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Abstract: By adopting a “covalent-co-  the
ordinate” bonding approach, novel

imidazole modified

(ImC,) acceptor and oxoporphyrino-

fullerene  comparison of the kqg values previously

reported for the covalently linked bis-

supramolecular pentad and triad mole-
cules composed of zinc—porphyrin(s),
fullerene(s), and oxoporphyrinogen
redox-/photoactive entities have been
constructed, and also characterized by
means of spectral and electrochemical
techniques. The geometry and electron-
ic structures of the pentad and the
triad were deduced by means of DFT
calculations. Free-energy calculations
suggested that the photoinduced elec-
tron/energy transfer from the zinc—por-
phyrin (ZnP) singlet-excited state to

gen (OxP) entities is feasible for both
the triad and the pentad. The charge-
separation rates (kcs) determined from
picosecond  time-resolved emission
studies were higher for pentad
(CgIm:ZnP),—OxP than for the corre-
sponding triad, Cglm:ZnP-OxP. A

Keywords: density functional calcu-
lations electron transfer
fullerenes porphyrinoids
supramolecular chemistry

(zinc—porphyrin)—oxoporphyrinogen
triad suggests that employing a fuller-
ene acceptor improves the electron-
transfer rates. Nanosecond transient
absorption studies provide evidence for
the occurrence of electron-transfer pro-
cesses. Lifetimes of the radical ion
pairs (tgp) are in the range of hun-
dreds of nanoseconds, which indicates
that there is charge stabilization in the
supramolecular systems.
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Introduction

Energy- and electron-transfer processes in molecular and
supramolecular donor-acceptor systems are of current inter-
est 1) to address the mechanistic details of electron transfer
in chemistry and biology,'™* 2) to develop light-energy har-
vesting systems,**! and 3) to build optoelectronic devices.”!
To achieve these goals, elegantly designed covalently linked
donor-acceptor systems are frequently employed, whereas
self-assembled donor—acceptor systems have been utilized in
few studies.'” Developments in molecular/supramolecular
polyads (triads, tetrads, pentads, etc.) have recently stimulat-
ed interest owing to applications in generating long-lived,
charge-separated states through the charge migration route,
and for the construction of systems that are capable of per-
forming “antenna-reaction center” processes.'"'? To con-
struct these novel systems, porphyrins, phthalocyanines, or
ruthenium(II) tris(bipyridine) are often used as primary
electron donors, whereas fullerene, quinone, nitroaromatic
compounds, metal complexes, or pyromellitic anhydride
have been used as electron acceptors.'>'? Electron donors
like ferrocene, amines, and tetrathiafulvalenes are employed
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as secondary electron donors to build these polyads.''?

Furthermore, fluorophores, such as boron dipyrrin and an-
thracene, have been used to create the antenna functionali-
ty.'>2 Among the electron acceptors, fullerenes™ have
drawn special attention as a result of their three-dimensional
structure, their similar reduction potentials to benzoquinone,
their absorption spectra, which extend over most of the visi-
ble spectral region, and their small reorganization energy in
electron-transfer reactions."¥! Consequently, many covalent-
ly linked, self-assembled donor-acceptor systems!'''? that
contain fullerenes have been reported.

Recently, we reported details of a porphyrin-quinonoid
donor—acceptor triad that featured two zinc—porphyrins
(ZnPs) covalently attached to an oxoporphyrinogen (OxP)
through its macrocyclic nitrogen atoms.™ Time-resolved
fluorescence studies of the ZnP-OxP dyad and the triad
((ZnP),~OxP; n=1 and 2, respectively) revealed that there
was excited-state energy transfer from the zinc—porphyrin to
the oxoporphyrinogen in nonpolar solvents. However, in
polar solvents nanosecond transient absorption studies indi-
cated the occurrence of photoinduced charge separation
from the ZnP singlet-excited state to OxP. In seeking
donor—acceptor systems that result in improved charge sepa-
ration, we have constructed a supramolecular triad and also
a pentad that feature functionalized fullerene(s) and
(ZnP),~OxP by using the “covalent-coordinate” bonding
approach. For the triad, the ZnP-OxP dyad was axially co-

(Cgolm:ZnP)-OxP

FULL PAPER

ordinated to ImCy, (1 equiv) to yield (CyIm:ZnP)-OxP. For
the pentad, ImCq, (2 equiv) was axially coordinated to the
zinc center of covalently linked (ZnP),~OxP to yield pentad
(CeIm:ZnP),~OxP. For comparative purposes, dyad
Cglm:ZnP was also constructed. In the pentad and the
triad, competition is expected between electron transfer to
either Cy4 or OxP from the ZnP singlet-excited state. The
present investigation shows that the overall charge-separa-
tion process between ZnP and Cy is accelerated when C, is
present in the triad or the pentad.

Results and Discussion

The optical absorption spectrum of the newly synthesized
ZnP-OxP dyad contains bands at A =424 and 546 nm, which
correspond to the ZnP entity, and a band at A=511 nm,
which corresponds to the OxP entity in o-dichlorobenzene
(DCB). Similar spectral features were also observed for the
(ZnP),~OxP triad. However, the intensity of the ZnP bands
was double that observed for the ZnP-OxP dyad because
two ZnP macrocycles are present.'” Coordinative supra-
molecular assembly with ImCy, was monitored by using opti-
cal absorption methods."® Figure 1 shows the spectral
changes observed upon the addition of ImCg, to a solution
of ZnP-OxP in DCB. Spectral changes include a redshift of
the ZnP Soret band accompanied by a decrease in its inten-

(Ceolm:ZnP),-OxP

Cgolm:ZnP
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Figure 1. UV-visible spectral changes observed during the titration of
ImCy, (1.3 um each addition) with ZnP-OxP (2.0 um) in o-dichloroben-
zene (DCB). The inset shows a Benesi-Hildebrand plot constructed to
evaluate the binding constant. A, is the intensity observed in the absence
of ImCg, and AA is the change in absorption upon the addition of ImCs,.

sity. Isosbestic points at =419 and 427 nm were observed
that suggest the existence of one equilibrium process in so-
lution. During the titration, the band at A=511 nm, which
corresponds to OxP, revealed no changes in the absorption
maxima, and indicates that there is a lack of interaction be-
tween the OxP and the ImCq, entities. A Job’s plot con-
structed from spectral data indicated 1:1 complexation,
which confirms the formation of the (Cglm:ZnP)-OxP
triad. The formation constant calculated from a Benesi—Hil-
debrand plot!'” was 1.26x10°M™" in DCB (Figure 1 inset),
which is comparable to a value of 1.16x 10*m™" for the dyad
in DCB, and reasonably suggests the formation of a stable
complex.

Titration of (ZnP),~OxP with ImCg, revealed spectral
changes similar to those observed for the triad (See the Sup-
porting Information). Namely, a red-shifted ZnP Soret band
and one or more isosbestic points were observed. A Job’s
plot confirmed 1:2 stoichiometry to establish the formation
of pentad (CgIm:ZnP),~OxP in solution.

Electrochemistry: Electrochemical studies were per-
formed to evaluate the redox potentials of the individual en-
tities and the energetics of different photochemical process-
es. Figure 2 shows the cyclic voltammograms of (ZnP),—OxP
and ImCy, in DCB, which contains (nBu),NCIO, (0.1m).
Owing to the presence of multiple redox-active entities, the
voltammograms of (ZnP),-~OxP are complex. However, ac-
curate analysis of the site of electron transfer that corre-
sponds to the individual redox entities was possible by com-
paring the voltammograms of ZnP with those of mono and
bis methylenenaphthyl N-substituted porphyrinogens.™® The
site of electron transfer thus obtained is indicated at the top
of each redox couple. For (ZnP),—~OxP, the redox potentials
measured for the ZnP entities are close to those obtained
for reference compound ZnP (two one-electron oxidations
at 0.28 and 0.62 V versus Fc/Fct, and two one-electron re-
ductions at —1.92 and —2.23 V versus Fc/Fct), which sug-
gests the absence of interactions between ZnP and OxP
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Figure 2. Cyclic voltammograms of ZnP-OxP (a), (ZnP),-OxP (b), and
ImCq, (c) in DCB, which contains (nBu),NCIO, (0.1M). Scan rate=
100 mVs™.

units. The redox potentials that correspond to the oxidation
and reduction of the OxP entity are close to their respective
N-alkylated analogues. The first reversible oxidations of
OxP are located at 0.37 V and 0.47 V, whereas the first re-
ductions for ZnP-OxP and (ZnP),-OxP are located at E,. =
—1.29 and E,.=-1.36V, respectively. The more facile re-
duction of the OxP entity (analogous with quinones electron
acceptors) in (ZnP),~OxP suggests that it should act as an
electron acceptor. The HOMO-LUMO gaps, measured as
the potential difference between the first oxidation of the
ZnP donor entity and the OxP acceptor entity for (ZnP-
OxP) and (ZnP),~OxP, were found to be —1.57 and 1.61V,
respectively.

In the supramolecular assemblies described, the first three
one-electron reductions of ImCy were located at E,,=
—1.13, —1.51, and —2.05 V versus Fc/Fc*. There is no signif-
icant shift (<10 mV) in potential upon coordination of
ImCy, to the ZnP moieties of (ZnP),~OxP. The HOMO-
(ZnP)-LUMO(ImCg)) gap for (Celm:ZnP),-OxP was
found to be 1.40 V from experimental results, which is simi-
lar to that of the dyad (1.41 V). Thus, the smaller HOMO-
LUMO gap of (C4Im:ZnP)-OxP indicates that the charge-
separated state (ZnP'*:ImCq ~)-OxP is more stable than
(ZnP*:ImCy))-OxP~; this situation is the same for the
pentad. The free-energy changes of charge separation, AGs,
were calculated according to the Rehm-Weller approach!!
by using the first oxidation potential of ZnP, the first reduc-
tion potential of OxP or Cg, the singlet excitation energy of
ZnP, and the estimated Coulomb energy. The AGZ%, values
for generating radical ion pairs (RIP) ZnP't-OxP" and
(ZnP)(ZnP*)-OxP~ measured in DCB were —0.63 and
—0.58 eV, respectively, which indicates the possibility of
photoinduced charge separation from the ZnP singlet-excit-
ed state to the OxP entity. Similar calculations performed
on (ZnP:ImCy,),~OxP resulted in a AG% value of —0.73 eV
for both n=1 and 2, which indicates that a more exothermic
charge separation process from the ZnP singlet-excited state
to the Cg, entity occurs in DCB.
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Supramolecular Pentad and Triad

DFT B3LYP/3-21G(*) studies: To understand the struc-
ture of the triad and the pentad, computational calculations
were performed at the B3LYP/3-21G(*) level. 2! Starting
molecules ImCy, and (ZnP),~OxP were fully optimized to a
stationary point on the Born—-Oppenheimer potential energy
surface and allowed to interact. Figure 3 shows the opti-

a)

Figure 3. B3LYP/3-21G(*) optimized structure of the (C4Ilm:ZnP)-OxP
triad (a) and the (Cy4Im:ZnP),~OxP pentad (b).

mized structures of the supramolecular complexes. It should
be mentioned here that owing to the very flexible nature of
the systems, several structures are plausible, but those
shown in Figure 3 appear to be the lowest energy structures.
In agreement with earlier X-ray and computational analyses
of bis N-alkyl substituted oxoporphyrinogens,'®! the oxopor-
phyrinogen in optimized (Cglm:ZnP),~OxP has a highly
ruffled structure, in which the B-pyrrole carbon is displaced
by as much as 1.7 A. Additionally, based on 'H NMR spec-
tral data, the two zinc—porphyrin units in (ZnP),~OxP were
assumed to be the cis-isomeric form, that is, pointing in the
same direction with respect to the plane of OxP macrocycle.
In the optimized structure of (C4Im:ZnP),—~OxP, the Zn-Zn
distance between the two ZnP moieties was ~19 A, whereas
the distance between Zn and the center of OxP was ~12 A.
The two fullerene entities were separated by as much as
29 A, whereas the closest center-to-center distance between
ZnP and Cy, was ~13 A. For (C4Im:ZnP),~OxP, the center-
to-center distance between ZnP and Cq was ~13.7 A,
whereas the distance between OxP and Cgy was ~15A.
Thus, no apparent association between the different entities
was observed for (CqIlm:ZnP),~OxP (n=1 and 2), which is
in agreement with the optical absorption data discussed ear-
lier.

The HOMO(ZnP)-LUMO(Cy) values for (C4lm:ZnP),~
OxP (n=1 and 2) calculated by using B3LYP/3-21G(*) in
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the gas phase were found to be 1.02 and 0.99 eV, respective-
ly. These values are lower than those obtained from electro-
chemical data, a trend that was also reported for triad
CgoIm:ZnP.1!

Photochemical studies: The emission behavior of the
supramolecular systems was initially investigated by using
steady-state fluorescence, and subsequently by means of
time-resolved emission and transient absorption methods.
Figure 4a shows the emission spectrum of ZnP and (ZnP),-
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Figure 4. a) Fluorescence spectrum of ZnP (i), ZnP-OxP (ii), and (ZnP),~
OxP (iii) in DCB. The samples were excited at the Soret band position of
ZnP and the concentrations of the compounds were held at 10 um.
b) Changes in the fluorescence spectra observed upon the addition of in-
creasing concentrations of ImCg, (5 um each addition) to a solution of
(ZnP),~OxP in DCB.

OxP in DCB. The intensities of the ZnP emission bands lo-
cated at A=600 and 646 nm were quenched by >85% for
ZnP-OxP and by >95% for (ZnP),~OxP. In addition to
ZnP emission bands, there was also a weak emission band at
A=720 nm that corresponds to the N-substituted porphyri-
nogen moeity in both derivatives, and was confirmed by
means of independent experiments performed with simple
N-alkylated porphyrinogens.

As shown in Figure 4b, addition of ImCg, to a solution of
(ZnP),~OxP in DCB causes additional quenching of the
ZnP emission bands, and confirms the interaction between
Cglm and ZnP owing to the formation of a supramolecular
pentad or a triad. Because of the observed decrease in ZnP
emission intensities, the occurrence of one or both of the
following processes is suggested: 1) charge-separation
quenching from the singlet-excited state of ZnP to the full-
erene entity and 2) energy transfer from ZnP to the fuller-
ene entity. In the following sections, the time-resolved emis-
sion spectral results are discussed to verify the different
quenching pathways.

Emission from pristine ZnP shows a monoexponential
decay when it is dissolved in either toluene or DCB. As re-
cently documented,™™ the ZnP emissions in (ZnP),—~OxP
were quenched and follow a biexponential decay with major
short and minor long components. The lifetime of the minor
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long component is comparable to that of unbound ZnP (see
Table 1). From the major short decay component of 'ZnP*
(fluorescence lifetime is defined as t¥), the quenching rate
(kq) and quantum yield (®,) calculated for the dyad and the
triad were ~1.0x10s™! and >0.95, respectively (see foot-
note [a] in Table 1 for relevant equations). In nonpolar sol-
vents, such as toluene, the fluorescence quenching process
can be mainly attributed to energy transfer owing to an in-
sufficient driving force for the charge-separation process
(AGZ,=—0.05 eV in Table 1). In slightly polar DCB, the re-
sults indicate that photoinduced charge separation from
1ZnP* to OxP occurs, as revealed in our previous paper.!'”)

Addition of ImC, to (ZnP),—~OxP forms the supramolec-
ular structure (Cglm:ZnP),—~OxP, which causes additional
quenching of the ZnP emission (Figure 5). For the pentad,
the lifetime of ZnP was t7=<10 ps, which is close to the
time resolution of our instrument. The lifetime of the
quenched component of ZnP in (Cglm:ZnP)-OxP was 7=

Fluorescence Intensity

Time/ns

Figure 5. Fluorescence decay profiles for ZnP-OxP (0.07 mm) and
(Cgplm:ZnP)-OxP (4[C¢Im]=0.07 mm) measured in the 1 =600-640 nm

region, which corresponds to zinc—porphyrin emission in DCB: ««e-.. , (tet-
raphenylporphyrinato)zinc(Il) in toluene; —, CgIm:ZnP-OxP in tolu-
ene; ———, CgeIm:ZnP-OxP in DCB.

Table 1. The photophysical data for the compounds studied herein.

79 ps in DCB; that is, highly efficient quenching was ob-
served in both the supramolecular triad and the pentad. The
photophysical data are given in Table 1. Increasing the po-
larity of the solvent led to acceleration of the quenching of
the ZnP singlet-excited state based on the increase in the
negative free-energy change (AG%=-0.73eV in DCB);
this observation has been interpreted in terms of the occur-
rence of a competitive charge-separation process from
1ZnP* to the Cg, moiety.

The fluorescence-time profiles in the A=700-750 nm
region in toluene and DCB were also monitored for
(CgIm:ZnP),~OxP (Figure 6). Both Cq and OxP emit in

1.0
0.8
0.6

04

Fluorescence Intensity

0.2

0.0

Time/ns

Figure 6. Fluorescence decay profiles of (Cglm:ZnP),~OxP ([compo-
nent]=0.07 mm) collected in the 700-750 nm corresponding to Cg, emis-
sion in DCB, 1., =410 nm: «ss.. , ImCy, in toluene; —, (Cglm:ZnP),—
OxP in toluene; ———, (Cglm:ZnP),~OxP in DCB.

this wavelength region. The fluorescence lifetimes 7°° ,
evaluated by using a curve fitting method, are listed in
Table 1. In DCB, the 77° values are 160 and 100 ps for
(CgIm:ZnP),~OxP in which n=1 and 2, respectively. From
these 7;© values, the rate constants (k) and quantum
yields (df*o) were evaluated and are summarized in Table 1.
The kg values are in the range of (4.0-8.0)x10”s™' and the

Compound Solvent 77 [ps]! qu[a] [s™] <Df["’] ~AGEP [eV] 780 [ps]l kg'o[“] [s7"] @g‘o[“] ~AGE ke [s7) Trip'® [ns]
'ZnP* IZnp+  1Znp* 1Cep* 'Coo* 'Co*  [eV]
ZnP-OxP DCB 102 9.3x10° 095  0.65 50 (z°)
toluene 147 6.3x10° 0.93 56 ()
(CgIm:ZnP)-OxP DCB 79 12x10"° 096 0731 (0.66) 100 (z5) 93x10° 093  0.34 9.5x10° (1020 nm) 110
toluene 92 1.0x10" 0.95 120 (%) 7.6x10° 091 8.6x10° (1020 nm) 120
(ZnP),-OxP DCB 80 12x10" 096  0.58 83 (z°
toluene 104 1.0x10" 0.95 118 ()
(CgIm:ZnP),-OxP DCB <10 >1.0x10" 099  0.731(0.66)¢ 160 (z¥) 55x10° 089  0.35[ 1.1x107 (1020 nm) 90
1.4x107 (840 nm) 70
toluene <10 >1.0x10" 0.99 190 (zf)  4.6x10°  0.86 8.7x10° (1020 nm) 120

[a] Fluorescence lifetime (;)smpi for major short component, and (), of the reference compound ZnP was evaluated to be 1900 ps in DCB and 2000 ps
in toluene. The quenching rate constant (k,) and quenching quantum yield (®,) values of 'ZnP* and 'Cy* were calculated as follows: ko= (1/7)qmpie—(1/
T)rets (ﬁqzw [b] Free energies of charge separation (AGs) were calculated from AGes= Eoy—Egea—AEo+AGs, in which AGS:ﬁ, by
using AE, ,=2.07 eV for 'ZnP* and 1.75 eV for 'Cg*, Eoy=0.28 V for ZnP, and Eg.q=—1.29 V for OxP vs. Fc/Fc* in DCB. Rec=11.8 A, for (ZnP),—
OxP. Permittivities of toluene and DCB are 2.38 and 9.93, respectively. [c] From the decay rate at 1000 nm. [d] Charge separation rate constant (kcg).

[e] Lifetime of radical ion pair (zgp). [f] For (ZnP*)-OxP'~and (ZnP'*:ImC,)-OxP"~ etc. [g] For (ZnP"*:ImCq~)-OxP etc.
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@ values are in the range of 0.85-0.95 (Table 1). Both
ch,o and <Dg’0 values tend to increase when going from the
pentad to the triad. Furthermore, these values increase with
increasing solvent polarity, which suggests the occurrence of
competitive charge-separation and energy-transfer process-
es. To distinguish between these two quenching mechanisms,
nanosecond transient absorption spectral measurements on
the triad and the pentad were performed to characterize the
charge-separation products.

Nanosecond transient absorption spectra for
(C¢Im:ZnP),~OxP in DCB (Figure 7) were obtained
through excitation by using laser light (A=532 nm). Broad
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Figure 7. a) Nanosecond transient absorption spectra of (Cglm:ZnP),—
OxP ([component]=0.07 mm) observed by means of laser irradiation at
532 nm in at 30 ns (®), 0.1 ps (@) and 1.0 ps (o) in DCB. b) Absorption-
time profiles for the peaks in a) at the wavelengths indicated.

absorption bands were observed in the A=600-1200 nm
region in which a band in the A =600-700 nm region was at-
tributed to the ZnP'* moiety, a band at 1=700-900 nm was
attributed to OxP"~ (see the Supporting Information), and a
band at around A=1020 nm was attributed to Cq . Thus,
these absorptions may include two radical ion pairs,
(CeIm:ZnP)(ZnP+:ImCgy,~)-OxP and
(CgoIm:ZnP)(ZnP+:ImCg)-OxP, which suggest that charge
separation between ZnP and Cy,, and a competitive charge-
separation process between ZnP and OxP occur. Similar
transient absorption spectral behavior was observed for
triad (Cglm:ZnP)-OxP. From the decay-time profiles in
Figure 7b, the charge-recombination rate constants (kcg)
were evaluated. The decay of Cy~ at A=1020 nm was faster
than that of OxP"~ at A =840 nm, which results in k-x values
of 14x10"s™" and 1.1x10"s™!, respectively. For
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(CgIm:ZnP)-OxP in DCB, only decay at A=1020 nm was
observed. In toluene, the transient absorption band ap-
peared at A=1020 nm as a shoulder of the main triplet ab-
sorption bands in the A=650-800 nm region for both
(CgIm:ZnP),~OxP complexes, whereas no near-IR band
was observed for the (ZnP),—~OxP compounds. These results
suggest that charge-separation takes place to generate
(ZnP*:ImCy, " )-OxP for the supramolecular triad, and
(CeoIm:ZnP)(ZnP+:ImCy,)-OxP for the supramolecular
pentad. By using the kg and kci values obtained, the kg/
kcr ratios were evaluated as a measure of the extent of
charge stabilization in the photoinduced charge-separation
process. These values were approximately 100, which dem-
onstrates that there is some charge stabilization in the
supramolecular triad and the pentad.

Figure 8 shows the energy-level diagram for the different
photochemical events that occur in the triad. The energy
levels of the charge-separated states were evaluated by

(Ceolm:'ZnP*)-OxP

T (Ceglm:ZnP)-'OxP*
/ (1.90eV)
kcs

1.60 eV)

('Cgo*Im:ZnP)-OxP.

(1.75 eV) wi
h e
kos' LA0EV)  (CogimznP )-0xP™

(Cgo Im:ZnP *)-OxP

hv

Il
ker kcr

(Cgolm:ZnP)-OxP

Figure 8. Energy level diagram that shows the different photochemical
events for (C4Im:ZnP)-OxP in DCB.

using the Rehm-Weller approach discussed earlier. Al-
though the photochemical events of the supramolecular
complexes in Figure 8 seem complex, it was possible to dis-
sect the different photochemical pathways and evaluate the
rate constants with reasonably good accuracy. The emission
and transient absorption studies demonstrated that upon ex-
citation of the ZnP entity of (C¢Im:ZnP)-OxP in toluene,
energy transfer from the ZnP singlet-excited state to OxP is
the predominant photoinduced process (kL in Figure 8) and
the anticipated charge-separation process is not appreciable.
The kgy value was found to be 6.3x10”s™" from the k of
ZnP-OxP in toluene (Table 1). From the difference between
the kg value and the kI value of 1.0x10"s™" for
(CgIm:ZnP)-OxP, the sum of the energy transfer and
charge separation from the ZnP singlet-excited state to Cg,
(ki + k%) was found to be 3.7x10°s™! in toluene. However,
in polar DCB, a charge-separation process predominates.
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The ki value for the generation of (Celm:ZnP'+)-OxP™~
was found to be 3.0x10°s™!, as estimated from the differ-
ence between the k7 value for ZnP-OxP and the kyy value.
The kg value for (C4' Im:ZnP'*)-OxP, which is formed via
1ZnP*, was found to be 2.0x10°s7!, as estimated from the
difference between the kf values for (C4Im:ZnP)-OxP and
ZnP-OxP in DCB.

For (ZnP),~OxP in toluene, the kqo values can be attribut-
ed to the energy transfer from 'OxP* to ZnP (kL,), whereas
in DCB they are ascribed to charge separation via 'OxP* to
generate (ZnP*)-OxP™ (ki). For (Cglm:ZnP),~OxP in
toluene, the k{© value is larger than that for (ZnP),~OxP
(the k¢ value must be kg), which can be assigned to the
energy transfer from 'OxP* to Cq (kgy). In DCB, the k¢
value of (Cy4Im:ZnP)-OxP must be ch; this quenching rate
constant can be associated with the kICI; value, which de-
scribes the formation of (C4 " Im:ZnP'+)—OxP from 'Cg*.

For the charge-recombination processes of (Cglm:ZnP),—
OxP in DCB, the kcg value (1.1 x107 s7!) evaluated from the
decay of OxP"~ can be assigned to ki, whereas the kcg
value (1.4x107s™!) evaluated from the decay of Cq ™ can be
assigned to k(. Intramolecular electron mediation from
OxP" to Cq is considered to be slow as a result of the long
distance (~15 A) between these entities.

Conclusions

We have successfully assembled novel supramolecular pen-
tads and triads composed of zinc—porphyrin(s), fullerene(s),
and oxoporphyrinogen donor-acceptor entities by using a
covalent-coordinate bonding approach. The supramolecular
structures were fully characterized by means of spectral,
computational, and electrochemical techniques. As predict-
ed from the free-energy calculations, photoinduced electron
transfer from the porphyrin singlet-excited state to the full-
erene entity in DCB was demonstrated by means of time-re-
solved emission and transient absorption studies. The exper-
imentally measured charge-separation rates (kcg) were
higher for pentad (Cy4Im:ZnP),~OxP than those of the cor-
responding triad, CgIm:ZnP-OxP. The lifetimes of the radi-
cal ion pair (7gp) were found to be about 100 ns, which indi-
cates some degree of charge stabilization in the supramolec-
ular systems we have studied. The results reveal that some
modulation of the porphyrin—fullerene energy/electron-
transfer processes can be achieved through careful design of
the polychromophoric system. We are currently attempting
to further influence the intramolecular energy and electronic
processes through the introduction of inorganic cofactors,
which can be appended to the triad or the pentad by means
of hydrogen bonds at the opposing face of the porphyrino-
gen moiety.*
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Experimental Section

Chemicals: All solvents and reagents were used as received. Reactions
were performed under an atmosphere of dry nitrogen. Size-exclusion
chromatography was performed by using Biorad BioBeads SX-1. Tetra-n-
butylammonium perchlorate was obtained from Fluka Chemicals. Syn-
theses of ImCg, and (ZnP),~OxP were carried out according to literature
procedures.> 1

ZnP-OxP:  Tetrakis(3,5-di-t-butyl-4-oxocyclo-hexadien-2,5-ylidene)por-
phyrinogen™® (100 mg, 9.0x10°mol) and 5-(4-bromomethylphenyl)-
10,15,20-triphenylporphinato zinc(II)!*! (70 mg, 9.1x107° mol) were dis-
solved in dry N,N-dimethylformamide (5 mL) before anhydrous potassi-
um carbonate (200 mg) was added. The mixture was stirred at 80°C for
3—4 h until consumption of porphyrinyl benzyl bromide was observed by
means of thin-layer chromatography. The reaction mixture was poured
into water and then extracted with dichloromethane (2x30mL). The
combined organic fractions were dried over anhydrous sodium sulfate, fil-
tered, and the solvent was removed under reduced pressure. The product
was purified by means of column chromatography using a silica gel
column with dichloromethane/hexane (50:50 to 100:0) as the eluent. The
ZnP-OxP dyad was collected as the fraction that elutes prior to that of
the parent porphyrinogen (final fraction). Further purification was affect-
ed by means of size-exclusion chromatography with tetrahydrofuran as
the eluent (61 mg, 26%). '"HNMR (300 MHz, CDCl;, 25°C, TMS): 6=
1.12 (s, 36 H; —C(CH,)), 1.35, 1.37, 1.39 (3xs, 54H; —C(CHs);), 4.68 (s,
2H; benzylic CH,), 6.76 (s, 2H; cyclohexadienyl-H), 6.81 (d, J=
2.204 Hz, 2H; cyclohexadienyl—H), 6.90-7.10 (m, 6H; cyclohexadienyl—
H (4H), porphyrinogen B-pyrrolic—H (2H)), 7.42, 7.48, 7.57 (3xd, J=
2.204 Hz, 2H; porphyrinogen B-pyrrolic—H), 7.75 (m, 11H; phenyl—H),
7.99 (d, J=8.08 Hz, 2H; phenyl—H), 8.16 (m, 6H; phenyl-H), 8.41 (d,
J=4.77 Hz, 2H; porphyrinic B-pyrrolic—H), 8.6 (brs, 1H; NH), 8.80 (d,
J=4.77 Hz, 2H; porphyrinic f-pyrrolic—H), 8.94 (m, 4H; porphyrinic -
pyrrolic—H), 9.34 ppm (brs, 2H; NH); C NMR (75 MHz, CDCl,): 6=
29.40, 29.47, 29.51, 29.57, 35.40, 35.51, 35.60, 35.74, 118.76, 119.31, 119.80,
119.95, 121.06, 121.39, 124.38, 126.56, 126.59, 126.62, 127.54, 130.87,
131.17, 131.54, 131.58, 131.60, 131.79, 132.09, 132.18, 132.49, 133.93,
134.27, 13429, 134.33, 134.36, 134.38, 135.87, 136.63, 136.98, 142.46,
147.59, 147.67, 147.83, 148.77, 149.69, 150.17, 150.24, 150.25, 185.77,
185.96 ppm. MALDI-TOF (dithranol): m/z: 1816 ([M +3H]").
Instrumentation: 'H and “CNMR spectra were obtained by using a
JEOL AL300BX NMR spectrometer with tetramethylsilane as the inter-
nal standard in CDCl; solutions. MALDI-TOF mass spectroscopy was
performed by using a Shimadzu instrument. The UV-visible spectral
measurements were carried out by using a Shimadzu Model 1600 UV-
visible spectrophotometer. The fluorescence emission was monitored by
using a Spex Fluorolog-tau spectrometer. Cyclic voltammograms were re-
corded by using an EG&G Model 263 A potentiostat with a three elec-
trode system. A platinum button or glassy carbon electrode was used as
the working electrode. A platinum wire served as the counter electrode
and Ag/AgCl was used as the reference electrode. The ferrocene/ferroce-
nium redox couple was used as an internal standard. All the solutions
were purged prior to electrochemical and spectral measurements by
using argon gas. The computational calculations were performed by
means of DFT B3LYP/3-21G(*) methods with GAUSSIAN 03 software
package®™ by using high speed computers.

Time-resolved emission and transient absorption measurements: Picosec-
ond time-resolved fluorescence spectra were measured by using an argon
ion pumped Ti/sapphire laser (Tsunami; pulse width=2 ps) and a streak
scope (Hamamatsu Photonics; response time =10 ps). The details of the
experimental setup are described elsewhere.?!! Nanosecond transient ab-
sorption spectra in the NIR region were measured by means of laser-
flash photolysis in which light from an Nd/YAG laser (4 =532 nm; pulse
width=6 ns) was used as the excitation source and a Ge-avalanche-pho-
todiode module was used for detecting the monitoring light from a
pulsed Xe lamp for shorter timescale measurements than 5 us. For time-
scale measurements longer than 5 us, the InGaAs photodiode detector
was used to detect the monitoring light from the continuous Xe lamp.
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