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Multiple photosynthetic reaction centres have successfully 

been constructed using strong supramolecular complexes of 

free base porphyrin polypeptides with lithium ion-

encapsulated C60 (Li
+
@C60) as compared with those of C60. 

Efficient energy migration and electron transfer occurs in 

the supramolecular complexes. 

Extensive efforts have so far been devoted to mimic light 

harvesting and charge separation processes in natural 

photosynthesis.
1-10

 Multiporphyrin arrays have been employed as 

light-harvesting units.
11-17

 Light-harvesting and charge-separation 

units have been combined by coordination bonds between 

metalloporphyrins and electron acceptor moieties bearing Lewis 

base ligands.
17-22

 Thus, metal centres have been required for 

construction of supramolecular complexes between porphyrins 

acting as light harvesting units and electron acceptors containing 

Lewis base ligands for coordination to the metal centers.
17-22

 As 

such there has been only few report on supramolecular 

complexes of free base porphyrin arrays and electron acceptors 

without Lewis base ligands, in which the binding is rather 

weak.
23
 We report herein construction of supramolecular 

complexes of   free base porphyrin polypeptides (P(H2P)n: n = 4, 

8) with lithium ion-encapsulated C60 (Li
+
@C60)

24,25
 (Fig. 1), in 

which binding is much stronger than the caes of C60 in 

benzonitirle (PhCN). The photodynaimcs were studied by 

femtosecond and nanosecond laser-induced transient absorption 

and fluorescence lifetime measurements. 

 Free base porphyrin polupeptides (P(H2P)n) were synthesised 

and characterised as reported previously.
18,26

 Upon mixing a 

PhCN solution of Li
+
@C60 with that of P(H2P)8, the intensity of 

the Soret band decreased with increasing concentration of 

Li
+
@C60 (Fig. 2a). A Soret band was slightly red-shifted from 

425 to 427 nm by the addition of Li
+
@C60 to the solution. From 

the net absorption change at 425 nm in which the absorption due 

to Li
+
@C60 was subtracted, a linear Benesi-Hildebrand plot

27
 was 

obtained as shown in Fig. 2b, indiating that each porphyrin unit 

of P(H2P)8 forms a 1:1 supramolecular charge-transfer complex 

with Li
+
@C60 independently with approximately the same 

binding constant of the unit of M
–1
. The binding constant at 298 

K was determined form the intercepr and the slope in Fig. 2b to 

be 2.1 × 10
4
 M

–1
, which is significantly larger than that of C60 

(5.3 × 10
3
 M

–1
).
28,29

 The stronger binding of Li
+
@C60 as 

compared with C60 may result from the stronger elecron acceptor 

ability of Li
+
@C60, which facilitates the charge-transfer 

interaction as reported for the stronger charge-transfer binding of 

Li
+
@C60 with corranulerene.

30
 Similary the binding constant of 

the supramolecular complex of P(H2P)4 was determined from the 

spectral titration to be 6.2 × 10
3
 M

–1
 (Fig. S1 in ESI†). In the case 

of P(H2P)2 and P(H2P)1, howerver, the spectral change was too 

small to be able to determine the binding constants accurately 

(Figs. S2, S3 in ESI†). The binding constants are summarised in 

Table 1. Thus, multiporphyris may facilitate charge-transfer 

interactions through encapsulation of Li
+
@C60 by multiple 

porphyrins.  

 
Fig. 1 Supramolecular formation of peptide porphyrin oligomers with Li

+
@C60. Ar 

= 3,5-di-tert-butylphenyl. 
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Fig. 2 (a) UV-vis absorption spectra of P(H2P)8 in the presence of various 

concentrations of Li
+
@C60 in PhCN at 298 K; (b) Absorption profile at 425 nm. (c) 

Benesi-Hildebrand plot for determination of association constant.  

Table 1 Association constant (K, M–1) of P(H2P)n with Li
+@C60 and C60 in PhCN 

determined from UV-vis absorption and fluorescence spectral titration  

––––––––––––––––––––––––––––––––––––––––––––––––––– 

                                        Li+@C60                                                C60
b
                                 .  

Porphyrin      UV-vis     FL        UV-vis FL 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

P(H2P)1  –– 
a
 1.1 ×××× 10

4               
 –– 

a  
–– 

a
 

P(H2P)2  –– 
a
 1.1 ×××× 10

4               
 –– 

a  
–– 

a
 

P(H2P)4  6.2 ×××× 10
3
 1.6 ×××× 10

4                 
2.7 ×××× 10

3 b 
9.5 ×××× 10

3b
 

P(H2P)8  2.1 ×××× 10
4
 8.5 ×××× 10

4                  
5.3 ×××× 10

3 b 
2.2 ×××× 10

4b
 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
a Too small to determine accurately. b Taken from ref. 28.  
 

 Fluorescence of P(H2P)8 was quenched by addition of a PhCN 

solutuion of Li
+
@C60 as shown in Fig. 3a. A Benesi-Hildebrand 

plot for the fluoresence quenching (Fig. 3b) afforded the 

apparent binding constant of the supramolecular complex of 

P(H2P)8 with Li
+
@C60 to be 8.5 × 10

4
 M

–1
, which is significanlty 

larger than the value determined from the absorption spectral 

titation (2.1 × 10
4
 M

–1
) (Fig. 2).  Similarly the apparent binding 

constant of P(H2P)4 with Li
+
@C60 was determined form the 

fluoresence quenching to be 1.6 × 10
4
 M

–1
 (Fig. S4 in ESI†), 

which is also larger than the value determined form the 

absorption spectral titration (Table 1). Such larger apparent 

binding constants determined form the fluorescence quenching 

than those determined from the absortpion spectral titration 

indicate that energy migration occurs between the singlet excietd 

state of H2P (
1
H2P

*
) and adjecent H2P in P(H2P)n (n = 4, 8).  

 The energy migration rate constant was determined by the 

fluorescence lifetime measurements of P(H2P)8 with Li
+@C60. 

The fluorescence of 1P(H2P)8
* exhibited a single exponential 

decay with the lifetime of 11 ns. In the presence of Li+@C60, 

the decay of 1P(H2P)8
* is well analysed by three exponentials 

with lifetimes of 100 ps, 3.0 ns and 11 ns. The fast component 

corresponds to the lifetime of 1H2P
* in the supramolecular 

complex with Li+@C60. The 95% of the fast component agrees 

with that predicted by the binding constant determined from the 

absorption spectral titration. The third component has the same 

lifetime as that without Li+@C60, corresponding to the 

fluorescence lifetime of 1(H2P)8
*. The second component 

corresponds to energy migration between 1H2P
* and the 

adjacent H2P. The 5% of the sum of the first and second 

component agrees with that predicted from the binding constant 

determined from the fluorescence quenching.  

 Femtosecond laser-induced transient absorption spectra of 

P(H2P)8 were measured in the absence and presence of Li+@C60 

(Fig. 4 and S10 in ESI†). In each case, only the singlet-singlet 

absorption of 1P(H2P)8
* was observed, because H2P was 

exclusively excited at the excitation wavelength (425 nm) in 

Fig. 4. The decay of 1P(H2P)8
* exhibits a fast component with a 

lifetime of 6 ps. A similar fast component was observed for 
1P(H2P)4

* and 1P(H2P)2
* (Fig. S11 in ESI†). In the case of 

P(H2P)1, however, no fast component was observed (Fig. S6c in 

ESI). The ratio of the fast component increased with increasing 

the number of H2P in P(H2P)n. The 96% of the fast component 

of P(H2P)8 decreased with decreasing the laser intensity (Fig. 

4b). These results indicate that the fast component results form 

the singlet-singlet annihilation of two 1H2P
* moieties in P(H2P)n 

(n = 4 and 8).  

 In the presence of Li+@C60 (20 µM), the decay of 1P(H2P)8
* 

exhibited three exponentials composed of lifetimes of 6 ps, 90 

ps and 2 ns. The first fast component resulted from the singlet-

singlet annihilation as observed without Li+@C60. The second 

component (90 ps) may result from electron transfer from 1H2P
* 

to Li+@C60 in the supramolecular complex. Because the 

transient absorption due to the charge-separated state (H2P
•+ 

and Li+@C60
•–) was not observed in Fig. 4a, where only the 

singlet-singlet absorption of 1H2P
* is seen, back electron 

transfer may be much faster than the forward electron transfer. 

The third component may corresponds to the energy migration 

between 1H2P
* and the adjacent H2P, because the lifetime 

agrees with the lifetime of energy migration in the fluorescence 

lifetime measurements. In the presence of large concentration 

of Li+@C60 (120 µM), the component of electron transfer 1H2P
* 

to Li+@C60 in the supramolecular complex increased. The three 

components decay was also observed for P(H2P)4 and P(H2P)2 
with Li+@C60 (Figs. S11 and S12 in ESI†). In the case of 

P(H2P)1, only single exponential decay with 11 ns lifetime was 

 
Fig. 3 (a) Fluorescence spectra of P(H2P)8 in the presence of various 

concentrations of Li
+
@C60 in PhCN at 298 K; (b) Fluorescence profile at 425 nm. 

Inset: Benesi-Hildebrand plot for determination of association constant. 
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Fig. 4 (a) Transient absorption spectra of P(H2P)8 (5.2 x 10

–6
 M) with Li

+
@C60 (2.0 

x 10
-5

 M) in deaerated PhCN observed after femtosecond laser flash excitation. 

Excitation wavelength: 425 nm.  (b) Decay time profile at 580 nm with a three-

exponential decay curve fitting.  

observed in the absence and presence of Li+@C60 because the 

binding of Li+@C60 to P(H2P)1 was negligible.
 

 Nanosecond laser-induced transient absorption spectra of 

P(H2P)8 with Li
+@C60 (40 µM) at the excitation wavelength of 

532 nm are shown in Fig. 5, where the transient absorption 

band at 730 nm due to the triplet excited state of Li+@C60 

(3Li+@C60
*) is observed together with the absorption band at 

1035 nm due to Li+@C60
•–.25 The decay of the absorption at 730 

nm coincides with the appearance of Li+@C60
•– (Fig. S13 in 

ESI†). Thus, electron transfer from P(H2P)8 to 
3Li+@C60

* 

occurs to produce the triplet charge-separate (CS) state of 

P(H2P)8
•+ and Li+@C60

•–. The transient absorption due to 

P(H2P)8
•+ is overlapped with that of 3Li+@C60

* in the 600-

700nm region. The photoexcitation of 532 nm resulted in the 

excitation of Li+@C60 leading to the formation of 3Li+@C60
* via 

intersystem crossing.  The decay of the absorbance at 1035 nm 

 
Fig. 5 Transient absorption spectra of P(H2P)8 (2.6 x 10

–6
 M) with Li

+
@C60 (4.0 x 

10
-5

 M) in deaerated PhCN observed after nanosecond laser flash excitation 

taken at 8 (black), 32 (blue), 96 (sky blue) and 200 µs (gray). Excitation 

wavelength: 532 nm.  (b) Decay time profile at 1035 nm with the different laser 

pulse intensities (2 - 5 mJ pulse
-1

). (c) First-order plots.  

due to Li+@C60
•– obeyed first-order kinetics with the lifetime of 

210 µs (Fig. 5b). Thus, back electron transfer from Li+@C60
•– 

to P(H2P)8
•+ occurs in the supramolecular complex. The 

lifetime is long because of the spin-forbidden back electron 

transfer in the triplet CS state. 

 Similarly the triplet CS states derived from 3Li+@C60
* were 

observed for P(H2P)n (n = 4, 2, 1) with Li
+@C60 (Figs. S14-16 

in ESI†). The rate constants of electron transfer from 1H2P
* to 

Li+@C60 and the energy migration in the supramolecular 

complexes of P(H2P)n with Li
+@C60 are summarised in Table 2 

together with the lifetimes of the triplet CS sates. The CS 

lifetime increases with increasing the number of H2P in 

P(H2P)n. Such an increase in the CS lifetime may result from 

the charge migration between H2P
•+ and the adjacent H2P in 

P(H2P)n
•+. The energy diagram of photoexcitation of 

P(H2P)n with Li
+@C60 is summarized in Scheme 1. The 

energies of the excited state of porphyrin and Li+@C60 were 

determined by UV-vis, fluorescence and phosphorescence 

spectral measurements. The energy of the CS state was 

determined to be 0.82 eV in PhCN from the one-electron 

oxidation potential of porphyrin (+0.96 V vs. SCE) and 

reduction potential of Li+@C60 (+0.14 V vs. SCE) by the 

electrochemical measurements (DPV; see Fig. S17 in ESI†). 

Femtosecond laser excitation of the supramolecular complex of 

P(H2P)8 with Li
+@C60 at 425 nm resulted in electron transfer 

from H2P to the bound Li
+@C60 to produce the singlet CS state 

and energy transfer from 1H2P
* to the adjacent H2P, followed 

by electron transfer to Li+@C60, when it is bound H2P.  The 

singlet CS state decays rapidly to the ground state. Nanosecond 

laser excitation at 532 nm resulted in formation of singlet 

excited state of excess Li+@C60, followed by intersystem 

crossing to produce 3Li+@C60
*, to which intermolecular 

electron transfer occurs 

 
Table 2 Rate constants of intra- and intermolecular photoinduced electron transfer 

(kET and ket) and lifetimes (τ(CS)) and quantum yields (Φ(CS)) of charge-

separated state 

––––––––––––––––––––––––––––––––––––––––––––––––––– 

Porphyrin      P(H2P)1       P(H2P)2         P(H2P)4 P(H2P)8 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

kET,s
–1
                7.7 ×××× 10

5     
6.7 ×××× 10

4
         9.5 ×××× 10

4 
1.5 ×××× 10

5
 

ket, M
–1
 s
–1
                1.7 ×××× 10

9     
1.8 ×××× 10

9
         8.0 ×××× 10

8 
1.5 ×××× 10

8
 

τ(CS), µs  –––
a
       –––

a
            160       210 

Φ(CS)  0.70      0.34           0.16      0.13 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
a Bimolecular decay in the  radical ion pair 

 
Scheme 1 Reaction course of photoinduced charge separation and charge 

recombination in the supramolecular complex between P(H2P)8 and Li
+
@C60 with 

the values of energy levels 
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from H2P to produce the triplet CS state with a long lifetime 

because of the spin-forbidden back electron transfer to the 

ground state. 

 In conclusion, free base porphyrin polypeptides (P(H2P)n; n 

= 4 and 8) form supramolecular complexes with Li+@C60 in 

PhCN, in which the binding is much stronger than C60. Efficient 

energy migration occurs between porphyrins in P(H2P)n. 

Although the lifetimes of the singlet CS states were too short to 

be detected, the triplet CS states derived from 3Li+@C60 had 

long lifetimes because of the spin-forbidden back electron 

transfer. The triplet CS lifetime becomes longer with increasing 

the number of H2P due to the charge migration among 

porphyrins. The present study provides valuable insight into the 

energy and electron transfer in the multiple reaction centres. 

 

This work was supported by Grants-in-Aid (nos. 26620154 and 
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