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Donor−acceptor dyads were constructed using zinc N-confused porphyrin (ZnNCP), a structural isomer of zinc
tetraphenylporphyrin, as a donor, and fullerene as an electron acceptor. Two derivatives, pyridine-coordinated zinc
N-confused porphyrin (Py:ZnNCP) and the zinc N-confused porphyrin dimer (ZnNCP-dimer) were utilized to form
the dyads with an imidazole-appended fulleropyrrolidine (C60Im). These porphyrin isomers formed well-defined 1:1
supramolecular dyads (C60Im:ZnNCP) via axial coordination. The dyads were characterized by optical absorption
and emission, ESI-mass, 1H NMR, and electrochemical methods. The binding constant, K, was found to be 2.8 ×
104 M-1 for C60Im:ZnNCP. The geometric and electronic structure of C60Im:ZnNCP were probed by using DFT
B3LYP/3-21G(*) methods. The HOMO was found to be on the ZnNCP entity, while the LUMO was primarily on the
fullerene entity. The electrochemical properties of C60Im:ZnNCP was probed using cyclic voltammetry in
o-dichlorobenzene, 0.1 n-Bu4NClO4. The Py:ZnNCP was found to be easier to oxidize by over 340 mV compared
to Py:ZnTPP. Upon dyad formation via axial coordination, the first oxidation revealed an anodic shift of nearly 90
mV. Evidence of photoinduced charge separation from the singlet excited ZnNCP to the appended fullerene was
established from time-resolved emission and nanosecond transient absorption studies.

Introduction

Donor-acceptor dyads capable of undergoing photoin-
duced energy or electron transfer are of current interest for
the construction of molecular electronic devices and light
energy harvesting systems.1,2 Fullerenes3 have been shown
to be good candidates for electron acceptors due to their low
reduction potentials,4 three-dimensional structure,5 and low
reorganization energy involved in electron-transfer reactions.6

Porphyrins7 have been utilized as electron donors due to their
intense absorption in the visible region and due to the fact
that they are easily oxidized. Consequently, extensive studies
have been performed on covalently linked and self-assembled
donor-acceptor dyads composed of porphyrin and fullerene
as donor and acceptor entities.1,2

Recent advances in the synthesis of different porphyrin
isomers, viz. porphycene, corrphycene, hemiporphycene,
isoporphycene, and N-confused porphyrins (NCP), differing
in the numbers and positions of the pyrrole linkage carbon
atoms, have led to these compounds in high yield and
purity.8,9 Studies have revealed some unique properties,
different from, and in some cases superior to, those of
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porphyrins for applications of these molecules.10,11However,
these types of compounds have not been utilized as electron-
or energy-donor moieties in donor-acceptor systems, al-
though porphyrinic macrocycles are found in natural light
energy harvesting complexes and photosynthetic reaction
centers.12 In continuation of our efforts to build novel
molecular and supramolecular donor-acceptor systems, in
the present study, we have explored using one of the struc-
tural isomers ofmeso-tetraphenylporphyrin, N-confused tetra-
phenylporphyrin (also called 2-aza-21-carba-5,10,15,20-
tetraarylporphyrin and inverted tetraphenylporphyrin)9 as

a donor entity, and have developed donor-acceptor dyads
using a functionalized fullerene. The utilized N-confused
tetraphenylporphyrin differs structurally from the familiar
tetraphenylporphyrin by inversion of one of the pyrrole rings,
resulting in three N atoms and one C atom at the macrocycle
core, and the inverted nitrogen at aâ-position of the
periphery of the macrocycle. Because of the similarity of
the inner framework to porphyrins, the coordination chem-
istry of these isomers is expected to be closely related;
however, owing to the presence of the outward-facing
nitrogen, different extended coordination geometries can also
be expected. For example, the target molecule in the present
study, zinc N-confused tetraphenylporphyrin, can bind two
metal ions both inside and outside of the porphyrin core due
to the available inner and outer nitrogens. Thus, they serve
as new scaffolds for building supramolecular architectures.
Recently, Furuta et al.13 explored such coordination chemistry
and reported the syntheses and characterization of tetra-
nuclear and dinuclear zinc(II) N-confused dimers (ZnNCP-
dimer) and a pyridine-coordinated zinc(II) monomer complex
(Py:ZnNCP). Here, we have utilized the ZnNCP-dimer and
Py:ZnNCP to build the donor-acceptor dyads.

The methodology adopted for the formation of the donor-
acceptor dyads is shown in Scheme 1. The first method
involves Py:ZnNCP with an imidazole-appended fulleropy-
rrolidine (C60Im). Because of the better coordinating ability,
the imidazole replaces the bound pyridine, thus forming the
dyad via axial coordination (C60Im:ZnNCP).14 In the second
method, C60Im breaks the external coordinated Zn-N bonds
of the ZnNCP-dimer and forms the dyad via axial ligation
of C60Im. Systematic studies have been performed to
characterize these dyads and their ability to undergo light-
induced electron-transfer reactions.
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Experimental Section

Chemicals. Buckminsterfullerene, C60 (+99.95%) was from
BuckyUSA (Bellaire, TX).o-Dichlorobenzene (o-DCB), sarcosine,
4-imidozolyl benzaldehyde, pyrrole, benzaldehyde, and methane-
sulfonic acid were from Aldrich Chemicals (Milwaukee, WI).
Tetrabutylammonium perchloride,n-Bu4NClO4 was from Fluka
Chemicals. All chemicals were used as received. Synthesis of
C60Im was reported in the literature.14aThe syntheses of N-confused
porphyrin derivatives was accomplished according to a literature
procedure with some modifications.15 The details are given in the
Supporting Information.

Instrumentation. The computational calculations were per-
formed by the DFT B3LYP/3-21G(*) method with the
GAUSSIAN03 software package16 on various PCs. The graphics
of HOMO and LUMO were generated with the help of GaussView
software. The steady-state UV-vis and fluorescence spectra were
measured with a Shimadzu Model 1600 UV-vis and a Spex
Fluorolog-tau spectrometers, respectively. The1H NMR studies
were carried out either on Varian 400 MHz or 300 MHz
spectrometers. Tetramethylsilane (TMS) was used as an internal
standard. Cyclic voltammograms were recorded on a EG&G Model
263A potentiostat using a three-electrode system ino-DCB contain-
ing 0.1 M n-Bu4NClO4 as the supporting electrolyte. A platinum
button or glassy carbon electrode was used as the working electrode.
A platinum wire served as the counter electrode, and a Ag/AgCl
was used as the reference electrode. The ferrocene/ferrocenium (Fc/
Fc+; 0.59 V vs Ag/AgCl) redox couple was used as an internal
standard. All the solutions were purged prior to spectral measure-
ments using argon gas. The ESI-mass spectral analyses of the self-
assembled complexes were performed by using a Fennigan LCQ-
Deca mass spectrometer. The starting compounds and the dyads
(about 0.1 mM concentration) were prepared in CH2Cl2, freshly
distilled over calcium hydride.

The picosecond time-resolved fluorescence spectra were mea-
sured 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.17 Nanosecond transient absorption measurements were
carried out using the SHG (532 nm) of an Nd:YAG laser (Spectra
Physics, Quanta-Ray GCR-130, fwhm) 6 ns) as the excitation
source. For the transient absorption spectra in the near-IR region
(600-1600 nm), the monitoring light from a pulsed Xe lamp was

detected with a Ge-avalanche photodiode (Hamamatsu Photonics,
B2834).

Results

Optical Absorption Studies.The dyad was formed using
two different zinc N-confused porphyrin complexes as
starting materials (Scheme 1). One of the starting compounds
was Py:ZnNCP, and the other was the ZnNCP-dimer. The
dyad formation was monitored by UV-visible absorption
spectroscopy by adding C60Im to each of the respective
starting porphyrins ino-DCB (Figure 1). Isosbestic points
were observed in the spectrum at 725, 572, and 482 nm.
The Soret band located at 467 nm increased in intensity, as
well as smaller bands at 641 and 707 nm. Also, bands
diminished in intensity at 524 and 764 nm. It is important
to note that the final spectrum in Figure 1a and b are
identical, indicating the formation of C60Im:ZnNCP as the
final species starting from either of the routes shown in
Scheme 1.

The spectral intensity changes of the Soret band were used
to construct a Benesi-Hildebrand plot,18 as shown in Figure
1b, inset. The formation constant (K) for dyad formation was
found to be 2.8× 104 M-1. This value was approximately
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Figure 1. Spectral changes observed during the titration of imidazole-
appended fullerene (2.0µL each addition), C60Im to the solution containing
(a) Py:ZnNCP (3.3µM) and (b) ZnNCP-dimer (3.4µM) in o-dichloroben-
zene. The figure b inset shows a Benesi-Hildebrand plot constructed for
evaluating the binding constant.
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twice that reported earlier for the zinc porphyrin counterpart
donor-acceptor dyad (K ) 1.2 × 104 M-1).14a This is
expected because the axial bond in C60Im:ZnNCP makes zinc
tetracoordinated (ignoring the macrocycle Zn-C bond),
while in the previously studied system, the axial bond is the
fifth bond to the zinc porphyrin core. Also, a Jobs plot of
the UV-visible absorption data confirmed 1:1 complex
formation.

Formation of the 1:1 dyad was also confirmed by ESI-
mass spectrometry. The respective porphyrin starting com-
plexes were mixed with stoichiometric amounts of C60Im in
CH2Cl2. The spectra for each experiment revealed the
predicted peak corresponding to the dyad atm/z ) 1597.9
as shown in Figure 2 for the respective ZnNCP-dimer
interacting with C60Im. Also, the cluster of peaks revealed
the predicted isotopic abundance expected for the dyad.

1H NMR Studies. Figure 3a shows the1H NMR spectrum
of the Py:ZnNCP complex. The C-H proton in the interior
of the ring showed up as a broad singlet at-3.79 ppm. The
two o-pyridine protons,m-pyridine protons, andp-pyridine
proton showed up as broad singlets at 2.72, 5.66, and 6.49
ppm, respectively. The protons were shifted upfield as
compared to that of unbound pyridine as a result of the ring
current effects of the porphyrin. Upon addition of 1 equiv

of C60Im (Figure 3b), the interior C-H proton became split,
giving rise to a new singlet at-3.71 ppm which corresponds
to that of the C60Im-bound species. Also, two sets of
fulleropyrrolidine peaks appeared in the spectrum which
corresponds to the “bound” and “free” C60Im. The “free”
C60Im fulleropyrrolidine peaks showed up at (N-CH3) 2.82,
a doublet at 4.29, and a singlet and doublet buried together
at 4.95 ppm. The “bound” C60Im fulleropyrrolidine peaks
showed up at (N-CH3) 2.55, doublet at 4.09, singlet at 4.64,
and a doublet at 4.84 ppm. Two new peaks appear at 5.47
(singlet) and 6.24 (doublet) ppm, which correspond to an
imidazole and two phenyl peaks in the “bound” C60Im
species, respectively. These peaks are shifted from 7.11 and
7.46 ppm, respectively, as compared to “free” C60Im. The
other imadazole and phenyl entity peaks are presumably
buried in the aromatic region of the spectrum. Also, the
pyridine peaks have decreased in intensity. After 2 equiv of
C60Im was added (Figure 3c), the pyridine peaks had
completely disappeared from the spectrum and it is assumed
that the peaks of the displaced pyridine were buried
somewhere in the aromatic peaks of the porphyrin. Also,
the peak at-3.79 ppm which corresponds to the pyridine-
bound complex completely disappeared and only the new
singlet at-3.71 ppm which corresponds to the C60Im-bound
complex appeared in the spectrum. These data indicate that
the pyridine was displaced from the complex and that the
final product was C60Im:ZnNCP.

Computational Studies. The geometry and electronic
structure of the dyad was probed by DFT calculations using
the B3LYP/3-21G(*) method. The advantages of B3LYP/
3-21G(*) in predicting the structures of molecular/supramo-
lecular complexes of the size discussed here have been
recently summarized.21 In our calculations, the starting
compounds were fully optimized on a Born-Oppenheimer
potential energy surface and allowed to interact. The
geometric parameters of the conjugates were obtained after
complete energy optimization. Figure 4a shows the structure
of Py:ZnNCP. The computed structure agreed well with the
X-ray structure reported earlier by Furuta et al.13 In the
computed structure, the zinc atom was pentacoordinated with
three pyrrolic nitrogens, one carbon of the N-confused
pyrrole, and the nitrogen of the coordinated pyridine. The
zinc was 0.4 Å above the plane, and the C-Zn distance and
the tilting angle of the confused pyrrole ring were 2.23 Å
and 29°, respectively. The zinc was coordinated to the inner
CH carbon in a side-onη1-coordination fashion. Earlier, the
tilting of the confused pyrrole ring was attributed to the
unfavorable interaction between the fully occupied dx2-y2

orbital of d10 zinc and the sp2 orbital of the inner carbon.13

This ultimately resulted into a side-onη1-type coordination
between the carbon and the zinc. The frontier HOMO and
LUMO of the investigated complex are also shown in Figure
4a. The first two HOMOs and the first two LUMOs were
both π-type orbitals spread all over the macrocycle ring
atoms. That is, no localized orbitals on the N-confused

(19) Miller, J. R.; Drough, G. D.J. Am. Chem. Soc. 1952, 74, 3977.
(20) Nappa, M.; Valentine, J. S.J. Am. Chem. Soc. 1978, 100, 5075.
(21) Zandler, M. E.; D’Souza, F.C. R. Chemie2006, in press.

Figure 2. ESI-mass of the C60Im:ZnNCP dyad (0.05 mM) in CH2Cl2.

Figure 3. 1H NMR spectrum of (a) ZnNCP (0.05 mM), (b) ZnNCP+
C60Im (0.05 mM each), and (c) ZnNCP (0.05 mM)+ C60Im (0.1 mM) in
CDCl3.
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pyrrole segment or on the rest of the macrocycle were
observed. The computed HOMO-LUMO gap was found to
be 2.39 eV, which compared with a HOMO-LUMO gap
of 2.78 eV for pyridine coordinated zinc tetraphenylpor-
phyrin.14a This HOMO-LUMO gap was also found to be
comparable to the HOMO-LUMO gap (2.12 eV) for the
free-base N-confused teraphenylporphyrins.20

The structure of the B3LYP/3-21G(*) computed supramo-
lecular dyad is shown in Figure 4b. In the computed structure,
the newly formed Zn-N distance was found to be 2.01 Å,
which was slightly smaller than the Zn-N distances of the
macrocycle, which averages of 2.05 Å. Replacing the axial
pyridine (Figure 4a) by imidazole ligand in the dyad had
little or no effect on the overall geometry of the N-confused
porphyrin macrocycle. The edge-to-edge distance and center-
to-center distance between the zinc to the fullerene spheroid
were found to be 7.60 and 12.43 Å, respectively. These
values were comparable to the earlier computed and calcu-
lated from X-ray structural studies of ZnTPP-C60Im dyad.23

That is, the overall geometry of the present dyad is similar
to the earlier reported C60Im:ZnNCP dyad. The B3LYP/3-
21G(*) calculated HOMO and LUMO for the investigated
dyad are shown in Figure 4b. The majority of the HOMO
was found to be located on the N-confused porphyrin entity
with a small orbital coefficient on the axial imidazole ligand.
On the other hand, the majority of the LUMO was located
on the C60 spheroid. The absence of HOMOs on C60 and
LUMOs on the porphyrin macrocycle suggests weak charge-
transfer-type interactions between the donor and acceptor
entities of the dyad in the ground state. The present results
also suggest that the charge-separated state is C60Im•-:
NCPZn•+. The orbital energies of the HOMO and the LUMO
were found to be-4.38 and-3.56 eV, which resulted in a
‘HOMO-LUMO gap’ of 0.82 eV. This value was smaller

by 0.14 eV when compared to the value calculated for the
analogue dyad formed by using zinc tetraphenylporphyrin.14a

Cyclic Voltammetric Studies.To probe the redox proper-
ties of the newly formed donor-acceptor dyad and also to
verify the theoretical predictions of a smaller HOMO-
LUMO gap of the N-confused porphyrin and the resulting
dyad, cyclic voltammetric studies were performed ino-DCB
containing 0.1 Mn-Bu4NClO4. Owing to a similar coordina-
tion environment, the electrochemical redox behavior of both
the monomer and the dimer was found to be quite similar.
Both compounds revealed two one-electron oxidations and
two one-electron reductions (see the blue traces in Figure
5). For Py:ZnNCP, the oxidations were located atE1/2 )
-0.04 and 0.10 V vs Fc/Fc+ and the reductions were located
at E1/2 ) -1.71 and-2.00 V vs Fc/Fc+. It is important to
note that the first oxidation potential is close to that of the
Fc/Fc+ redox couple and easier to oxidize by 350 mV

(22) Belair, J. P.; Ziegler, C. J.; Rajesh, C. S.; Modarelli, D. A.J. Phys.
Chem. A2002, 106, 6445.

(23) D’Souza, F.; Rath, N. P.; Deviprasad, G. R.; Zandler, M. E.Chem.
Commun. 2001, 267.

Figure 4. B3LYP/3-21G(*) optimized (a) ZnNCP and (b) dyad formed by axial coordination of imidazole appended fullerene to N-confused
tetraphenylporphyrin (C60Im:ZnNCP). The frontier HOMO and LUMO are shown on the left and right sides of each optimized structure, respectively.

Figure 5. Cyclic voltammograms of Py:ZnNCP on increasing addition
of C60Im (0.5 equiv each addition) ino-dichlorobenzene, 0.1 (TBA)ClO4.
Scan rate) 100 mV s-1.
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compared to the first oxidation potential of the pyridine
coordinated zinc tetraphenylporphyrin, Py:ZnTPP.14a The
easier oxidation of ZnNCP suggests better electron-donating
ability of the complex. The electrochemical “HOMO-
LUMO gap”, that is, the potential difference between the
first oxidation and first reduction, was found to be 1.67 eV
for Py:ZnNCP which is smaller than the 2.21 eV found for
Py:ZnTPP.

The first reversible oxidation and reversible reduction of
the dimer were located atE1/2 ) -0.07 and-1.80 V vs
Fc/Fc+, respectively. The electrochemical HOMO-LUMO
gap for the ZnNCP-dimer was found to be 1.73 V, smaller
than that of Py:ZnTPP. It may be mentioned here that the
redox peaks of the dimer did not reveal any splitting, often
observed for stronglyπ-π interacting porphyrin dimers.24

These results suggest weakπ-π-type interactions between
the two macrocycles of the investigated dimer.13

The cyclic voltammograms of the dyad formed by titrating
Py:ZnNCP with C60Im are shown in Figure 5. Upon addition
of C60Im, the first oxidation of ZnNCP shifted to more
positive potentials by about 70 mV. The C60Im bound in
C60Im:ZnNCP exhibited three reversible reductions within
the potential window, the first two of which were located at
E1/2 ) -1.18 and-1.57 vs Fc/Fc+, respectively. The third
reduction process had contributions from the third reduction
of fullerene and the first reduction of ZnNCP. The first
reduction potential corresponding to C60Im in the dyad was
not significantly different from the reduction potential of C60-
Im obtained in the absence of any donor. The experimentally
determined “HOMO-LUMO gap”, that is, the difference
between the first oxidation potential of the donor, ZnNCP,
and the first reduction potential of the acceptor, C60Im, was
found to be 1.18 V and was independent of the route
followed to form the dyad in Scheme 1. This energy gap
compared with an electrochemical energy gap of 1.39 V
reported earlier for the C60Im:ZnTPP dyad.14a The trends in
these results tracked that of the computational results
discussed in the previous section. However, the agreement
would not be expected to be exact since much of the absolute
difference between the experimental and computed results
are attributed to their different environments, that is, for the
noninteracting or ‘gas-phase’ environment computation and
the solvento-DCB containingn-Bu4NClO4 for electrochemi-
cal measurements.

Fluorescence Emission Studies.Steady-state fluorescence
quenching experiments were performed in order to determine
the efficiency of quenching of ZnNCP by fullerene. The Py:
ZnNCP complex, ino-DCB, was excited at 467 nm and the
emission spectra were monitored upon addition of fullerene.
The emission spectrum of the Py:ZnNCP displayed two
intense peaks at 734 and 794 nm, respectively, and a much
less intense band around 650 nm (Figure 6a), which were
significantly red-shifted from normal zinc porphyrin. The
intensity of the emission bands of ZnNCP was found to be
smaller than that of an equimolar concentration of zinc

tetraphenylporphyrin. This observation is in agreement with
a low fluorescence quantum yield reported earlier for
N-confused porphyrins.11k,22Upon addition of C60Im, the Py:
ZnNCP emission was significantly quenched, as shown in
Figure 6a. However, the quenching efficiency of the 734 nm
band was found to be more than that of the 794 nm band.

The quenching was analyzed with Stern-Volmer plots.25

The calculated Stern-Volmer constants,KSV, values were
as high as 103 M-1. On employing the excited-state lifetime
(1.6 ns) of the monomer, Py:ZnNCP, the fluorescence-
quenching rate constants,kq, were evaluated to be over 1012

M-1 s-1, which was nearly 3 orders of magnitude higher
than that expected for diffusion controlled-bimolecular
quenching processes in the studied solvents (∼5.0× 109 M-1

s-1),25 suggesting that the faster intra-supramolecular pro-
cesses are responsible for the fluorescence quenching.

The ZnNCP-dimer exhibited weak fluorescence emission
due to self-quenching (Figure 6b); however, the emission

(24) Chitta, R.; Rogers, L. M.; Wanklyn, A.; Karr, P. A.; Kahol, P. K.;
Zandler, M. E.; D’Souza, F.Inorg. Chem. 2004, 43, 6969.

(25) Principles of Fluorescence Spectroscopy, 2nd ed.; Lakowicz, J. R.,
Ed.; Kluwer Academic/Plenum: New York, 1999.

Figure 6. Fluorescence emission spectrum of (a) Py:ZnNCP (3.7µM) on
increasing addition of C60Im (1.8 µM each addition) and (b) (i) ZnNCP-
dimer (3.7µM), (ii) ZnNCP-dimer (3.7µM) on addition excess of imidazole,
and (iii) ZnNCP-dimer (3.7µM) + C60Im (8.0 µM) in o-dichlorobenzene.
The samples were excited at the Soret band position.
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bands were not significantly different from that of the
monomer, Py:ZnNCP, due to a similar coordinating environ-
ment. Such weak fluorescence can also be attributed to the
dynamic exchange of the macrocycles in the system.22

Similar weak fluorescence was also reported for the free-
base NCP.22 In a control experiment, addition ofN-methyl
imidazole to dissociate the dimer and to form the imidazole
complex, Im:ZnNCP, resulted in restoring the emission of
the dimer (spectrum ii in Figure 6b). With the addition of
excess of C60Im to the ZnNCP-dimer, to dissociate the dimer
and form the C60Im:ZnNCP dyad, the emission intensity
increased only slightly (spectrum iii). When compared to the
emission intensity of Im:ZnNCP (axially coordinated species
without electron acceptor), the quenching in Im:ZnNCP was
over 70%, indicating an efficient process. These results
indicate the occurrence of efficient quenching in the su-
pramolecular dyads.

Further picosecond time-resolved emission measurements
were performed to study the kinetics and mechanism of
quenching in these supramolecular dyads.

Picosecond Time-Resolved Emission Studies.The time-
resolved emission studies of the self-assembled conjugates
tracked those of steady-state quenching measurements. Figure
7 shows the emission decay profiles of ZnNCP-dimer in the
presence and absence of C60Im. In the absence of C60Im,
ZnNCP-dimer revealed mono-exponential decay with life-
times of 1.5 ns. The added C60Im had a quenching effect on
the lifetimes of the singlet excited ZnNCP. The ZnNCP
emission decay in the dyad could be fitted satisfactorily by
a biexponential decay curve; the lifetimes (τf) were 104 ps
in 70% and 1980 ps in 30%. The short lifetime ((τf)complex)
was predominantly due to charge-separation within the
supramolecular dyad, whereas the long lifetime components
are attributed to the uncomplexed ZnNCP emission.

The lifetime of the monomer, Py:ZnNCP, was found to
be 1.6 ns. Upon addition of C60Im to form the dyad, the
ZnNCP emission revealed substantial quenching in which
the decay could be fitted satisfactorily by a biexponential
decay curve. The lifetimes of the two decay components were
found to be 65 ps in 69% and 1960 ps in 31%, respectively,
suggesting bound and free forms of the donor species in

solution. The short-lifetime component is attributed to charge
separation within the supramolecular dyad. The slight
variations in the lifetime values of the ZnNCP-dimer and
Py:ZnNCP upon complexation with C60Im could be due to
the presence of liberated pyridine in the latter case.

Nanosecond Transient Absorption Studies.Nanosecond
transient spectra of ZnNCP-dimer and Py:ZnNCP observed
after 532 nm laser excitation in deaeratedo-DCB are shown
in Figure 8a. Absorption peaks in the 600-700, 800-900,
and 1100-1400 nm regions can be attributed to the triplet
states of the dimer and monomer, although huge depletion
was observed in the 700-800 nm region due to the
emissions. Appreciable difference due to the absorption shifts
of these triplet states correspond to that in steady-state
absorptions. From the time profiles at 1300 nm where the
depletion effect was not significant, the lifetimes of the triplet
states were evaluated to be ca. 10µs for both dimer and
monomer.

On addition of C60Im to the ZnNCP-dimer, new absorption
spectra were observed, as shown in Figure 8b. The new
transient absorption at 700 nm was attributed to the triplet
state of C60Im; the peak in the region from 750-900 nm
was ascribed to the triplet state of ZnNCP because the
depletion in the 700-800 nm region was suppressed by the

Figure 7. Fluorescence decays at 720-740 nm range of (i) ZnNCP-dimer
(0.03 mM) and (ii) ZnNCP-dimer (0.03 mM) in the presence of C60Im
(0.10 mM) ino-dichlorobenzene.λex ) 400 nm.

Figure 8. (a) Transient absorption spectra at 0.1µs of Py:ZnNCP (0.03
mM) and ZnNCP-dimer (0.06 mM) in Ar-saturatedo-dichlorobenzene
obtained by 532 nm laser light excitation, respectively; (insert) time profiles
for the peak at 1300 nm, (b) Transient absorption spectra of mixture of
ZnNCP-dimer (0.05 mM) with C60Im (0.1 mM) in Ar-saturatedo-
dichlorobenzene; (insert) time profiles at different wavelengths.

Zinc N-Confused Porphyrin-Fullerene Dyad

Inorganic Chemistry, Vol. 45, No. 13, 2006 5063



shortening of the fluorescence of ZnNCP. In addition, a weak
absorption appeared at 1000 nm as a shoulder, which can
be attributed to the formation of C60Im•-, although the
absorption of ZnNCP•+ expected to appear in the 600-700
nm region was almost completely hidden by the absorptions
of the triplet states of ZnNCP and C60Im. From the time
profile at 1000 nm, the lifetime was evaluated to be ca. 4
µs; however, this lifetime cannot be solely attributed to the
C60Im•-:ZnNCP•+ charge-separated species because of the
overlaps of the slowly decaying triplet states.

To evaluate the intermolecular electron transfer, the
transient absorption spectra were observed for the mixture
of ZnNCP-dimer and pristine C60 (having no axial coordinat-
ing functionality) in polar solvent such as benzonitrile, as
shown in Figure 9. Because of excess of C60, the 750 nm
peak was mainly attributed to the triplet state of C60. With
the decay of the 750 nm band, the rise of the 1080 nm band
appeared, indicating the occurrence of intermolecular electron
transfer via the triplet excited C60 to form radical ions, C60

•-

and ZnNCP•+-dimer. Interestingly, weak absorption in the
1200-1400 nm region was also observed which is attribut-
able to the formation of ZnNCP•+-dimer. Therefore, the weak
absorption in the 1200-1400 nm region observed for the
C60Im:ZnNCP dyad ino-DCB (Figure 8) can be attributed
to the formation of ZnNCP•+. In conclusion, the nanosecond
transient absorption spectral studies provided direct evidence
for photoindueced electron transfer in the studied dyads. That
is, ZnNCP cation radical bands in the 1200-1400 nm range
and a fullerene anion radical band in the 1000-1100 nm
range were observed.

Discussion

The results of the present investigation reveal several
interesting observations. The zinc N-confused tetraphe-
nylporphyrin monomer and dimer possess absorption bands
covering most of the visible portion of the electronic
spectrum with an intense band centered at 760 nm, a notable
feature of N-confused porphyrins.9-11 The self-assembled
supramolecular dyads could be easily obtained by treating

these porphyrin isomers with imidazole-appended fullero-
pyrrolidines, according to Scheme 1. A 1:1 stoichiometry
of the supramolecular complex was established from the
optical absorption and ESI-mass spectral studies. The binding
constant values suggest fairly stable complex formation. DFT
calculations at the B3LYP/3-21G(*) level revealed the
electronic structure of the dyads and suggested that the
charge-separated state in electron-transfer reactions of the
supramolecular complex is C60Im•-:ZnNCP+.. A small
HOMO-LUMO gap for the dyad was predicted from these
studies.

The results of the electrochemical studies were in full
agreement with the B3LYP/3-21G(*) predictions. The oxida-
tion potential of the N-confused porphyrin was found to be
close to that of ferrocene and was 350 mV easier to oxidize
compared to the first oxidation potential of the pyridine-
coordinated zinc tetraphenylporphyrin. The driving forces
for charge separation (-∆GCS) was calculated according to
eq 1 using the electrochemical redox and fluorescence
emission data:26

whereEox is the first oxidation potential of the N-confused
porphyrin,Ered is the first reduction potential of the fullerene
(C60Im), ∆E0,0 is the energy of the 0-0 transition between
the lowest excited state and the ground state of the N-
confused porphyrin evaluated from the fluorescence emission
peaks, and∆GS refers to the static energy, calculated by using
the ‘Dielectric Continuum Model’24 according to eq 2.

The symbolsε0 andεS represent vacuum permittivity and
dielectric constant of the solvent benzonitrile, respectively.
Values of center-to-center distance,RCt-Ct were based on the
computed structures shown in Figure 4. The calculated free-
energy change for charge separation was found to be∆GCS

) -0.96 eV for the monomer suggesting that the charge-
separation from the singlet excited ZnNCP to fullerene in
the dyad is exothermic. These results predict the occurrence
of rapid electron transfer in these supramolecular dyads since
the∆GCS values are almost on the top region of the Marcus
parabola

The charge-separation rate (kCS
S) and quantum yield (ΦS

CS)
were evaluated from the shortτf components according to
eqs 3 and 4, a procedure commonly adopted for intramo-
lecular electron-transfer process.27

(26) (a) Rehm, D.; Weller, A.Isr. J. Chem.1970, 7, 259. (b) Mataga, N.;
Miyasaka, H. InElectron Transfer; Jortner, J., Bixon, M., Eds.; John
Wiley and Sons: New York, 1999; Part 2, pp 431-496.

(27) (a) D’Souza, F.; Gadde, S.; Zandler, M. E.; Arkady, K.; El-Khouly,
M. E.; Fujitsuka, M.; Ito, O.J. Phys. Chem. A2002, 106, 12393. (b)
El-Khouly, M. E.; Araki, Y.; Ito, O.; Gadde, S.; McCarty, A. L.; Karr,
P. A.; Zandler, M. E.; D’Souza, F.PhysChemChemPhys2005, 7, 3163.

Figure 9. Transient absorption spectra of a mixture of ZnNCP-dimer (0.08
mM) with C60 (0.2 mM) in Ar-saturated benzonitrile obtained by 532 nm
laser light excitation; (insert) time profile at 700 and 1000 nm.

-∆GCS)Eox - Ered - E0,0 - ∆Gs (1)

∆GS ) e2/(4πε0εSRCt-Ct) (2)

kS
CS ) (1/τf )complex- (1/τf )NCPZn (3)

ΦS
CS ) [(1/τf )complex- (1/τf )NCPZn]/(1/τf )complex (4)
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The calculatedkCS
S andΦS

CS were found to be 1.1× 1010

s-1 and 0.97, respectively, whenτf values starting from
ZnNCP-dimer was employed, indicating the occurrence of
efficient charge separation within the supramolecular dyad.

The charge-separated state, C60Im•-:ZnNCP•+, was estab-
lished by the appearance of the transient absorption bands
in the 1200-1400 nm region corresponding to the ZnNCP+•

and at 1020 nm due to C60Im•-. The lifetime of the charge-
separated state, evaluated from the decay of the fullerene
anion radical, was found to be about 4µs, although this
lifetime was considerably affected by the further long-lived
triplet states. A similar value was also obtained when the
1300 nm decay corresponding to the ZnNCP+• was moni-
tored. The rate constant of intermolecular electron transfer
from ZnNCP-dimer to the triplet state of C60 was evaluated
to be ca. 5× 109 M-1 s-1 from the decay of the triplet state
of C60 and rise of C60

•-. The quantum yield of electron-
transfer evaluated from the ratio of the transient absorption
intensities under these solution conditions was found to be
about 1.

Summary

The ability of N-confused zinc tetraphenylporphyrin, a
porphyrin structural isomer, to undergo photoinduced charge
separation is verified by constructing supramolecular donor-
acceptor dyads involving fullerene, C60, as an electron
acceptor. These dyads were constructed by utilizing the well-
established axial coordination of imidazole-appended fullerene
to the metal center of the zinc N-confused porphyrin. Both
pyridine coordinated zinc N-confused porphyrin and the zinc
N-confused porphyrin dimer formed 1:1 dyads whose

structures were established from optical absorption and
emission, ESI-mass, and electrochemical methods. The
binding constant,K, was found to be 2.8× 104 M-1 for the
zinc N-confused porphyrin coordinated to imidazole ap-
pended-fullerene supramolecular dyad formation. The geo-
metric and electronic structure of the self-assembled dyad,
probed using DFT B3LYP/3-21G(*) method, suggested that
the charge-separated state is C60Im•-:ZnNCP•+. Cyclic vol-
tammetry studies revealed facile oxidation for the N-confused
zinc porphyrins as compared to the parent zinc tetraphe-
nylporphyrin, and calculated free-energy change revealed that
the electron-transfer reaction to be highly exothermic. Steady-
state and time-resolved emission studies revealed efficient
quenching of the singlet excited dyad, C60Im:1ZnNCP*. The
calculatedkCS

S and ΦS
C were found to be 1.1× 1010 s-1

and 0.97, respectively, indicating the occurrence of efficient
charge separation within the supramolecular dyad, which was
further experimentally proved by the nanosecond transient
absorption spectra measurements.
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