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Spectroscopic, redox, and photochemical behavior of self-assembled donor-acceptor dyads formed by axial
coordination of zinc tetraphenylporphyrin, (TPP)Zn, and fulleropyrrolidine bearing either pyridine or imidazole
coordinating ligands were investigated. The UV-vis, 1H NMR, and ESI-mass spectral studies, as well as
computational studies, revealed supramolecular 1:1 dyad formation between the electron donor [(TPP)Zn]
and the electron acceptor, fulleropyrrolidine entities. The determined formation constantK values followed
the ordero-pyridyl , m-pyridyl = p-pyridyl , N-phenyl imidazole entities of the fulleropyrrolidine. The
evaluated thermodynamic parameters revealed stable complexation with complex dissociation enthalpies ranging
between 26 and 32 kJ mol-1. The 1H NMR studies revealed axial coordination of the pyridine or imidazole
ligands to the central zinc of (TPP)Zn, while the ESI-Mass spectral studies performed in CH2Cl2 matrix
revealed the expected molecular ion peak of the self-assembled dyads. The geometric and electronic structures
of the dyads were probed using ab initio B3LYP/3-21G(*) methods. Such studies revealed stable complexation
between (TPP)Zn and fulleropyrrolidine entities. The majority of the highest occupied frontier molecular
orbital (HOMO) was found to be located on the (TPP)Zn entity, while the lowest unoccupied molecular
orbital (LUMO) was found to be entirely on the fullerene entity. The redox behavior of the isolated self-
assembled dyads was investigated ino-dichlorobenzene, 0.1 (TBA)ClO4. A total of seven one-electron redox
processes corresponding to the oxidation and reduction of zinc porphyrin ring, and the reduction of fullerene
entities were observed within the accessible potential window of the solvent. These electrochemical results
suggest weak interactions between the constituents in the ground state. The excited-state electron-transfer
reactions were monitored by both steady-state and time-resolved emission as well as transient absorption
techniques. Ino-dichlorobenzene, upon coordination of either the pyridine or imidazole entities of
fulleropyrrolidine to (TPP)Zn, the main quenching pathway involved charge separation from the singlet excited
(TPP)Zn to the C60 moiety. The calculated rate of charge separation was found to range between 107 and 1010

s-1 depending upon the axial ligand (pyridine or imidazole) of the fulleropyrrolidine. However, in a coordinating
solvent like benzonitrile, intermolecular electron transfer predominantly takes place mainly from the triplet
excited (TPP)Zn to the C60 moiety. The present studies also revealed little or no quenching of the singlet
excited fulleropyrrolidine upon coordination of (TPP)Zn.

Introduction

Studies on donor-acceptor dyads capable of undergoing light-
induced electron- or energy transfer are of current interest to
mimic the primary events of the photosynthetic reaction center
and also to develop molecular electronic devices.1,2 Toward
constructing such dyads, fullerenes3 are particularly appealing
as electron acceptors4 because of their three-dimensional
structure,5 low reduction potentials,6 and absorption spectra
extending over most of the visible region.7 Accordingly, a
number of covalently linked photosensitizer constituent-fullerene
complexes have been investigated.8-11 Such donor-acceptor
complexes undergo photoinduced electron and/or energy transfer
upon excitation of the constituents.

Among the different routes to form dyads, self-assembled
donor-acceptor conjugates are particularly appealing since they
are more biomimetic to the natural photoenergy conversion
systems.2a-d Recently, a self-assembly method involving zinc
tetrapyrrole and C60 via axial ligation of the central metal ion
has been described.11 For this, zinc tetrapyrroles were used as
electron donors while pyridine appended fullerene derivatives
were used as electron acceptors. Efficient quenching of the donor
emission was observed upon coordinating the pyridine func-
tionalized fullerenes. To gain further insights into the axial
coordination governed self-assembly process, and to evaluate
the factors responsible for the stability, we have performed a
systematic study by using different substituted fulleropyrro-
lidines. That is, we have employed 2-(o-, m-, or p-pyridyl)-
fulleropyrrolidine, 1-3, N-methyl-2-(p-pyridyl)fulleropyrroli-
dine,4, as well as 2-(4′-imidazolylphenyl)fulleropyrrolidine,5,
as acceptors (Scheme 1). The pyrrolidine nitrogen in compounds
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1-3 and5 is a secondary amine, while in4 it is a tertiary amine,
with each type of nitrogen having a relatively low basicity
compared to that of pyrrolidine.12 The imidazole bearing
fulleropyrrolidine, developed in the present study, is expected
to result in more stable self-assembled dyads due to its higher
basicity. The molecular stoichiometry, association constants, and
thermodynamic parameters have been evaluated by using optical
absorption methods. Elucidation of the molecular geometry has
been performed using1H NMR and mass spectral studies.
Computational studies using ab initio B3LYP/3-21G(*) methods
have been performed to elucidate the geometry and electronic
structure of the dyads, and the results have been compared with
the recently reported crystal structure of (TPP)Zn:4 dyad.11d

The different photochemical events (electron transfer) orig-
inating from the excited singlet and triplet states of zinc
porphyrin as well as from the excited singlet and triplet states
of fulleropyrrolidine (Scheme 2) have been probed by using
different photochemical techniques. Using steady-state emission
method, the effect of the bound fullerene on the singlet emission
of (TPP)Zn and singlet emission of fulleropyrrolidine have been
monitored. Both picosecond time-resolved and nanosecond
transient absorption spectral studies have been systematically
performed in order (i) to evaluate the rates of light induced
electron-transfer reactions, (ii) to characterize the electron-
transfer products, and (iii) to differentiate between the intra-
molecular versus intermolecular electron-transfer reactions in
the self-assembled donor-acceptor dyads.

Experimental Section

Chemicals.Buckminsterfullerene, C60 (+99.95%) was from
BuckyUSA (Bellaire, TX).o-Dichlorobenzene and benzonitrile
in sure seal bottles, glycine, sarcosine,o-, m-, andp-pyridine
carboxaldehyde, and 4-imidozolyl benzaldehyde were from
Aldrich Chemicals (Milwaukee, WI). All chemicals were used
as received. Syntheses and purification of (TPP)Zn were carried
out according to the literature procedure.13

Fulleropyrrolidine derivatives bearing pyridine or imidazole
ligands,1-5, was prepared according to a general procedure
of fulleropyrrolidine synthesis developed by Prato and co-
workers.14 For this, a mixture of C60 (100 mg), glycine (31 mg)
or sarcosine (31 mg), and (o-, m- or p-)pyridine carboxaldehyde
(68 µL) or 4-imidazolyl benzaldehyde (52 mg) in toluene (60
mL) was refluxed for 4-12 h. At the end, the solvent was

removed under reduced pressure. The crude product was
dissolved in toluene and purified over a silica gel column using
1:1 ethyl acetate and toluene as eluent (yield) 20-45%). The
compounds were recrystallized from CS2 and methanol (1:1 v/v)
solvent mixture.(1) 1H NMR in CS2:CDCl3 (1:1 v/v),δ: 5.71,
5.10, 4.84 (s, d, d,J7, J7, 3H, pyrrolidine-H), 8.73, 7.77, 7.27
(d, q, m,J8, J7, J7, 4H, pyridine-H).λmax in o-dichlorobenzene,
309.4 and 433.1 nm.(2) FAB mass in CH2Cl2, cald 840.8, found
841.1.δ: 5.80, 5.13, 4.88 (s, d, d,J7, J7, 3H, pyrrolidine-H),
8.59, 7.38, 8.19, 9.05 (d, q, d,J7, J6, J7, s, 4H, pyridine-H).
λmax in o-dichlorobenzene, 310.0 and 430.2 nm.(3) δ: 5.73,
5.09, 4.86 (s, d, d,J7, J7, 3H, pyrrolidine-H), 8.62, 7.69 (d, d,
J7, J7, 4H, pyridine-H).λmax in o-dichlorobenzene, 311.3 and
429.2 nm.(4) δ: 4.99, 4.92, 4.28 (d, s, d,J6, J7, 3H, pyrrolidine-
H), 8.65, 7.70 (d, d,J7, J8, 4H, pyridine-H), 2.81 (s, 3H,
N-methyl-H).λmax in o-dichlorobenzene, 308.5 and 431.0 nm.
(5) 1H NMR in CS2:CDCl3 (1:1 v/v), δ ppm, 4.90, 5.10, 5,83
(d,d,s,J7, J7, 3H, pyrrolidine-H), 7.96, 7.45 (d,d,J6, J6, 4H,
phenyl-H), 7.57, 7.99 (d,d,J7, J7., 2H, imidazol-H), 7.82 (s,
1H, imidazol-H). FAB mass in CH2Cl2, cald 905.1, found 905.2.
λmax in o-dichlorobenzene, 310.2 and 428.1 nm.

Instrumentation. The UV-vis spectral measurements were
carried out with a Shimadzu Model 1600 UV-vis spectropho-
tometer. The fluorescence emission was monitored by using a
Spex Fluorolog-tau spectrometer. A right angle detection method
was used. The1H NMR studies were carried out either on a
Varian 400 MHz or Varian 300 MHz spectrometers. Tetram-
ethylsilane (TMS) was used as an internal standard. All the
solutions were purged prior to spectral measurements using
argon gas. The computational calculations were performed by
semiempirical PM3 and ab initio B3LYP/3-21G(*) methods with
GAUSSIAN 9815 software package on various PCs and a SGI
ORIGIN 2000 computer. The graphics of HOMO and LUMO
coefficients were generated with the help ofGaussView
software. 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
1 mM concentration) were prepared in CH2Cl2, freshly distilled
over calcium hydride

Time-Resolved Emission and Transient Absorption Mea-
surements.Nanosecond transient absorption spectra in the NIR
region were measured by means of laser-flash photolysis; 532
nm light from a Nd:YAG laser was used as the exciting source
and a Ge-avalanche-photodiode module was used for detecting
the monitoring light from a pulsed Xe-lamp as described in our
previous report.16 The picosecond time-resolved fluorescence
spectra were measured using an argon-ion pumped Ti:sapphire
laser (Tsunami) and a streak scope (Hamamatsu Photonics). The
details of the experimental setup are described elsewhere.16

Results and Discussion
Formation and Characterization of Self-Assembled via

Axial Coordination (TPP)Zn:C 60 Dyads.Figure 1 shows the

SCHEME 1 SCHEME 2
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UV-vis optical absorption spectral changes observed during
the complexation of5 with (TPP)Zn. The formation of penta-
coordinated zinc porphyrin complex was characterized by
diminished Soret band intensity, red-shifted visible bands, and
appearance of isosbestic points at 429, 559, 580, and 595 nm.17

However, for compound1, that is, theortho-pyridine-substituted
fulleropyrrolidine, little or no spectral changes were observed
indicating negligible amount of axial coordination. Job’s plot
of continuous variation method also confirmed 1:1 complex
formation between the (TPP)Zn and compounds2-5 in solution.
To confirm that the pyridine or the imidazole unit of compounds
2-5 was involved in coordination and not the pyrrolidine
nitrogen, control experiments involving 2-phenyl fulleropyrro-
lidine, i.e., a compound bearing phenyl ring instead of pyridine,
was also performed.11a No spectral changes were observed
during the titration of 2-phenyl fulleropyrrolidine with
(TPP)Zn indicating the absence of axial coordination through
the pyrrolidine nitrogen.

In agreement with the UV-vis spectral results, the1H NMR
studies performed in CDCl3:CS2 (1:1 v/v) revealed binding of
pyridine or imidazole group of fulleropyrrolidine to the metal
ion of (TPP)Zn. Figure 2 shows the1H NMR spectral data for
5 in the absence and presence of (TPP)Zn. Theâ-pyrrole and
phenyl ring protons of (TPP)Zn in the 7-9 ppm region
experienced a shielding of nearly 0.2 ppm upon coordinating
5. Interestingly, this shielding was found to be more for the
imidazole protons of compound5 in the 6-7.5 ppm region
owing to the influence of porphyrin ring current effects.13 That
is, the imidazole protons of5 experienced up to 2 ppm shielding
while this effect for the phenyl ring proton (7-8 ppm) adjacent
to imidazole and pyrrolidine ring protons (4.5-6.0 ppm) was
about 1 ppm. These results were consistent with the axial
coordination of the imidazole entity to the zinc metal center.

The formation constantK for (TPP)Zn:C60 dyads were
obtained from the absorption spectral data by using Scatchard
method (Figure 1 inset).18 Table 1 lists theK values along with
the thermodynamic parameters evaluated from van’t Hoff plots
of ln K vs T-1. The binding and thermodynamic parameters for

pyridine and N-phenyl imidazole binding to (TPP)Zn are also
listed in Table 1 for comparison purposes. An examination of
Table 1 reveals the following: TheK values are 5-10% smaller
for fulleropyrrolidine appended pyridine or phenyl imidazole
compared with the ones bearing no C60 entity. The trend inK
values follows:o-pyridyl , m-pyridyl = p-pyridyl , N-phenyl
imidazole substituted fulleropyrrolidines. The observed higher
value for 5 compared to2-4 is consistent with the higher
basicity of imidazole ring. The evaluated thermodynamic
parameters (-∆G, -∆H, and-∆S) also follow a similar trend
(Table 1). That is, both entropy and enthalpy changes contribute
to the overall free-energy change. Between3 and 4, that is,
fulleropyrrolidine with secondary and tertiary pyrrolidine ni-
trogen, theK value is nearly 8% lower for4, due to the
interaction between CH3 and phenyl ring in (TPP)Zn (this can
be presumed from Figure 4).

The relatively high values ofK obtained for the self-
assembled dyads in the present study further prompted us to
characterize them by using mass spectroscopic technique. Figure
3 shows the electron spray ionization mass spectrum of pristine
(TPP)Zn, 5, and the self-assembled dyad, (TPP)Zn:5. The
positive ion mass spectrum of (TPP)Zn in CH2Cl2 revealed the
m/z peak at 676 along with a weaker band atm/z ) 709
corresponding to the methanol coordinated species, which is
probably formed during recrystallization. The negative ion mass
spectrum of5 revealed a peak atm/z at 905 corresponding to
its molecular ion peak. The negative ion mass spectrum of the
(TPP)Zn:5 obtained by either slow precipitation of (TPP)Zn and

Figure 1. UV-vis spectral changes observed during the complexation
of (TPP)Zn (2µM) and5 in o-dichlorobenzene. The inset figure shows
the Scatchard plot of the change of absorbance at 421 nm.

Figure 2. 1H NMR spectrum of (a)5 (10 mM), (b) 5 (10 mM) and
(TPP)Zn (0.5 mM), and (c)5 (10 mM) and (TPP)Zn (10 mM) in CDCl3:
CS2 (1:1 v/v).

TABLE 1: Formation Constant K and the Thermodynamic
Parameters for Self-assembled Zinc
Tetraphenylporphyrin -Fulleropyrrolidine Conjugates in
o-Dichlorobenzene

ligand
K,a

M-1
∆G,

kJ mol-1
∆H,

kJ mol-1
∆S,

JK-1mol-1

pyridineb 7 749 -22.1 -27.3 -17.1
N-phenyl imidazole 18 615 -24.0 -32.4 -28.2
1 c
2b 7 737 -22.1 -26.1 -12.3
3 7 659 -22.1 -26.7 -15.4
4 7 169 -22.0 -26.9 -16.5
5 11 609 -23.6 -31.9 -28.1

a At 298 K. b From ref 11a.c No appreciable binding was observed.
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5 in CH2Cl2/n-hexane or mixing equimolar amounts of
(TPP)Zn and5 in CH2Cl2 revealed a peak atm/z ) 1582

corresponding to the molecular ion peak of the self-assembled
dyad. Similar results were also obtained for (TPP)Zn:3 or
(TPP)Zn:4 dyads suggesting the existence of the self-assembled
complexes in the gas phase.

Computational Studies.To gain insights into the molecular
geometry and electronic structure, computational studies were
performed by using ab initio B3LYP/3-21G(*)15 methods on
the zinc porphyrin-fulleropyrrolidine dyads and the geometries
were compared to the recently reported X-ray structure of
(TPP)Zn:4 dyad.11d For this, first, both the starting compounds,
(TPP)Zn and 2-substituted fulleropyrrolidines were fully opti-
mized to a stationary point on the Born-Openheimer potential
energy surface and allowed to interact. The geometric parameters
of the conjugates were obtained after complete energy mini-
mization. Figure 4 shows the calculated structures for
(TPP)Zn:3 and (TPP)Zn:5 dyads. The Zn:N distance of the
newly formed axial coordination bond was found to be∼ 2.06
Å which was almost similar to the bond distances of four other
Zn-N bonds of the zinc porphyrin ring. The center-to-center
distance, that is, the distance between the central zinc and the
center of the C60 spheroid, was found to be∼9.98 Å for the
(TPP)Zn:3 dyad which compared with a distance of 10.4 Å for
the (TPP)Zn:4 dyad at the same computational level, and∼9.53
Å calculated from the X-ray structure of the (TPP)Zn:4 dyad.
However, for the (TPP)Zn:5 dyad, the center-to-center distance
was found to be 12.26 Å, that is, a nearly 2.2 Å larger separation
between the donor-acceptor entities as compared to the pyridine
bound dyads. The X-ray structure determined edge-to-edge
distance between the porphyrin macrocycle (meso-carbon) and
C60 entity was found to be 3.186 Å for the (TPP)Zn:4 dyad,
which compared with the computed distance of 4.69 Å
(â-pyrrole) for the same dyad, 4.42 Å for the (TPP)Zn:3 dyad,
and 6.91 Å for the (TPP)Zn:5 (meso-C) dyad. These results
suggest a larger donor-acceptor separation for (TPP)Zn:5 dyad
as compared to the other ones.

The B3LYP/3-21G* calculated bond dissociation energy for
the newly formed the axial coordinate bond, that is, the energy
difference between the dyad and the sum of the energies of
(TPP)Zn and fulleropyrrolidine were found to be 121.8, 120.9,
and 133.5 kJ mol-1, respectively, for the (TPP)Zn:3, (TPP)-
Zn:4 and (TPP):5 dyads. These values are higher than the
experimentally determined heat of dissociation for the axial bond
(Table 1) of 26.7, 26.9, and 31.9 kJ mol-1 for the same series
of dyads, but show the same trend of bond energies. No BSSE
corrections were made. Interestingly, the semiempirical PM3
computed values were found to be 24.2, 26.2, and 42.9 kJ mol-1

for this series of dyads, in better absolute agreement with
experiment.

The frontier HOMO and LUMO for the investigated dyads
were obtained by the B3LYP/3-21G(*) method and are shown
in Figure 5 for the representative (TPP)Zn:5 dyad. In the studied
dyads, the majority of the electron distribution of HOMO was
found to be located on the (TPP)Zn entity with a small orbital
coefficient on the axial pyridine or imidazole ligand, suggesting
weak charge-transfer interaction between zinc porphyrin and
C60 entities in the ground state. On the other hand, the majority
of the electron distribution of LUMO was located on the C60

spheroid. These observations suggest the existence of charge-
transfer transition from zinc porphyrin entity to the C60 entity.
The orbital energies of the HOMO and the LUMO were found
to be-4.61 and-3.57 eV for the (TPP)Zn:4 dyad while for
the (TPP)Zn:5 dyad these values were-4.51 and-3.55 eV.
The calculated HOMO-LUMO gap (gas phase) was 1.04 and
0.96 eV respectively for the (TPP)Zn:4 and (TPP)Zn:5 dyads.

Figure 3. Electron spray ionization mass spectrum of (a) (TPP)Zn,
(b) 5, and (c) (TPP)Zn:5 complex in CH2Cl2 matrix.

Figure 4. Ab initio B3LYP/3-21G(*) energy optimized structure of
(a) (TPP)Zn:3 and (b) (TPP)Zn:5 supramolecular dyads. Hatched
circle: nitrogen. Dotted circle: zinc.
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The small HOMO-LUMO gap agreed fairly with the electro-
chemically measured (difference between the first oxidation and
first reduction potential) values (vide infra). It may be mentioned
here that only recently the validity of molecular orbitals
generated by density functional methods is being recognized.19

The accuracy of these methods, especially B3LYP, is recently
being demonstrated by Schaefer and co-workers on electron
affinities of aromatic compounds20 and, more recently, on
fullerene-based covalently linked dyads and triads.10n

Cyclic Voltammetric Studies. Determination of the redox
potentials in the newly formed molecular donor-acceptor type
systems is important to probe the existence of charge-transfer
interactions between the donor and acceptor in the ground state,
and also to evaluate the energetic of electron-transfer reactions.
With this in mind, we have performed a systematic study to
evaluate the redox behavior of the self-assembled dyads using
cyclic voltammetric technique. The cyclic voltammogram of
(TPP)Zn is shown in Figure 6c. The redox potentials corre-
sponding to the oxidation were located at 0.28 and 0.62 V vs
Fc/Fc+ while the potentials corresponding to the reduction were
located at-1.92 and-2.23 V vs Fc/Fc+, respectively. The first
three reversible reductions of5 in 0.1 M (TBA)ClO4, o-
dichlorobenzene, were located atE1/2 ) -1.13, -1.51, and
-2.05 V vs Fc/Fc+, respectively (Figure 6b). These values
compare with theE1/2 ) -1.10, -1.49, and-1.95 V vs Fc/
Fc+, respectively, for pristine C60.11a Depending upon the
oxidation state, a negative shift of 100 to 170 mV was observed
for fulleropyrrolidine derivatives as compared to the respective
redox couple of pristine C60. These observations are in agree-
ment with the earlier value reported for the other C60 pyrrolidine
derivatives,21 and also for the bisalkylated C60 derivatives.22

Among the different fulleropyrrolidine derivatives, the redox
potentials did not reveal any appreciable changes (Table 2).

The cyclic voltammogram of the self-assembled dyad (TPP)-
Zn:5, obtained by slow precipitation, is shown in Figure 6a.
Within the accessible potential window of the solvent, a total
of seven reversible redox processes have been observed. The
first and second redox potentials corresponding to the oxidation
of the zinc porphyrin were located atE1/2 ) 0.29 and 0.67 V
vs Fc/Fc+, respectively. The reduction potentials of the appended
C60 moiety of5 were located atE1/2 ) -1.10,-1.49, and-2.02
V vs Fc/Fc+, while the corresponding potentials for the zinc
porphyrin ring reduction were located atE1/2 ) -1.91 and
-2.19 V vs Fc/Fc+, respectively; that is, the reduction potentials
of the C60 entity are positively shifted by 20-30 mV. The

potential difference between the first oxidation of (TPP)Zn and
the first reduction of fulleropyrrolidine in the self-assembled
dyads was found to be 1.39 V, which compares fairly well with
the earlier computed values. Also, the redox potentials of
(TPP)Zn and C60 entities revealed small changes (10-20 mV)
upon dyad formation (Table 2) suggesting the existence of weak
charge transfer interactions, an observation that parallels the
results of computational studies. However, we did not succeed
in detecting a new absorption band corresponding to the charge
transfer interactions in the longer wavelength region (> 610
nm). It is likely that such bands are too weak to detect. It may
be mentioned here that the absorption peak at 605 nm in Figure
1 increases with increasing the concentration of5, mainly due
to the added5 and not due to any CT bands.

Fluorescence Quenching Experiments.The photochemical
behavior of the (TPP)Zn-C60 dyads were investigated, first,

Figure 5. Ab initio B3LYP/3-21G(*) calculated frontier HOMO and LUMO for the (TPP)Zn:5 complex.

Figure 6. Cyclic voltammograms of (a) the isolated (TPP)Zn:5
complex, (b)5, and (c) (TPP)Zn ino-dichlorobenzene, 0.1 M (TBA)-
ClO4. Scan rate) 100 mV/s.
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by using steady-state fluorescence measurements. On addition
of either of compounds2-5 to a argon saturatedo-dichloro-
benzene solution of (TPP)Zn, the fluorescence intensity de-
creased until about 30%. Scanning the emission wavelength to
longer wavelength regions (700-800 nm) revealed a weak
emission band at 710 nm corresponding to the singlet emission
of the C60 moiety. The intensity of the this band for a given
concentration of fulleropyrrolidine was found to be almost the
same as that obtained in the absence of added (TPP)Zn.
Changing the excitation wavelength from 554 to 410 nm also
revealed similar observations with slightly enhanced emission
of fulleropyrrolidine due to its higher absorbance at 410 nm.
Similar observations were also made in the studied benzonitrile
solvent. These results suggest that the energy transfer from the
singlet excited (TPP)Zn to fulleropyrrolidine is not necessarily
a cause of the fluorescence quenching.

Figure 7 shows the Stern-Volmer plots for the quenching
of (TPP)Zn by various fulleropyrrolidines as well as a reference
compound, pyridine ino-dichlorobenzene (curves i-vi) and in
benzonitrile (curves vii-viii). In agreement with the higherK
values, the Stern-Volmer plots obtained for5 revealed higher
slopes followed by those for4-2. However, at higher concentra-
tions of 2-5 the plots revealed a downward curvature. The
bimolecular quenching constants,kq calculated from the linear
segment of the Stern-Volmer plots revealed that thekq values

are 2-3 orders of magnitude higher than that expected for
diffusion controlled processes. These results suggested the
occurrence of both inter- as well as intramolecular (axial
coordination) photochemical events. For1, the amount of
quenching was found to be low and the Stern-Volmer plot was
found to be linear in the concentration range (plot v) while for
pyridine the Stern-Volmer plot was almost parallel to theX-axis
(plot vi). Interestingly, in benzonitrile, the quenching of
(TPP)Zn fluorescence by3 and 5 was less and the Stern-
Volmer plots were linear (plots vii and viii). These results
suggested that intermolecular type quenching was the main
process for (TPP)Zn fluorescence quenching by1 in o-
dichlorobenzene; and,3 and 5 in benzonitrile. It may be
mentioned here that optical absorbance studies of binding of3
or 5 to (TPP)Zn in benzonitrile revealed little or no spectral
changes suggesting negligible amount of binding due to strong
solvent coordination to the central zinc ion.

Further, the singlet emission of fulleropyrrolidine was
monitored at 710 nm by exciting the samples at 380 nm where
the majority of the fulleropyrrolidine was excited. It was
observed that ino-dichlorobenzene on addition of excess of
(TPP)Zn (10 equiv), the emission intensity of fulleropyrrolidine
at 710 nm revealed quenching less than 10% of its original
intensity (see supplementary section for spectra). Such effect
was even smaller in the studied benzonitrile solvent. Excitation
spectra recorded by fixing the emission monochromator at the
intense 600 and 650 nm emission bands of (TPP)Zn revealed
mainly the bands of (TPP)Zn. Our attempts to obtain the
excitation spectrum at the weak 710 nm band of fulleropyrro-
lidine was not successful mainly because of the overlap of zinc
porphyrin strong absorption and emission bands in the spectral
region. These results suggest the absence of appreciable photo-
chemical events occurring from the singlet excited fulleropyr-
rolidine to the bound (TPP)Zn.

To further understand the reaction mechanism (inter- or
intramolecular) and follow the kinetics of photoinduced pro-
cesses, picosecond time-resolved emission and nanosecond
transient absorption studies were performed on two selected
(TPP)Zn:3 and (TPP)Zn:5 complexes. Recently, the photo-
chemical behavior of (TPP)Zn:4 has been reported.11e

Fluorescence Lifetimes.The time-resolved fluorescence
spectral features of the dyads were essentially the same as those
observed by steady-state measurements. The fluorescence decay-
time profile of (TPP)Zn (monitored at 600 nm) in the absence
of 3 or 5 was usually fitted with a single-exponential curve
(Figure 8). In the presence of excess of3 compared with
(TPP)Zn, each fluorescence decay of (TPP)Zn was accelerated
only slightly, in which the decay curve was fitted with mono
exponential curve in botho-dichlorobenzene and in benzonitrile.
On addition of5 to o-dichlorobenzene solution of (TPP)Zn, the
fluorescence decay of (TPP)Zn was accelerated (Figure 8), in
which the decay curve was fitted with two exponential curves,

TABLE 2: Electrochemical Reversible Redox Potentials (vs Fc/Fc+) of the Self-Assembled Zinc
Tetraphenylporphyrin -Fulleropyrrolidine Conjugates in o-Dichlorobenzene, 0.1 M (TBA)ClO4

potential, V vs Fc/Fc+

compound (TPP)Zn+/2+ (TPP)Zn0/+ C60
0/- C60

-/2- (TPP)Zn0/- C60
2-/3- (TPP)Zn-/2-

(TPP)Zn 0.62 0.28 -1.92 -2.23
2a -1.10 -1.49 -1.95
3 -1.10 -1.50 -1.96
5 -1.13 -1.51 -2.04
(TPP)Zn:2b 0.64 0.29 -1.10 -1.50 -1.91 -1.96 -2.20
(TPP)Zn:3 0.65 0.28 -1.11 -1.50 -1.90 -1.97 -2.20
(TPP)Zn:5b 0.67 0.29 -1.10 -1.49 -1.91 -2.02 -2.19

a From ref 11a.b Obtained by slow precipitation of (TPP)Zn and2 or 3 or 5.

Figure 7. Stern-Volmer plots for the fluorescence quenching of (TPP)-
Zn by various fulleropyrrolidines: (i)5, (ii) 4, (iii) 3, (iv) 2, (v) 1, and
(vi) pyridine in o-dichlorobenzene; (vii)5 and (viii) 3 in benzonitrile.
The concentration of (TPP)Zn was 0.05 mM,λex ) 554 nm andλem )
646 nm.
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while in benzonitrile, only slight acceleration of the fluorescence
decay rate was observed. From the initial fast and the later slow
decays, two fluorescence lifetimes (τf) were evaluated. The
lifetime of the slow decay part is almost the same as that of
(TPP)Zn ino-dichlorobenzene. Contribution of the short lifetime
increased with increased addition of5 in o-dichlorobenzene,
indicating decreased quantities of uncomplexed (TPP)Zn.

By assuming the short lifetimes are due to the electron transfer
within the supramolecular dyads, the charge-separated rates
(kcs

singlet) and quantum yield (Φcs
singlet) were evaluated in a

manner usually employed in the intramolecular electron-transfer
process. Higher values of bothkcs

singlet and Φcs
singlet were

obtained for5 binding to (TPP)Zn (Table 3). For3 binding to
(TPP)Zn on the other hand, bothkcs

singletandΦcs
singletwere found

to be quite low, although the quenching of fluorescence intensity
is similar to5 (Figure 7). This suggests that the supramolecular
(TPP)Zn:3 is nonfluorescent because of close interaction
between (TPP)Zn and the C60 moiety as shown in Figure 4a.
Nonfluorescence dyad may be caused by partial charge-transfer
interactions. Thus, the fluorescence of uncoordinated (TPP)Zn
was observed in steady-state fluorescence spectra and lifetime
measurements.

In case of supramolecular (TPP)Zn:5, the dyad is fluorescent
although the fluorescence quantum yield is lower than un-
coordinated (TPP)Zn; such difference from (TPP)Zn:3 may be
due to longer distance between (TPP)Zn and the C60 moiety as
shown in Figure 4b, in which direct interaction between
(TPP)Zn and the C60 moiety is unlikely.

Time-Resolved Absorption Spectra.Nanosecond transient
spectra of pristine (TPP)Zn showed absorption peaks at 630
and 840 nm corresponding to its excited triplet state.23-25

Compounds1-5 showed a band at 700 nm corresponding to

its excited triplet state.24 An intriguing question in self-assembled
donor-acceptor dyads is the stability of the dyads in the
presence of high power laser used in transient absorption
measurements. It may be pointed out here that in the present
investigation both steady-state emission and fluorescence life-
time using laser light used low light power density. Hence,
during fluorescence measurements, dissociation of the com-
plexes may not be a competing process. On the other hand,
high laser power with short wavelength may cause excitation
to higher excited states or higher vibronic levels, which would
enhance the chance of complex dissociation. In the present study,
we have employed nanosecond laser light with longer wave-
length (λ ) 530 nm) to avoid such dissociation of the complex
before charge separation. As discussed later in this section, the
observed quick rise and decay at 1000 nm corresponding to
C60 anion radical, is strong evidence for the charge separation
prior to any dissociation.

On addition of excess of5 to (TPP)Zn (6:1 equiv) in
o-dichlorobenzene, an intense band at 700 nm corresponding
to the triplet state of5 was observed. A weak peak at 1000 nm
also appeared at a time interval of 0.01µs (Figure 9); this was
assigned to the radical anion of the C60 moiety. The time profile
at 1000 nm in the inset figure shows the observed quick rise-
decay, which indicates the supramolecular ion-pair formation
via the singlet state of (TPP)Zn. The charge recombination rate
of the supramolecular ion-pair was as fast as nanosecond laser
pulse and time-resolution of the detector (about 10 ns);<108

s-1. The intermolecular rate constants for electron transfer from
3(TPP)Zn* to the ground state5 (ket

T) was not prominent in
o-dichlorobenzene, because the slow rise was not observed at
1000 nm.

In benzonitrile, however, the transient absorption spectra
showed quite different features. In the presence of excess5 to
(TPP)Zn (6:1 equiv), the triplet absorption bands at 840 and
700 nm decayed faster than those ino-dichlorobenzene.
Furthermore, a slow rise was clearly observed at the 1020 nm
band of the anion radical of5 in addition to the quick rise-
decay. Corresponding to the slow rise of the anion radical of5,
the rise of the radical cation of (TPP)Zn was also observed at
600 nm, although this band overlapped with other species in
this wavelength region. These observations suggest that inter-
molecular electron transfer via the triplet state of (TPP)Zn is
predominant in benzonitrile. Theket

T value was evaluated to
be ca. ca. 5× 107 M-1 s-1, on the basis ofΦet

T ) 1.0. In

Figure 8. Fluorescence decay profiles of (TPP)Zn (0.03 mM) in (a)
the absence of and (b) presence of5 (0.2 mM) in o-dichlorobenzene.
λex ) 410 nm,λcm ) 650 nm.

TABLE 3: Fluorescence Lifetimes (τf), Charge-Separation
Rate Constants (kCS

singlet), Charge-Separation Quantum
Yields (ΦCS

singlet for Zinc
Tetraphenylporphyrin -Fulleropyrrolidine Supramolecular
Dyads in o-Dichlorobenzene (DCB) and Benzonitrile (BN)
Solvents

compound solvent τf /ns (fraction %) kCS
singlet/s-1 ΦCS

singlet

(TPP)Zn DCB 2.10(100%)
BN 2.10(100%)

(TPP)Zn:3(1:1) DCB 1.88(100%) 5.6× 107 0.10
BN 1.78(100%) 8.6× 107 0.15

(TPP)Zn:3(1:6) DCB 1.85(100%) 6.3× 107 0.12
BN 1.78(100%) 8.6× 107 0.15

(TPP)Zn:5(1:1) DCB 0.058(30%) 1.7× 1010 0.97
2.00 (70%)

BN 1.77(100%) 8.9× 107 0.16
(TPP)Zn:5(1:6) DCB 0.058 (50%) 1.7× 1010 0.97

2.00 (50%)
BN 1.78(100%) 8.6× 107 0.15

a kCS
singlet ) (1/τf )sample- (1/τf )ref. b Φcs

singlet ) [(1/τf )sample- (1/τf

)ref ]/(1/τf )sample.

Figure 9. Transient absorption spectra obtained using 530 nm laser
excitation for (TPP)Zn (0.05 mM) in the presence of5 (0.5 mM) [ratio
) 1:6] in Ar-saturatedo-dichlorobenzene. Inset: Time profiles for the
850 and 1000 nm bands.
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benzonitrile, however, theΦet
T value is usually about 0.5; thus

the estimatedket
T value is about 2.5× 107 M-1 s-1. For the

quantum yield calculations, the molar absorption coefficients
for the fulleropyrrolidine anion radicals and fulleropyrrolidine
triplet states were assumed to be 8.85× 103 26 and 1.4× 104

M-1 cm-1,27 respectively.
In case of3, similar transient spectra were observed in

o-dichlorobenzene but in benzonitrile, the transient absorption
spectrum obtained for (TPP)Zn:3 (1:6 eq) revealed an increase
of the C60 radical anion band with the decay of the triplet states
of the components (Figure 10). This observation is quite
different from the quick rise-decay of the radical anion of C60

moiety ino-dichlorobenzene. The presence of oxygen in solution
is found to promote the decay of the triplet state of3. The initial
sharp part of the quick rise-decay time profile of the radical
anion of3 in o-dichlorobenzene was not affected by oxygen,
but the slow decay part was almost completely quenched,
indicating the slow part is the absorption tail of the triplet states.
However, the calculated low values ofkCS

singletandΦcs
singletfrom

the fluorescence lifetime measurements suggests that the non-
fluorescent (TPP)Zn:3 dyad is charge-separated by the direct
laser excitation of the dyads without passing through the excited
singlet state of (TPP)Zn. Such intramolecular electron transfer
may be possible by the close distance between (TPP)Zn and
the C60 moiety (Figure 4).

Importantly, in benzonitrile, the evaluatedket
T value for the

(TPP)Zn:3 dyad was found to be ca. 5× 108 M-1 s-1, which
is 20 times greater than that of (TPP)Zn:5. Since the reduction
potentials of3 and 5 are almost the same, the steric effects
caused by the long pendant phenyl imidazole group might be
responsible for this observation. An attempt was also made here
to analyze decay kinetics of the ion pairs in benzonitrile from
the back electron-transfer rate,kbet constants. The decays of the
anion radicals of the C60 were monitored in the long time scale-
up to several hundred microseconds. The decays followed a
second-order reaction kinetics indicating that the back electron
transfer takes place in a bimolecular reaction pathway involving
the solvated anion and cation radicals. The slope of the second-
order reaction plot (1/∆abs vs time) yielded the ratio ofkbet to
the molar absorption coefficients of the fulleropyrrolidine anion
radical. The kbet values calculated from this approach for
(TPP)Zn:3 and (TPP)Zn:5 dyads in benzonitrile were found to

be 8.6× 109 and 8.4× 109 M-1 s-1, respectively, which are
close to the diffusion controlled limit. Since the concentrations
of the cation and anion radicals are quite lower than the
reactants, the observed decay rates of the backward process are
far slower than that of the forward process, even though
kbet . ket.

Summary

We have demonstrated the formation of porphyrin-fullerene
supramolecular dyads by axial coordination of fulleropyrrolidine
bearing either pyridine or imidazole ligands with (TPP)Zn. The
UV-vis, 1H NMR, and ESI-mass spectral studies revealed 1:1
molecular stoichiometry between the donor, (TPP)Zn and the
acceptor, fulleropyrrolidine entities. The determined formation
constantsK follow the ordero-pyridyl , m-pyridyl = p-pyridyl
, N-phenyl imidazole entities of the fulleropyrrolidine: that
is, they are controlled by the nature of the axial ligand and the
associated steric factors. The geometric and electronic structure
of the dyads probed using ab initio B3LYP/3-21G(*) methods
revealed stable complexation between the donor, (TPP)Zn and
the acceptor, fulleropyrrolidine entities. Cyclic voltammetric
studies revealed a total of seven one-electron redox processes
within the accessible potential window ofo-dichlorobenzene,
0.1 (TBA)ClO4. The experimentally calculated HOMO-LUMO
gap for the studied dyads compared fairly well with the
computed one. As summarized in energy level diagram of Figure

Figure 10. Transient absorption spectra obtained by the 530 nm nano-
second laser photolysis of (TPP)Zn-3 (0.05 mM:0.3 mM) in benzo-
nitrile. Inset: Time profiles for the 700 and 1000 nm bands.

Figure 11. Energy level diagrams showing the different photochemical
events of (a) intramolecular and (b) intermolecular (TPP)Zn interacting
with fulleropyrrolidine dyads.
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11, the results of the steady-state and time-resolved emission,
and transient absorption studies revealed the occurrence of
electron transfer mainly from the singlet excited zinc porphyrin
to the fullerene entity in the noncoordinating solvent,o-
dichlorobenzene. However, the main quenching pathway in the
coordinating solvent, benzonitrile is shown to take place via an
intermolecular electron-transfer from the triplet excited
(TPP)Zn to the C60 entity. The present studies also revealed
little or no photochemical events occurring from the singlet
excited fulleropyrrolidine to the (TPP)Zn in the bound or the
unbound forms.
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