over the ZnP and
TPA entities, whereas the lowest unoc-
cupied molecular orbital was located
over the fullerene entity, suggesting the
formation of the radical-ion pair
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(SubPc-TPA-ZnP"*:CgIlm™). The
redox measurements revealed that the
energy level of the radical-ion pair in
toluene is located lower than that of
the singlet and triplet states of the zinc
porphyrin and fullerene entities. The
femtosecond  transient  absorption
measurements revealed fast charge
separation from the singlet porphyrin
to the coordinated Cglm with a life-
time of 1.1ns. Interestingly, slow
charge recombination (1.6x10°s™") and
the long lifetime of the charge-separat-
ed state (6.6 us) were obtained in tolu-
ene by utilizing the nanosecond transi-
ent measurements.

entities are arranged through noncovalent incorporation

into a well-defined p

these well-organized

rotein matrix.!"! The light-induced elec-

tron transfer and energy transfer events occur between

pigments with a high quantum efficien-
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cy.!! Owing to their importance in light-energy harvesting
and developing optoelectronic devices, development of rela-
tively simple donor-acceptor model systems designed to
mimic the events of the photosynthetic reaction center has
been one of the important goals of chemistry during the
past two decades.”* More recently, researchers have begun
incorporating not only the ‘reaction center’ electron-transfer
functionality, but also the energy transfer ‘antenna’ function-
ality into artificial photosynthetic constructs. In the devel-
oped artificial systems, energy-funneling antenna molecules
have been elegantly connected to the donor—acceptor sys-
tems to probe sequential energy- and electron-transfer pro-
cesses, thus mimicking the complex ‘“antenna-reaction
center” functionality of photosynthesis.

Although a substantial amount of progress in terms of
charge stabilization has been accomplished in covalently
linked donor—acceptor systems, achieving similar results on
a self-assembled donor—acceptor has been challenging be-
cause of the occurrence of multiple equilibrium processes
and the inferior stability of the adopted self-assembly ap-
proaches.”! In the hope of finding a long-lived charge-sepa-
rated state in the self-assembled systems, we report here a
novel example of a triad and tetrad comprising porphyrin,
triphenylamine, subphthalocyanine, and fullerene entities, as
antenna-reaction center mimics (Figure 1). The rationale for
choosing the different entities and the design concepts are
as follows: porphyrin, the pigment of life, is a suitable pri-
mary electron donor owing to its resemblance to the natural
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Figure 1. Structures of the presently developed and investigated SubPc—
TPA-ZnP triad 1 and the self-assembled SubPc-TPA-ZnP:Cylm tetrad
2.
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photosynthetic chlorophyll pigment, easy synthetic manipu-
lations, extensive absorption, and favorable redox proper-
ties.'! To increase the donor ability of zinc porphyrin (low-
ering the oxidation potential), the electron-rich triphenyla-
mine (TPA) entity is substituted at the meso position of the
zinc—porphyrin ring. Owing to the close proximity of the
TPA entity to the porphyrin m ring, delocalization of the
porphyrin  system over the triphenylamine entity is expect-
ed.l'l The comparatively electron-deficient, subphthalocya-
nine, SubPc, in 1 plays the role of the antenna unit. The
SubPc entity possesses i) strong absorption in the visible
region (A=500-700 nm), ii) higher energy of the singlet ex-
cited state (2.16 eV) and triplet excited state (1.40 eV) com-
pared with those of phthalocyanines, and iii) relatively low
reorganization energies.”>'¥ The covalently linked sub-
phthalocyanine-triphenylamine—zinc porphyrin 1, owing to
the presence of three chromophores absorbing different por-
tions of the visible spectrum, guarantees an increased ab-
sorption cross-section and an efficient use of the solar
energy. Finally, fullerene' the ultimate electron accept-
or,53 has been utilized to construct the supramolecular
tetrad 2 by a self-assembly approach involving axial coordi-
nation.'” Here, an imidazole-appended fullerene has been
chosen over the pyridine-appended fullerene because of its
increased ability to form stable coordination bonds with
metal ions in the porphyrin cavity.'>*! The presence of full-
erene is expected to stabilize the charge-separated state,
owing to favorable energy states and low-reorganization
energy.?!

The electron-transfer process from the electron-donating
ZnP and TPA entities to the electron-accepting subphthalo-
cyanine to form SubPc™-TPA-ZnP'* in 1 is confirmed in
this study by different photochemical techniques. To achieve
a long-lived charge-separate state in nonpolar toluene, the
self-assembled tetrad 2 is formed in toluene (Figure 1).
Owing to the varying redox and optical properties of the dif-
ferent entities of the tetrad, several interesting properties
are envisioned in the tetrad: i) the subphthalocyanine entity
with its higher singlet state (2.16 eV) is expected to act as an
energy-transferring antenna unit to the zinc porphyrin and
to promote electron transfer to the electron-accepting fuller-
ene entity, ii) the triphenylamine entity with its higher sin-
glet state (2.55 eV) is also expected to be an energy-transfer-
ring antenna unit to the zinc porphyrin in addition to stabi-
lizing the charge-separated state!'’ and iii) owing to the
lower energy level of the radical-ion pair SubPc-TPA-ZnP'*
:CeIm™ compared to the lowest excited singlet and triplet
states of both porphyrin and fullerene entities in nonpolar
toluene, formation of a long-lived charge-separated state of
SubPc-TPA-ZnP'+:CeIm™ is expected. The latter is not a
common feature in the case of ZnP-C,, dyads, owing to the
undesired charge recombination of the radical-ion pair to
the low-lying triplet states of porphyrin and fullerene.['>2%2!]
The photochemical processes were examined in nonpolar
toluene, keeping in consideration that the protein environ-
ment surrounding the photosynthetic reaction center is non-
polar with a low dielectric constant &~2.25.
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Results and Discussion

Synthesis and characterization: Subphthalocyanine—triphe-
nylamine-zinc porphyrin (1) and its reference compounds,
ZnP-TPA (12) and ZnP (3) were prepared, as depicted in
Scheme 1. Every step of the reaction sequence proceeded
smoothly to give a good or moderate yield of the product.
Briefly, commercially available diphenylamine was coupled
with 4-iodoanisole under Ullmann conditions?® to give 4-
methoxytriphenylamine (4) in 86 % yield, and subsequently
Vilsmeier formylation®™! was carried out to produce alde-
hyde 5 in 94% yield. Metal-free asymmetrical porphyrin 6
was prepared according to a typical method for porphyrin
synthesis?® in a yield of 8%, and subsequent demethylation
of the methoxy group in 6 was performed by using BBr; to
give porphyrin 7 in 69% yield. The hydroxy group in 7 re-
placed the axial chlorine atom of SubPc-Cl, which was syn-
thesized according to the literature procedures,"*'¥ to pro-
duce SubPc-TPA-H,P 8 in 10% yield. Finally, metalation
was carried out using zinc acetate to afford SubPc-TPA-
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ZnP 1 in 82% yield. Reference compounds ZnP-TPA 12
and ZnP 3 were also synthesized in a similar way, and
SubPc-TPA was prepared according to the method previous-
ly reported by our group.

Computational studies: To gain insight into the molecular
geometry and electronic structure, computational studies
were performed by using the ab initio B3LYP/6-31G
method. In the optimized structure of 1 (see Figure S1 in
the Supporting Information), the center-to-center distance
(dcc) between the Zn center and the B center of SubPc was
13.6 A. The electron cloud of the highest occupied frontier
molecular orbital (HOMO) was delocalized over the por-
phyrin macrocycle and the triphenylamine entities, while the
lowest unoccupied molecular orbital (LUMO) was fully lo-
calized over the SubPc entity. These results suggest that the
TPA-ZnP act as electron donors, whereas the SubPc acts as
an electron acceptor, to afford SubPc™—TPA-ZnP'*.

When Cglm is axially coordinated with ZnP-TPA-SubPc
(Figure 2), the center-to-center distances between the Cglm
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Scheme 1. Synthesis of compounds 1, 2, and 3. a) K,CO;, Cu, [18]crown-6, o-dichlorobenzene, 180°C, 36 h, 86 %; b) POCl;, DMF, 1,2-dichloroethane,
reflux, 4 h, 94% for 5, 12 h, 85% for 9; c¢) 1) hexanal, pyrrole, BF;-O(C,Hjs),, 2) DDQ, triethylamine, 2-propanol, dichloromethane, RT, 3 h, 8% for 6
and 10; d) BBr;, dichloromethane, RT, 12 h, 69 %; e¢) SubPc-Cl, toluene, reflux, 6 days, 10%; f) zinc acetate, dichloromethane, methanol, RT, 1 h, 82%
for 1, 92 % for 12, and 88 % for 3; g) 1) pyrrole, BF;-O(C,Hjs),, 2) DDQ, 2-propanol, dichloromethane, RT, 3 h, 11%.
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Figure 2. Frontier HOMO and LUMO orbitals of self-assembled 2.

and ZnP and SubPc of the formed supramolecular system
were computed to be 11.7 and 22.7 A, respectively. The elec-
tron cloud of the HOMO and HOMO-1 were delocalized
over the porphyrin macrocycle and the substituted triphe-
nylamine entities, whereas the LUMO and LUMO + 3 were
fully localized over the C¢Im and SubPc entities, respective-
ly. These results suggest that the ZnP and TPA act as elec-
tron donors, whereas the Cq4Im acts as an electron acceptor,
to afford SubPc-TPA-ZnP"*:CgIm"™ as the final charge-sep-
arated state. The orbital energies of the HOMO, HOMO-1,
LUMO, and LUMO+3 were found to be —4.41, —4.70,
—3.26, and —2.60 eV for the SubPc-TPA-ZnP:CyIm. The
calculated values of the HOMO-LUMO and HOMO-
LUMO+3 gaps (gas phase) were found to be 1.16 and
1.81 eV, respectively, which are in a good agreement with
the electrochemically measured (difference between the first
oxidation and first reduction potential) values, as discussed
below.

Electrochemical studies and electron transfer driving forces:
The redox measurements were carried out by using cyclic
voltammogram (CV) and differential pulse voltammogram
(DPV) techniques in deaerated dichloromethane (CH,Cl,)
to estimate the driving forces for the electron-transfer pro-
cesses. The first oxidation potential (E,,) of 12 is located at
690 mV versus SCE that is less positive by 20 mV compared
to 3 (see Figures S2 and S3 in the Supporting Information),
suggesting that the triphenylamine unit slightly improves the
electron-donor ability of ZnP. The redox measurements of 1
show the first oxidation of the ZnP and the first reduction
potential (E.,.4) of SubPc at 666 and —1111 mV versus SCE,
respectively (Figure 3). Based on the first E, and E,4
values, the driving forces for the charge recombination
(=AGcg) of SubPc™-TPA-ZnP't to the ground state were
calculated as 1.57, 1.77, and 1.89 eV in benzonitrile, o-di-
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Figure 3. Cyclic voltammograms of 1 and self-assembled 2 in CH,Cl, con-
taining 0.1 ™ (n-C,H,),NCIO,. Scan rate =100 mV's".

chlorobenzene, and toluene, respectively.”” Based on the
—AGcg value, the driving forces of the charge-separation
process (—AG®) through the singlet porphyrin (2.06 eV)
were estimated to be 0.49, 0.29, and 0.17 eV in benzonitrile,
o-dichlorobenzene, and toluene, respectively.[ZS]

On the other hand, the redox measurements of self-as-
sembled 2 exhibited the first oxidation potential of ZnP and
the first reduction of CgIm and SubPc at 578, —689, and
—1078 mV versus SCE, respectively (Figure 3 and Figure S4
in the Supporting Information). From these findings, the
penta-coordinated ZnP formed by coordination of Cglm
with a Zn atom is found to be less positive than the ZnP of
1 by 8 mV (versus SCE), suggesting an increased electron-
donor ability of ZnP when photoinduced charge separation
takes place in 2. From these values, the —AGcz and
—AGcs® values of the stabilized charge-separated SubPc—
TPA-ZnP'*:CyIm™™ were estimated as 1.36 and 0.70 eV, re-
spectively, in toluene. The finding that the energy level of
SubPc-TPA-ZnP"*:C4Im'™ is lower than the energy of both
the triplet porphyrin (1.55eV) and Cg, (1.53 eV) suggests
the exothermic electron transfer via the triplet porphyrin
(=AGcs"=0.17 €V) and fullerene (—~AGs"=0.15 eV) in tol-
uene.

Steady-state UV/Vis spectral studies: As shown in Figure 4,
the absorption spectra of the reference SubPc consist of a
high-energy B-band (A=311 nm) and lower energy Q-bands
(A=518 and 565 nm) arising from s—m* transitions, which
are associated with 14 m-electron systems, analogous to
those of porphyrins and phthalocyanines. The absorption
spectra of the 3 exhibited a Soret band at A =423 nm and Q-
bands at =557 and 599 nm, whereas the absorption band
of TPA was located at 1=303 nm. In agreement with the
MO calculations and redox measurements, the ZnP Soret
band of 12 was red shifted by nearly 4 nm compared with
that of 3, suggesting interactions between the porphyrin m
system and the substituted triphenylamine entity. The elec-
tronic absorption spectra of 1 displayed common features of

Chem. Eur. J. 2010, 16, 6193 -6202
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Figure 4. Steady-state absorption spectra of 1 and the reference com-
pounds in toluene.

the electron-donor ZnP-TPA and the electron-acceptor
SubPc subunits, suggesting the absence of electronic interac-
tions between them in the ground state. Changing the sol-
vent to benzonitrile shifted the absorption spectrum to red
by about 5 nm compared to that in toluene and dichloroben-
zene.

Upon coordination of CgIm with 1, the formation of the
pentacoordinated zinc porphyrin complex was characterized
by a diminished Soret band intensity, a 4 nm red-shift, and
the appearance of an isosbestic point at A =430 nm. This ob-
servation suggests that the imidazole unit attached to the
Cy was involved in coordination with the Zn atom, forming
self-assembled 2 (Figure 5). No new absorption bands in the

Absorbance
o

0.5

0.0k i ! !
400 450 500 550 600
Wavelength / nm

Figure 5. UV/Vis spectral changes observed during the complexation of 1
with Cglm in toluene. Inset: Benesi-Hildebrand plot for the change of
absorbance at A =426 nm constructed to obtain the binding constant.

near IR region were observed, suggesting the absence of m—
7t type interactions between them. The Benesi-Hildebrand
plot?” constructed from the absorbance data revealed a
straight line with K=1.1x10*m™" (see Figure 5 inset), indi-
cating stable complex formation. The binding constant of
the self-assembled 2 is considerably high compared with
many-studied axial ligands.”"!
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Emission studies: The photophysical behavior was first in-
vestigated using steady-state fluorescence. When the most
intense visible band at A =430 nm was excited, the fluores-
cence spectra of 12 revealed emission bands at =605 and
653 nm. In the case of 1, the emission intensity of the ZnP
moiety was significantly quenched in benzonitrile, o-
dichlorobenzene, and toluene (Figure 6). These observations

- — 12 /7N

---1/PhCN

Flu. Intensity

750
Wavelength / nm

Figure 6. Fluorescence spectra of 12 in toluene and 1 in different sol-
vents; Ao =430 nm.

together with the calculated negative AGs values from
!ZnP*, suggest that the charge-separation process occurs
from the electron-donating 'ZnP* to the electron-accepting
SubPc, generating SubPc -TPA-ZnP'" in both polar and
nonpolar solvents.

When the SubPc was selectively excited at A=470-
580 nm, the emission band of !'SubPc*-TPA-ZnP around
A=571 nm was significantly quenched compared to that of
the SubPc reference (see Figure S5 in the Supporting Infor-
mation). With the decrease in the fluorescence intensity of
SubPc, we could detect the emission bands of the ZnP
entity, which were not clearly observed for the ZnP refer-
ence within this range of excitation wavelengths under the
experimental conditions. This suggests that the observed
porphyrin emission is a result of energy transfer from the
singlet subphthalocyanine (2.16 V) to the singlet porphyrin
(2.06 eV). Excitation spectra of 1, recorded by fixing the
emission monochromator to the porphyrin emission maxi-
mum in the range of A=580-670 nm, revealed a subphthalo-
cyanine absorption in addition to ZnP absorption bands (see
Figure S6 in the Supporting Information). This observation
confirms that the observed porphyrin emission is a result of
singlet energy transfer from the subphthalocyanine entity to
the porphyrin.

The fluorescence lifetime measurements support the con-
siderations derived from the steady-state fluorescence spec-
tra in a more quantitative way (see Figure S7 in the Sup-
porting Information). The ZnP reference exhibited mono-
exponential decay with a lifetime (z;) of 2080 ps, which is in
a good agreement with the reported value. In the case of 1,
the fluorescence decay-time profile of ZnP was fitted satis-
factorily with mono-exponential decay with a lifetime of less
than 100 ps. Such a shortening of the fluorescence lifetime

www.chemeurj.org — 6197
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indicates the occurrence of charge separation via the singlet
ZnP to the attached SubPc, generating SubPc™~TPA-ZnP'*.
Based on the fluorescence lifetimes of the SubPc-
TPA-'ZnP* and ZnP reference, the rates of fluorescence
quenching (k%) were evaluated to be as much as 10's™" in
both polar benzonitrile and nonpolar toluene.

Upon addition of Cglm to a solution of 1 in toluene, the
fluorescence intensity of the singlet ZnP was significantly
quenched (see Figure S8 in the Supporting Information).
Scanning the emission wavelength to longer wavelength re-
gions (A=700-775 nm) revealed no emission of the fullero-
pyrrolidine moiety at A =720 nm. The ZnP emission intensi-
ty decreased as the concentration of the fulleropyrrolidine
increased, suggesting the occurrence of electron transfer
from the singlet ZnP to C4Im. The binding constant for the
supramolecular complex formation was evaluated by con-
structing a Benesi-Hildebrand plot of the quenching data.
As shown in the inset of Figure S8 in the Supporting Infor-
mation, the calculated binding constant was found to be
1.1x10*m", a value close to that calculated from the optical
data shown in Figure 5, suggesting a moderately stable com-
plex formation.

Femtosecond and nanosecond transient absorption measure-
ments: Spectroscopic evidence for the occurrence of elec-
tron transfer in 1 was obtained from femtosecond transient
absorption measurements in benzonitrile and toluene
(Figure 7) by using 430-nm laser light, with which the ZnP
moiety is selectively excited. In the time-resolved spectrum
at 1ps, the absorption band at A=470 nm is assigned to
1ZnP*, whereas the spectra at > 6 ps, which show absorption
peaks in the visible region, are ascribed to the formation of
the radical-ion pair SubPc-TPA-ZnP'*. The time-profile
of TPA-ZnP'* in the visible region (Figure 7, inset) shows a
fast rise, from which the rate of the charge-separation pro-
cess (kes¥) via 'ZnP* was calculated to be 8.9x 10" s~ On
the other hand, the decay-profile of TPA-ZnP't was ob-
served, as shown in inset of Figure 8, from which the rate
constant of the charge-recombination process (kcr) and the
lifetime of the radical-ion pair (7gp=1/kcg) Were evaluated
to be 3.9x10°s™! and 256 ps, respectively. When changing
the solvent to toluene, the kg and g values were evaluat-
ed to be 7.1x10°s™" and 140 ps, respectively. These results
are qualitatively in agreement with a charge-recombination
processes occurring in the normal region of the Marcus
plot.m‘“]

The femtosecond transient absorption measurements of
the self-assembled tetrad 2 in nonpolar toluene showed the
absorption of TPA-ZnP'* in the visible region between 650
and 800 nm, together with the near-IR absorption of CglIm™
with a maximum at A=1000 nm, confirming the formation
of the radical ion pair SubPc-TPA-ZnP'*:C, . The time-
profile of C¢Im™ in the NIR region (Figure 7, inset) shows
a fast rise, from which the rate of the charge-separation pro-
cess (kcs') from the singlet ZnP to Cglm was calculated as
8.0x 10" s™!. The kcg and gy values were evaluated to be
6.3x10°s! and 1.1 ns, respectively.
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Figure 7. Differential transient absorption spectra obtained upon femto-
second photoexcitation (A=430 nm) of 1 (upper) and self-assembled 2
(lower) in deaerated toluene. 4., =430 nm.
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Figure 8. Nanosecond transient spectra of self-assembled 2 in deaerated
toluene. 4., =430 nm.

Nanosecond transient absorption measurements: The nano-
second transient spectra of the reference 12 in toluene, by
employing 430-nm laser light, exhibited the absorption of
triplet ZnP at A=450 nm. The triplet-state decayed to the
ground state with a rate of 1.0x10*s™". In the case of 1, the
recorded absorption spectra in both benzonitrile and tolu-
ene are similar to that of ZnP, suggesting the absence of
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electron transfer via triplet ZnP (see Figure S9 in the Sup-
porting Information). The absorption intensity of SubPc—
TPA—ZnP* was significantly decreased compared with the
triplet *ZnP* and decayed with a rate of 1.0x10*s™".

In the case of self-assembled 2, it was interesting to detect
the transient absorption bands of TPA-ZnP'* in the visible
region (see Figure S10 in the Supporting Information) and
Celm™ in the NIR region in the microseconds region
(Figure 8). This observation demonstrates the generation of
the radical-ion pair in toluene. From the energetic point of
view, the electron transfer from the triplet porphyrin to the
attached Cglm in toluene is exothermic. The decay of
Cylm’™ was fit by first-order kinetics, suggesting the absence
of the bimolecular electron-transfer process. The kg and
Trp Values of SubPc-TPA-ZnP'*:CyIm™™ were estimated to
be 1.6x10°s™" and 6.6 us, respectively. We believe that this
long-lived charge-separated state is a consequence of the
persistence of the triplet-correlated radical-ion pair charac-
ter, which results in the corresponding forbidden character
of the charge recombination back to the singlet ground
state. In other words, the triplet multiplicity of the radical
ion-pair, which is populated from the electron transfer from
the triplet porphyrin to the attached CglIm, plays an impor-
tant role in determining its long lifetime. The quick decay of
the radical species in oxygen-saturated toluene confirms the
triplet-spin character of the SubPc-TPA-ZnP'*:CgIm™.

The energy-level diagrams, shown in Figure 9, summarize
the observed intramolecular events of 1 and the self-assem-
bled 2. The energy level of the radical-ion pair, SubPc—
TPA-ZnP *:Cglm’, which was calculated by using E,,, F,.q,
and the center-to-center distance (R¢¢), is found to be lower
than the level of the excited singlet and triplet states of both
ZnP and Cglm. The electron transfer via the singlet ZnP
was observed by the femtosecond laser spectral measure-
ments in the order of picoseconds. Interestingly, the unusual
long-lived charge-separated state of SubPc-TPA-ZnP't
:Cg~ in the order of microseconds was clearly observed in
toluene. From a point of view of mechanistic information,
the advantage of supramolecular 1:CyIm is that both the
lifetimes of the singlet and triplet SubPc-TPA-ZnP'*
:Cgolm™™ could be determined.

Conclusion

The synthesis, characterization, and photochemical events in
the molecular triad, SubPc-TPA-ZnP, comprising a sub-
phthalocyanine, triphenylamine, and a zinc porphyrin, is de-
scribed. Excitation of SubPc in the triad resulted in efficient
energy transfer to the ZnP entity. By utilizing femtosecond
laser photolysis, the electron transfer from the singlet ZnP,
which is generated either by energy transfer from SubPc or
through direct excitation, to the electron-accepting SubPc
was observed, forming SubPc™-TPA-ZnP't with lifetimes
of 256 and 140 ps in benzonitrile and toluene, respectively.
The finding that the lifetime of SubPc™ —-TPA-ZnP't is
longer in polar benzonitrile than in nonpolar toluene sug-
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Figure 9. Energy level diagrams of 1 in different solvents and self-assem-
bled 2 in toluene. A, =430 nm.

gests that the charge recombination is occurring in the
normal region of the Marcus plot.

Interestingly, in the supramolecular tetrad 2, obtained by
axial coordination of Cglm to ZnP-TPA-SubPc, we ach-
ieved the anticipated charge stabilization in nonpolar sol-
vents. The formation constant for the self-assembled tetrad
was determined to be 1.0x10*mM™!, suggesting a moderately
stable complex formation. The electrochemical measure-
ments revealed that the energy level of the radical-ion pair
(SubPc-TPA-ZnP'*:CgIm™) is located lower than that of
the singlet and triplet states of the zinc porphyrin and the
fullerene entities. The geometric and electronic structures of
the tetrad, examined by ab initio B3LYP/6-31G methods, re-
vealed the HOMO to be over the ZnP and TPA entities,
whereas the LUMO to be over the fullerene entity, suggest-
ing that the formation of SubPc-TPA-ZnP'*-CgIm"™ as the
charge-separation products. The main quenching pathway
involved electron transfer from the singlet excited ZnP to
the C4Im moiety. The rate constant of the forward electron
transfer, ks, was determined to be 8x 10" s7'. Interestingly,
a slow charge recombination (1.6 x10°s™") and the long life-
time of the charge-separated state (6.6 us) were obtained in
toluene by utilizing nanosecond transient measurements.
The formation of a long-lived charge-separated state in the
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tetrad was interpreted as a consequence of the persistence
of the triplet-correlated radical-ion pair character that is for-
bidden for charge recombination back to the singlet ground
state.

Experimental Section

Materials and instruments: Reagents and solvents were purchased as re-
agent grade and used without further purification. All reactions were per-
formed by using dry glassware under a nitrogen atmosphere. Analytical
TLC was carried out on Merck 60 F254 silica gel plates, and column
chromatography was performed on Merck 60 silica gel (230-400 mesh).
Melting points were determined by using an Electrothermal IA 9000
series melting point apparatus and are uncorrected. NMR spectra were
recorded by using a Varian Mercury-400 (400 MHz) spectrometer with a
TMS peak as reference. UV/Vis spectra were recorded by using a Jasco
V-550 spectrometer. MALDI-TOF MS spectra were recorded by using
an Applied Biosystems Voyager-DE-STR. Elemental analyses were per-
formed with a Perkin-Elmer 2400 analyzer. Steady-state fluorescence
spectra were measured by using a Shimadzu RF-5300 PC spectrofluoro-
photometer equipped with a photomultiplier tube having high sensitivity
in the 2=700-800 nm region. Cyclic voltammograms were carried by
using a BAS CV-50W Voltammetric Analyzer. A platinum disk electrode
was used as working electrode, whereas a platinum wire served as a
counter electrode. SCE electrode was used as a reference electrode. All
measurements were carried out in CH,Cl, containing 0.1Mm (n-
C,H,),NCIO, as the supporting electrolyte. The scan rate=100 mVs .

Laser flash photolysis: The studied compounds were excited by using a
Panther OPO pumped by Nd:YAG laser (Continuum, SLII-10, 4-6 ns
fwhm) at A=430 nm with the powers of 1.5 and 3.0 mJ per pulse. The
transient absorption measurements were performed using a continuous
xenon lamp (150 W) and an InGaAs-PIN photodiode (Hamamatsu 2949)
as a probe light and a detector, respectively. The output from the photo-
diodes and a photomultiplier tube was recorded with a digitizing oscillo-
scope (Tektronix, TDS3032, 300 MHz). Femtosecond transient absorption
spectroscopy experiments were conducted using an ultrafast source: Inte-
gra-C (Quantronix Corp.), an optical parametric amplifier: TOPAS
(Light Conversion Ltd.) and a commercially available optical detection
system: Helios provided by Ultrafast Systems LLC. The source for the
pump and probe pulses were derived from the fundamental output of In-
tegra-C (780 nm, 2 mJ/pulse and fwhm=130 fs) at a repetition rate of
1 kHz. 75% of the fundamental output of the laser was introduced into
TOPAS which has optical frequency mixers resulting in tunable range
from A=285 to 1660 nm, whereas the rest of the output was used for
white light generation. Typically, 2500 excitation pulses were averaged
for 5s to obtain the transient spectrum at a set delay time. Kinetic traces
at appropriate wavelengths were assembled from the time-resolved spec-
tral data. All measurements were conducted at 298 K. The transient spec-
tra were recorded by using fresh solutions in each laser excitation.

4-(Diphenylamino)anisole (4): Copper powder (1.50g, 23.6 mmol),
K,CO; (6.55 g, 54.4 mmol), [18]crown-6 (0.31 g, 1.17 mmol), and diphe-
nylamine (2.00 g, 11.8 mmol) were added to a solution of 4-iodoanisole
(4.15 g, 17.7 mmol) in o-dichlorobenzene (20 mL). After refluxing the re-
action mixture for 48 h, it was cooled to room temperature and filtered
off. The filtrate was evaporated and the residue was washed with ethanol
and recrystallized from ethanol to give compound 4 (1.43 g, 86%) as a
brown solid. M.p. 108-109°C; '"H NMR (400 MHz, CDCl;): 6 =7.18 (m,
4H), 7.05 (d, J=4.4 Hz, 2H), 7.01 (d, J=4.8 Hz, 4H), 6.92 (m, 2H), 6.82
(d, J=4.4Hz, 2H), 3.78 ppm (s, 3H); elemental analysis (%) calcd for
CoH;;NO: C 82.88, H 6.22, N 2.84; found: C 82.87, H 6.25, N 2.93.

4-{N-(4-Methoxyphenyl)-N-phenylamino}benzaldehyde (5): Compound 4
(2.0 g, 7.26 mmol), and carefully poured POCIl; (2.77 mL, 30.28 mmol)
were added to a solution of DMF (2.35 mL, 30.28 mmol) in 1,2-dichloro-
ethane (20 mL). The mixture was refluxed for 4 h, cooled to room tem-
perature, and poured into saturated aqueous sodium acetate solution
(50 mL). The product was extracted with dichloromethane (3 x50 mL),
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and the extract was dried over MgSO,, and evaporated. The residue was
chromatographed on silica gel with dichloromethane/n-hexane (3:1) to
give compound 5 (2.15 g, 94%) in a yellow solid. M.p. 86-87°C; '"H NMR
(400 MHz, CDCLy): 6=9.74 (s, 1H), 7.64 (d, /=48 Hz, 2H), 7.31 (m,
2H), 7.14 (d, J=4.8 Hz, 2H), 7.10 (m, 3H), 6.93 (d, /=4.8 Hz, 2H), 6.88
(d, J=4.4Hz, 2H), 3.80 ppm (s, 3H); elemental analysis (%) calcd for
CyH;NO,: C 79.19, H 5.65, N 4.62; found: C 79.02, H 5.84, N 4.34.
5-[4-{N-(4-Methoxyphenyl)-N-phenylamino}phenyl]-10,15,20-tris(pentyl)-
21H,23H-porphine (6): Boron trifluoride diethyl etherate (1.34 mL,
10.56 mmol) was added to a solution of compound 5 (2 g, 6.6 mmol),
hexanal (2.4 mL, 19.8 mmol), and pyrrole (1.8 mL, 26.4 mmol) in a mix-
ture of dichloromethane (2.6 L) and 2-propanol (17 mL). The mixture
was stirred at room temperature for 90 min. 2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ, 6 g, 26.4 mmol) was added and the mixture was
stirred at room temperature for 70 min. Finally triethylamine (3.7 mL,
26.4 mmol) was added and the mixture was stirred for 30 min. The sol-
vent was removed under reduced pressure and the product was chroma-
tographed on silica gel with chloroform/n-hexane (3:2) to give compound
6 (0.42 g, 8%) as a purple solid. M.p. 86°C; '"H NMR (400 MHz, CDCl,):
0=9.48 (m, 4H), 9.37 (d, J=4.4Hz, 2H), 892 (d, /=4.8 Hz, 2H), 7.96
(d, J=4.4 Hz, 2H), 7.36 (m, 8H), 7.05 (m, 1H), 6.98 (d, J=8.8 Hz, 2H),
4.94 (m, 6H), 3.87 (s, 3H), 2.53 (m, 6H), 1.77 (m, 6H), 1.55 (m, 6H),
098 (m, 9H), —2.64 ppm (s, 2H); elemental analysis (%) calcd for
C5,H5oNsO: C 81.68, H 7.49, N 8.82; found: C 81.43, H 7.64, N 8.64.
5-[4-{N-(4-Hydroxyphenyl)-N-phenylamino}phenyl]-10,15,20-tris(pentyl)-
21H,23 H-porphine (7): Boron tribromide (1.0m solution in dichlorome-
thane) (0.56 mL, 0.56 mmol) was added to a solution of compound 6
(200 mg, 0.38 mmol) in dichloromethane (7 mL) at 0°C and stirred for
30 min. The reaction mixture was stirred at room temperature for 12 h,
poured into water, and then extracted with dichloromethane (3 x50 mL).
The extract was dried over Na,SO,, and evaporated. The residue was
chromatographed on silica gel with dichloromethane/methanol (100:1) to
give compound 7 (204 mg, 69 %) as a purple solid. M.p. 107°C; '"H NMR
(400 MHz, CDCL;): 6=9.48 (m, 4H), 9.37 (d, J=4.8 Hz, 2H), 8.92 (d, /=
4.8 Hz, 2H), 7.96 (d, /=4.0 Hz, 2H), 7.35 (m, 8H), 7.06 (m, 1H), 6.91 (d,
J=8.4Hz, 2H), 4.94 (m, 6H), 4.65 (s, 1H), 2.53 (m, 6H), 1.77 (m, 6H),
1.54 (m, 6H), 0.98 (m, 9H), —2.64 ppm (s, 2H); elemental analysis (%)
caled for CssHs;N;O: C 81.61, H 7.37, N 8.98; found: C 81.41, H 7.60, N
8.75.

SubPc-TPA-H,P (8): Compound 7 (100 mg, 0.128 mmol) was added to a
solution of SubPc-Cl (110 mg, 0.256 mmol) in toluene (4 mL), and the re-
action solution was refluxed for six days. The reaction mixture was
cooled to room temperature and the solvent was evaporated. The prod-
uct was chromatographed on silica gel with dichloromethane to give com-
pound 8 (15mg, 10%) as a purple solid. M.p. 122°C; 'HNMR
(400 MHz, CDCl3): 6=9.52 (m, 4H), 9.46 (d, J=4.8 Hz, 2H), 8.97 (d, /=
4.8 Hz, 2H), 8.85 (m, 6H), 7.88 (m, 8H), 7.25 (m, 2H), 7.16 (m, 4H),
6.98 (m, 1H), 6.83 (d, J=8.4 Hz, 2H), 5.46 (d, J=4.0 Hz, 2H), 4.94 (m,
6H), 2.53 (m, 6H), 1.77 (m, 6H), 1.54 (m, 6H), 0.98 (m, 9H), —2.65 ppm
(s, 2H); elemental analysis (%) calcd for C,;HN;;BO: C 78.76, H 5.84,
N 13.12; found: C 78.61, H 6.11, N 12.98.

SubPc-TPA-ZnP (1): After blocking light, compound 8 (15 mg,
0.012 mmol) was added to a solution of zinc acetate (23 mg, 0.12 mmol)
in dichloromethane/methanol (10:1, 5mL), and stirred for 30 min. The
solvent was removed under reduced pressure and then the product was
chromatographed on silica gel with dichloromethane to give compound 1
(13 mg, 82%) as a red solid. M.p. 146°C; 'H NMR (400 MHz, CDCl,):
0=9.53 (m, 4H), 9.47 (d, /=48 Hz, 2H), 8.98 (d, /=4.8 Hz, 2H), 8.86
(m, 6H), 7.89 (m, 8H), 7.20 (m, 6H), 6.99 (m, 1H), 6.83 (d, /=8.8 Hz,
2H), 5.45 (d, J=8.8 Hz, 2H), 4.95 (m, 6H), 2.55 (m, 6H), 1.82 (m, 6H),
1.56 (m, 6H), 1.02 ppm (m, 9H); "CNMR (CDCLy): 6 = 151.45, 149.77,
149.70, 149.46, 149.21, 148.97, 148.11, 147.25, 141.43, 136.28, 135.16,
132.14, 131.15, 130.01, 129.33, 128.92, 128.77, 128.63, 126.82, 123.79,
122.39, 120.39, 120.05, 120.00, 119.33, 38.96, 35.96, 33.28, 30.11, 23.23,
14.67, 1.63, 0.48 ppm; UV/Vis (toluene): A,,,,=308, 432, 523, 562 nm; MS
(MALDI-TOF); m/z: C;;H¢BN;;OZn calcd: 1235.48; found 1235.75; ele-
mental analysis (%) calcd for C;;HgBN,;OZn: C 74.73, H 5.38, N 12.48;
found: C 74.61, H 5.51, N 12.38.
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4-(Diphenylamino)benzaldehyde (9): Triphenylamine (1.8 g, 7.57 mmol)
and carefully poured POCI; (2.77 mL, 30.28 mmol) was added to a solu-
tion of DMF (2.35 mL, 30.28 mmol) in 1,2-dichloroethane (20 mL). The
mixture was refluxed for 12 h, cooled to room temperature, and then
poured into saturated aqueous sodium acetate solution (300 mL). The
product was extracted with dichloromethane (3x50 mL) and the extract
was dried over MgSO,, and evaporated. The residue was chromatograph-
ed on silica gel with dichloromethane to give compound 9 (1.85 g, 85%)
as a yellow solid. M.p. 132°C; '"HNMR (400 MHz, CDCl;): 6=9.78 (s,
1H), 7.64 (d, J=48Hz, 2H), 7.31 (t, J=7.6 Hz, 4H), 7.14 (m, 6H),
6.98 ppm (d, J=8.0 Hz, 2H); elemental analysis (%) calcd for C;,(H;sNO:
C 83.49, H 5.53, N 5.12; found: C 83.22, H 5.71, N 5.01.
5-{4-(N,N-Diphenylamino)phenyl}-10,15,20-tris(pentyl)-21 H,23 H-por-
phine (10): Boron trifluoride diethyl etherate (0.85 mL, 6.7 mmol) was
added to a solution of compound 9 (1.14g, 4.17 mmol), hexanal
(1.54 mL, 12.5 mmol), and pyrrole (1.16 mL, 16.67 mmol) in a mixture of
dichloromethane (1.65L) and 2-propanol (17 mL). The mixture was
stirred at room temperature for 90 min. DDQ (3.78 g, 16.6 mmol) was
added and the mixture was stirred at room temperature for 70 min. Final-
ly, triethylamine (3.7 mL, 26.4 mmol) was added and the mixture was
stirred for 30 min. The product was chromatographed on silica gel with
chloroform/n-hexane (3:2) to give compound 10 (253 mg, 8%) as a
purple solid. M.p. 92°C; 'H NMR (400 MHz, CDCl;): =9.47 (m, 4H),
9.38 (d, J=4.8 Hz, 2H), 8.92 (d, /=4.8 Hz, 2H), 7.99 (d, /=4.0 Hz, 2H),
7.40 (m, 10H), 7.12 (m, 2H), 4.95 (m, 6H), 2.53 (m, 6H), 1.78 (m, 6 H),
1.55 (m, 6H), 0.98 (m, 9H), —2.65 ppm (s, 2H); elemental analysis (%)
caled for Cs;Hs,Ns: C 83.31, H 7.52, N 9.17; found: C 83.09, H 7.76, N
9.01.

[5-{4-(V, N-Diphenylamino)phenyl}-10,15,20-tris(pentyl)-21 H,23 H-por-
phinato]zinc, ZnP-TPA (12): After blocking light, compound 10 (210 mg,
0.28 mmol) was added to a solution of zinc acetate (504 mg, 2.75 mmol)
in dichloromethane/methanol (10:1, 20 mL), and stirred for 1 h. The sol-
vent was evaporated and then the product was chromatographed on
silica gel with dichloromethane to give compound 2 (210 mg, 92%) as a
purple solid. M.p. 112°C; '"H NMR (400 MHz, CDCL,): § =9.54 (m, 4H),
9.48 (d, J=4.8 Hz, 2H), 9.02 (d, J=4.8 Hz, 2H), 8.01 (d, J=7.6 Hz, 2H),
7.41 (m, 10H), 7.13 (m, 2H), 4.94 (m, 6H), 2.55 (m, 6H), 1.82 (m, 6H),
1.56 (m, 6H), 1.01 ppm (m, 9H); UV/Vis (toluene): 4,,,,=305, 471, 558,
598 nm; elemental analysis (%) calcd for Cs;HssNsZn: C 76.93, H 6.70, N
8.46; found: C 76.81, H 6.91, N 8.28.

5,10,15,20-Tetrakis(pentyl)-21 H,23 H-porphine (11): Boron trifluoride di-
ethyl etherate (0.85 mL, 6.7 mmol) was added to a solution of hexanal
(2.05 mL, 16.67 mmol) and pyrrole (1.16 mL, 16.67 mmol) in a mixture of
dichloromethane (1.65L) and 2-propanol (17 mL). The mixture was
stirred at room temperature for 90 min. DDQ (3.78 g, 16.6 mmol) was
added and the mixture was stirred at room temperature for 70 min. Final-
ly, triethylamine (2.35 mL, 16.7 mmol) was added and the mixture was
stirred for 30 min. The solvent was evaporated and then the product was
chromatographed on silica gel with chloroform/n-hexane (3:2) to give
compound 11 (350 mg, 11%) as a purple solid. M.p. 112°C; 'H NMR
(400 MHz, CDCl;): 0=9.42 (s, 8H), 4.92 (m, 8H), 2.50 (m, 8H), 1.78 (m,
8H), 1.55 (m, 8H), 0.99 (m, 12H), —2.63 ppm (s, 2H); elemental analysis
(%) caled for CyoHgN,: C 81.31, H 9.21, N 9.48; found: C 81.03, H 9.33,
N 9.08.

[5,10,15,20-Tetrakis(pentyl)-21 H,23 H-porphinato]zinc; ZnP (3): After
blocking light, compound 11 (200 mg, 0.33 mmol) was added to a solution
of zinc acetate (605 mg, 3.3 mmol) in dichloromethane/methanol (10:1,
20 mL), and stirred for 1h. The solvent was removed under reduced
pressure and then the product was chromatographed on silica gel with di-
chloromethane to give compound 3 (189 mg, 88%) as a purple solid.
M.p. 103°C; 'H NMR (400 MHz, CDCl,): 6=9.12 (s, 8H), 4.56 (m, 8H),
2.40 (m, 8H), 1.77 (m, 8H), 1.54 (m, 8H), 1.01 ppm (m, 12H). UV/Vis
(toluene): A, =310, 471, 559, 598 nm; elemental analysis (%) calcd for
CyHs5,NyZn: C 73.43, H 8.01, N 8.56; found: C 73.21, H 8.13, N 8.33.
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