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Reversible switching between intra- to intermolecular electron

transfer paths has been accomplished by adding and extracting

potassium ions to the supramolecular porphyrin–fullerene

conjugates formed by complexing porphyrin functionalized

with a benzo-18-crown-6 entity and fullerene functionalized

with an alkylammonium cation entity.

Photoinduced electron transfer in donor–acceptor systems is one

of the fast growing areas of research driven primarily by solar

energy conversion and building molecular electronic devices.1

Among the biomimetic donor–acceptor systems, porphyrin–

fullerene systems2 are one of the widely studied classes of

compounds due to their rich photo- and redox chemistry. Both

covalently linked and non-covalently linked via hydrogen bonds,

van der Waals forces, electrostatic interactions, p–p stacking or

metal–ligand coordination systems have been elegantly designed

and studied.2c Fullerenes, owing to their spherical geometry require

small reorganization energy in electron transfer reactions.3

Consequently, in donor–acceptor systems, fullerenes accelerate

forward electron transfer (kCS) and slow down backward electron

transfer (kCR) resulting in the formation of long-lived charge-

separated (CS) states,4 a key factor for utilizing these compounds

in building optoelectronic devices, logical gates, etc.

Recently, we demonstrated reversible switching of intra- to

intermolecular electron transfer paths in supramolecular con-

jugates formed between porphyrins functionalized with one or four

benzo-18-crown-6 entities as donors and pristine fullerene as

acceptor.5 Intramolecular charge-separation within the conjugates

was blocked when potassium cations were included in the crown

ether voids, allowing only intermolecular type electron transfer.

Further, addition of 18-crown-6 to this solution extracted the

potassium ions from the porphyrin-crown ether, thus restoring the

initial intramolecular porphyrin–fullerene interactions. However,

since the interactions between the porphyrin and fullerene were

weak, addition effects of potassium cation and external crown-

ether were not prominent. In the present investigation, we have

employed fullerene functionalized with an alkylammonium cation,

1 (Scheme 1) instead of pristine fullerene. Here, compound 1 binds

to porphyrins 2 primarily through the ammonium cation–crown

ether binding resulting into efficient intramolecular photoinduced

electron transfer.6 As demonstrated in Scheme 1, addition of

potassium cations to the porphyrin–fullerene conjugates would

replace the secondary alkylammonium cation from the crown

ether void, and under these conditions only intermolecular type

interactions between the porphyrin and fullerene would mainly

be observed. This process could be reversed by further addition of

18-crown-6 to the solution to extract the potassium cations from

the conjugate. The present system is better defined as compared to

the earlier reported system involving pristine fullerene,5 because of

the higher stability of the conjugates as a result of alkylammonium

cation-crown ether binding.

Addition of 1 to a solution of porphyrin 2 revealed fluorescence

quenching of porphyrin 26 in benzonitrile (Fig. 1, spectra (i) and

(ii)). Using the emission data obtained with changing the

concentration of 1, the binding constants (K) for the formation

of the self-assembled supramolecular conjugates were obtained

by constructing Benesi–Hildebrand plots and were found to be

y104 M21. The magnitude of the binding constants revealed

stable self-assembly even in polar benzonitrile. The calculated

Stern–Volmer constants, KSV were also found to be y104 M21.

On employing the excited-state lifetime of reference porphyrins,

the intermolecular fluorescence quenching rate-constants, kq, were

evaluated to be y1011 M21 s21, which were three orders of
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Scheme 1 Structure of ammonium cation appended fullerene, 1 and its

binding to benzo-18-crown-6 appended porphyrin, 2, and potassium

cation and 18-crown-6 induced reversible switching of inter- and

intramolecular electron transfer processes.
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magnitude higher than that expected for diffusion controlled-

bimolecular quenching processes in benzonitrile (y5.0 6
109 M21 s21) suggesting that the intramolecular processes are

responsible for the fluorescence quenching within the supramole-

cular conjugates.

Addition of potassium cations to the dyad solution resulted in

restoring the quenched porphyrin emission for both the free-base

and zinc derivative of 2. Spectra (iii) and (iv) in Fig. 1 show the

relatively strong fluorescence intensity upon addition of K+ to the

solution of 2(H2) containing 1. Nearly 85% of the quenched

fluorescence was restored. These results suggest the dissociation of

the supramolecular conjugates in which the ammonium cation in

the crown ether cavity is replaced by the added K+. In order to

check the reversibility of this process, pristine 18-crown-6 was

added to the solution, as shown in spectrum (v) in Fig. 1, the

fluorescence quenching was reproduced again as a proof of re-

generation of the supramolecular conjugate. Here, the crown ether

bound K+ was extracted by the added 18-crown-6 thus making

room for the secondary alkylammonium cation functionalized

fullerene to bind to the crown ether appended porphyrins.

The time-resolved fluorescence emission studies7 also confirmed

the reversible switching behavior. Time profiles (i) and (ii) in Fig. 2

show the emission decays of the crown ether appended porphyrin,

2(Zn) in the absence and presence of 1 (see ESI{ for the 2(H2)?1

conjugate). Addition of 1.1 equivalents of fullerene derivatives to

the porphyrins caused rapid decay in addition to slow decaying tail

(Fig. 2(ii)). The porphyrin emission-decay in the dyads could be

curve-fitted satisfactorily to a bi-exponential function. The short

lifetimes were attributed to the quenching process within the

supramolecular conjugates, while long lifetime components were

attributed to the uncomplexed porphyrin emission. The quenching

rates (kS
q) evaluated from the short tf components in the usual

manner employed in the intramolecular fluorescence quenching

process8 were found to be 1.7 6 109 and 2.6 6 109 s21,

respectively for 2(H2)?1 and 2(Zn)?1, suggesting the occurrence of

efficient electron transfer quenching process.

Recovery of the fluorescence decay was observed when K+ was

added to the supramolecular conjugates of the crown ether

appended porphyrin–fullerene, as shown in the time profiles (iii)

and (iv) in Fig. 2, suggesting destabilization of the supramolecular

conjugates by the insertion of K+ into the crown ether voids (see

Scheme 1). Under these conditions, the fractions of the fast

fluorescence decay part decreased with K+ addition; the (tf)complex

values also became long, recovering up to 80% to the initial value

of porphyrin in the absence of 1. In a control experiment, the

fluorescence emission of K+ complexed porphyrins, 2 in the

absence of fullerene, 1 was measured, but no acceleration of

the fluorescence decay was observed for 2?K+ (see ESI{). As shown

in the fluorescence time profile (v) in Fig. 2, addition of 18-crown-6

re-accelerated the recovered fluorescence decay even in the

presence of K+, indicating re-establishment of the supramolecular

conjugate. This observation indicates that the addition of excess of

18-crown-6 eliminates most of the K+ in the cavity of crown ether

attached porphyrin, changing the fluorescence quenching path

from inter- to intramolecular route. Under these conditions, the

quenching efficiency is slightly less than the original quenching

probably due to some complexation of ammonium cation to the

added crown ether.

Nanosecond transient absorption spectra9 recorded after 550 nm

laser irradiation offered evidence for electron transfer quenching

mechanism and additional proof of switching mechanism. As

shown in Fig. 3(a), the spectra of 1?2(H2) supramolecular

conjugate revealed a peak at 1020 nm corresponding to the

formation of fulleropyrrolidine anion radical (C60
?2). Although

the absorption peak of the porphyrin radical cation was covered

by the strong absorptions of the triplet states of the porphyrin and

fullerene, the radical ion-pair may be generated as a product due to

fluorescence quenching via the singlet excited state of the

porphyrin. Therefore, the fluorescence quenching can be attributed

to a charge-separation process; that is, kS
q = kS

CS.

The initial part of the time profile of the 1020 nm peak followed

the first-order decay as shown in the inset of Fig. 3(a) suggesting

the occurrence of intramolecular charge-recombination process of

the radical ion-pair. The kCR values were evaluated to be y2.0 6
107 s21, which are nearly two orders of magnitude smaller than the

kCS values suggesting charge stabilization in the supramolecular

conjugates. Addition of K+ decreased the intensity of the C60
?2

Fig. 2 Fluorescence decays for (i) 2(Zn) (0.10 mM), (ii) 2(Zn) (0.1 mM)

+ 1 (0.11 mM), (iii) 2(Zn) (0.1 mM) + 1 (0.11 mM) + K+ (1.0 mM), (iv)

2(Zn) (0.1 mM) + 1 (0.11 mM) + K+ (excess), and (v) 2(Zn) (0.1 mM) + 1

(0.11 mM) + K+ (1.0 mM) + 18-crown-6 (10.0 mM) in benzonitrile.

Fig. 1 Fluorescence spectral changes observed for (i) 2(H2), (ii) 2(H2) +

1, (iii) 2(H2) + 1 + K+ (1.0 mM), (iv) 2(H2) + 1 + excess K+ and (v) 2(H2)

+ 1 + K+ (1.0 mM) + 18-crown-6 (10 mM) in benzonitrile (concentrations

of 2(H2) and 1 are 0.1 mM). lex = 420 nm.
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absorption at 1020 nm (Fig. 3(b)) suggesting destruction of the

supramolecular conjugate. Under these conditions, the non-

decaying component at 1020 nm can be attributed to the triplet

absorption tail. As shown in Fig. 3(c), further addition of fullerene,

1 in the presence of K+ resulted in the concomitant acceleration of

the decays of the triplet absorption accompanied by the slow rise

of the C60
?2, characteristic of the occurrence of intermolecular

electron transfer via the triplet excited states. On further addition

of excess 18-crown-6, the increase of the quick rise–decay time

profile at 1020 nm was recovered, indicating the occurrence of the

charge-separation within the recovered supramolecular conjugate.

In summary, reversible switching of electron transfer paths in

supramolecular porphyrin–fullerene conjugates held by crown

ether–alkylammonium cation binding has been successfully

demonstrated. The intra- to intermolecular switching was achieved

by the addition of potassium cations which dissociated the crown

ether–alkylammonium complex, while inter- to intramolecular

switching was achieved by the addition of 18-crown-6 to extract

the potassium ions of the porphyrin–crown entity. The employed

porphyrin–fullerene donor–acceptor pairs were proved to be

suitable for this type of applications because of the generation of

relatively long-lived charge-separated states, which allows easy

switching and monitoring of such processes. Further studies along

this line are in progress.
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