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1. Introduction  

 

Porphyrins (Scheme 1a), which have a planar 18! -electron system and strong absorption 

bands in the UVÐvisible region, are generally good electron donors in their photoexcited 

states.1Ð3 Meanwhile, fullerenes (Scheme 1b), which have a spherical ! -electron system, are 

excellent electron acceptors due to their favorable reduction potential and low reorganization 

energy in electron transfer reactions.4Ð7 Thus, numerous porphyrinÐfullerene complexes have 

been explored as artificial models for the charge separation (CS) in the reaction center of 

photosynthesis and as promising materials applicable for organic photovoltaics (OPVs).8 

 

Scheme 1. Chemical structures of (a) porphyrin, (b) fullerene C60, and (c) M2-CPDPy. 

PorphyrinÐfullerene complexes are roughly classified into two types. One type is 

covalently-linked complexes,9 which have defined distances and orientations between each 

component in most cases. However, they have a demerit that the chemical syntheses of 

covalently-linked systems are inefficient and costly. Another type is noncovalent-linked 

supramolecular complexes, which are constructed by week interactions such as hydrogen 
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bonds,10 Coulomb interactions,11 coordination bonds,8d,g,12 and ! Ð!  interactions.13 They can 

be readily formed just by simple mixing and easily give a variety of donor-acceptor systems. 

However, noncovalent binding between highly ! -conjugated compounds such as porphyrins 

and fullerenes is not strong enough in polar solvents, which are generally used for studies on 

photoinduced CS reactions. 

To solve this problem, the authorÕs group has designed and synthesized free-base and 

nickel complexes of a cyclic porphyrin dimer (CPD) (H4- and Ni2-CPDPy, Scheme 1c).14Ð17 

CPDs have a inner space surrounded ! -planes of the porphyrins. Thus, CPDs can strongly 

include fullerenes such as C60 within the cavity due to ! Ð!  interactions.13b,d Additionally, 

CPDs have 4-pyridyl groups at the trans meso-positions as a self-assembling substituent. By 

employing CPDs as host compounds for fullerenes, the authorÕs group has revealed the 

photoinduced electron transfer from the porphyrins to the included fullerenes, the linear  

 

Scheme 2. Schematic illustration of C60 inclusion and self-assembling of M2-CPDPy. Blue: porphyrin; 

yellow: 4-pyridyl group; green: butadiyne linker; red: C60. 
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arrangements of the inclusion complexes of CPDs and fullerenes via the self-assembly 

through the pyridyl groups, and the efficient free-charge transport along the linear arrays of 

C60 (Scheme 2). Based on these results, the inclusion complexes are expected as promising 

materials for OPV. 

H4-CPDPy included C60 in CHCl3/toluene (1/1 v/v) with the association constant (kassoc) 

of 9.6 "  104 MÐ1 and formed a 1:1 inclusion complex (C60! H4-CPDPy).
14c In the crystal 

structure of C60! H4-CPDPy, the included C60 formed a one-dimensional (1D) zigzag chain 

through van der Waals contacts with each other along the long-axis of the thin plate of the 

single crystal (Fig. 1), which showed high anisotropic charge mobility (#µ = 0.13 cm2 VÐ1 sÐ

1) along the zigzag chain. In addition, C60! H4-CPDPy underwent photoinduced electron 

transfer in the crystal. However, the lifetime of the resultant charge-separated state is very 

short (0.47 ns). The elongation of the lifetime is required to improve the efficiency of 

photoinduced charge-separation. On the other hand, Ni2-CPDPy also included C60 in 

CHCl3/toluene (1/1 v/v) with Kassoc of 2.0 "  105 MÐ1 and formed a 1:1 inclusion complex 

(C60! Ni2-CPDPy) similar to H4-CPDPy.
14b In the crystal structure of C60! Ni2-CPDPy, a tubular 

assembly of Ni2-CPDPy and a linear array of the included C60 formed along the long-axis of 

the thin plate of the single crystal (Fig, 2),14a which also showed high anisotropic charge 

mobility (#µ = 0.72 cm2 VÐ1 sÐ1) along the linear array of C60. These results clearly indicate 

that the 1D C60 arrays are suitable for efficient charge transport. However, in contrast with 

C60! H4-CPDPy, C60! Ni2-CPDPy did not undergo electron transfer by photoexcitation. 

Though well-ordered single crystals afford efficient charge transport, it is difficult to arrange 

the single crystals of the inclusion complexes on a large area of an OPV device. Another 

methodology is necessary for preparing a wide surface filled with the inclusion complexes. 
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Figure 1. A view of the single crystal of C60! H4-CPDPy and the face indices determined by X-ray 

crystallographic analysis. (a) Molecular arrangement of C60! H4-CPDPy corresponding to the follow- 

ing photograph. Hydrogen atoms and solvent molecules are omitted for clarity. (b) Photograph of the 

crystal of C60! H4-CPDPy. (c) Crystal shape with the indices for C60! H4-CPDPy.  

 

Figure 2. Crystal structures of tubular assemblies of C60! Ni2-CPDPy. Hydrogen atoms and solvent 

molecules are omitted for clarity. (a) Front view, (b) side view. 

Based on these previous results, the author herein reports two research themes: (i) the 

improved photodynamics of the inclusion complexes of CPDs and fullerenes, (ii) the linear 

integration of the inclusion complexes on a large area by a template method. In chapter 2, 

remarkable elongation of the lifetimes of the charge-separated states by using a strong 

electron-accepting fullerene derivative is reported.15 In chapter 3, efficient 1D integration of 
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an inclusion complex by using nanocylindrical block copolymer as templates is reported.17 
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2.  Submillisecond-Lived Photoinduced Charge Separation in Inclusion Complexes 

Composed of Li +@C60 and Cyclic Porphyrin Dimers 

 

2.1. Introduction  

In a natural photosynthetic reaction center, the multistep electron-transfer reactions occur 

following the excitation of dimeric chlorophyll to attain the long-lived charge-separated (CS) 

state.18 The redox-active components such as chlorophyll, pheophytin and quinones are 

elegantly located in the protein matrix by non-covalent interactions.18 Extensive efforts have 

so far been devoted toward the design of electron donorÐacceptor composites using 

covalently and non-covalently linked systems to form the long-lived CS state upon photo- 

excitation.19Ð43 The syntheses of covalently linked systems are inefficient and costly, thus it is 

a better choice to prepare supramolecular donor and acceptor systems.30Ð38 

Fullerenes and porphyrins are attractive building blocks for the construction of 

supramolecular electron donorÐacceptor composites due to their excellent photophysical and 

electron-transfer properties.30Ð43 The fullerene derivatives have been widely employed as 

electron acceptors due to their favorable reduction potentials and small reorganization energy 

in electron-transfer reactions.37Ð45 On the other hand, the porphyrin compounds have very 

strong absorption bands in the visible region and their photoexcited states are generally good 

electron donors.45 Moreover, porphyrins are attractive components in the construction of host 

molecules for fullerenes through the ! Ð!  interactions between the spherical ! -surface of 

fullerenes and flat ! -planes of porphyrins.46Ð53 Numerous fullerene-porphyrin supramolecules 

as well as linked molecules have been extensively studied as functional models of the 

reaction center for charge-separation process in natural photosynthesis.29Ð38,47Ð52 However, 
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non-covalent binding between highly ! -conjugated compounds such as porphyrins and 

fullerenes is not strong enough in polar solvents which are generally used for studies on 

photoinduced electron-transfer reactions. In contrast, when a non-polar solvent is used, the 

efficiency of charge-separation is low in the supramolecular donorÐacceptor complexes and 

the resulting CS state is extremely short-lived because the CS state decays to the triplet 

excited chromophore, which is lower in energy than the CS state.29,41b The energy of CS state 

should be lower than the triplet excited energy of each component. This is a typical dilemma 

for the long-lived charge-separation in supramolecular donorÐacceptor complexes. 

In order to solve this problem, the authorÕs group has recently reported the cyclic 

porphyrin dimers (CPDs) as shown in Scheme 3a.52 Receptor molecules composed of 

multiple porphyrins are suitable for the inclusion of pristine C60 and the derivatives. The 

strong supramolecular binding by ! Ð!  interaction was observed to form inclusion 

complexes.52,53 Unfortunately, the inclusion complex of C60 and the nickel cyclic porphyrin 

dimer (C60! Ni2-CPDPy) in crystalline state did not show the expected CS state in the 

time-resolved transient absorption spectra upon photoexcitation because the singlet excited 

state of the nickel porphyrin immediately gives rise to the triplet excited state by the rapid 

intersystem crossing, followed by energy transfer to afford the low-energy triplet excited 

state of C60 (
3C60

*: * denotes the excited state).52 The estimated energy level of the CS state 

(1.98 eV) is higher than that of 3C60
* (1.57 eV).52,54 In contrast, the corresponding inclusion 

complex of C60 and the free-base porphyrin dimer (C60! H4-CPDPy) underwent photoinduced 

electron transfer from the porphyrin to C60 owing to the lower oxidation potential and the 

slower intersystem crossing of the free-base porphyrin than those of the nickel complex. 

However, the lifetime of this CS state was very short probably because its energy level (1.83 
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eV) is still higher than that of 3C60
*.52 The energy limit of a CS state is ca. 1.50Ð1.60 eV, 

which is the triplet excited energies of fullerenes and porphyrins.36 

It has been reported that a lithium ion encapsulated fullerene (Li+@C60, Scheme 3b) has 

a stronger electron accepting ability than pristine C60.
55Ð69 The higher reduction potential of 

Li +@C60 than C60 makes the energy levels of the resulting CS states lower than the triplet 

excited energy.57,58 It is expected that the combination of Li+@C60 and the cyclic porphyrin 

dimers will make it possible to achieve both efficient formation of supramolecules and 

long-lived photoinduced charge-separation. Thus, the author reports herein that supra- 

molecular systems composed of cyclic porphyrin dimers and Li+@C60 afford photoinduced 

CS states with higher energies and longer lifetimes than those composed of Li+@C60 and 

monomeric porphyrins.58 

 

Scheme 3. Structures of (a) CPDPy(OC6) and (b) Li+@C60. 

2.2. Supramolecular Formation of Cyclic Porphyrin Dimers with Li +@C60 

Cyclic porphyrin dimers without hexyloxy groups have poor solubility in organic 

solvents.52,53 Therefore, the author has designed and prepared new dimers with four long 

alkoxy substituents on the meso-phenyl groups (H4- and Ni2-CPDPy(OC6), Scheme 3a) to 
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improve the solubility. The synthetic procedures are shown in Scheme 4. The products were 

characterized by 1H-NMR, 13C-NMR, IR and mass spectroscopies (see the Experimental 

Section and Fig. S7ÐS20 in the Supporting Information (SI) Section). They are sufficiently 

soluble in benzonitrile (PhCN) to allow photochemical and electrochemical analysis with 

Li +@C60 in solution. 

 

Scheme 4. Synthetic Pathway for H4-CPDPy(OC6) and Ni2-CPDPy(OC6). (i) n-butyllithium, DMF, 

THF; (ii) trimethylsilylacetylene, Pd(OAc)2, Ph3P, Et3N; (iii) TFA, DDQ, CH2Cl2; (iv) 

Zn(OAc)2"2H2O, CH2Cl2; (v) KF"2H2O, DMF/THF; (vi) CuCl, pyridine, air; (vii) Ni(OAc)2"4H2O, 

CHCl3/toluene (3/2 v/v). 

UV-vis absorption spectral changes were observed by addition of Li +@C60"PF6
Ð to 

PhCN solutions of H4-CPDPy(OC6) and Ni2-CPDPy(OC6) as shown in Fig. 3 and Fig. 4, 

respectively. The Soret absorption bands of H4-CPDPy(OC6) and Ni2-CPDPy(OC6) were 

red-shifted and decreased in intensity with isosbestic points at 428 nm. The Job's plots upon  
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Figure 3. (a) UV-vis absorption changes of H4-CPDPy(OC6) in the course of titration with Li+@C60 in 

PhCN at room temperature. [H4-CPDPy(OC6)] = 2.5 # 10Ð6 M. The inset shows the Soret band region. 

(b) Changes in the UVÐvis absorbance ($Abs) at 422 nm. The curve was fitted by using eq. 1. 

 

Figure 4. (a) UVÐvis absorption changes of Ni2-CPDPy(OC6) in the course of titration with Li+@C60 

in PhCN at room temperature. The inset shows the Soret band region. [Ni2-CPDPy(OC6)] = 2.5 # 10Ð6 

M. (b) Change in the UVÐvis absorbance ($Abs) at 419 nm. 

mixing of Li+@C60 with H4-CPDPy(OC6) and Ni2-CPDPy(OC6) displayed typical signature 

patterns for the formation of a 1:1 hostÐguest complex (Li+@C60! H4-CPDPy(OC6) and 

Li +@C60<lNi2-CPDPy(OC6), see Fig. S1 in SI). On the basis of the titration of H4-CPDPy(OC6) 
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and Ni2-CPDPy(OC6) with Li+@C60 at 298 K, the association constants (Kassoc) were 

determined to be 2.6 # 105 MÐ1 for Li+@C60! H4-CPDPy(OC6) and 3.5 # 105 MÐ1 for 

Li +@C60! Ni2-CPDPy(OC6) by applying a nonlinear curve-fitting method using eq. 1 and 2, 

! Abs= L"
1+ Kassoc A+ X( )# 1+ Kassoc A+ X( )$

%
&
'

2
# 4KassocAX

2KassocA
  (Eq. 1) 

! Abs= F "
1+ Kassoc A+ X( )# 1+ Kassoc A+ X( )$

%
&
'

2
# 4KassocAX

2KassocA
  (Eq. 2) 

where A and X are [Host]0 and [Guest]0, respectively; L and F are $Abs and $Int at 100% 

complexation, respectively. L, F and Kassoc were treated as fitting parameters. The Kassoc 

values thus determined are slightly higher than those of pristine C60 (1.9 # 105 MÐ1 for 

C60! H4-CPDPy(OC6) and 2.5 # 105 MÐ1 for C60! Ni2-CPDPy(OC6)) (Fig. S2 in SI). The data 

are summarized in Table 1. 

Table 1. The association constants, rate constant of electron transfer, CS lifetimes and quantum yields 

of H4-CPDPy(OC6) and Ni2-CPDPy(OC6) in deaerated PhCN at 298 K 

 Kassoc
a / MÐ1 Kassoc

b / MÐ1 kET / s
Ð1 !(CS) / ms " (CS) 

H4-CPDPy(OC6) 2.6 # 105 1.7 # 105 Ð 0.50 0.32 

Ni2-CPDPy(OC6) 3.5 # 105 c 5.7 # 104 0.67 0.13 

a Determined from the absorption change. b Determined from the fluorescence change. c No emission 

from Ni2-CPDPy(OC6). 

Upon photoexcitation at the Soret band (430 nm) of H4-CPDPy(OC6) in PhCN, the 

fluorescence due to the porphyrin is observed at #max = 650 and 717 nm as shown in Fig. 5. 

Addition of Li+@C60 to a PhCN solution of H4-CPDPy(OC6) induced a noticeable decrease in 
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the fluorescence intensity of H4-CPDPy(OC6). From the plot of the fluorescence intensity 

change vs. the concentration of Li+@C60, the Kassoc value was determined to be 1.7 # 105 MÐ1, 

which agrees with the value obtained from the absorption spectral change within an 

experimental error (vide supra). 

 

Figure 5. (a) Fluorescence spectral changes of H4-CPDPy(OC6) in the course of titration with Li+@C60 

in deaerated PhCN at 298 K excited at 430 nm. [H4-CPDPy(OC6)] = 2.5 # 10Ð6 M. (b) Changes in the 

fluorescence intensity ($Int) at 650 nm. The Kassoc value was evaluated by using eq. 2. 

2.3. Energetics of Photoinduced Processes 

Cyclic voltammograms of Li+@C60! H4-CPDPy(OC6) and Li+@C60! Ni2-CPDPy(OC6) are 

shown in Figure 6a and 6b. The comparison with the uncomplexed compounds shows that the 

cyclic voltammograms consist of the electron oxidation processes of CPDPy(OC6) and the 

electron reduction process of Li+@C60.
60 The electrochemical data are summarized in Table 2. 

The energy of the CS states determined from the potential difference between one-electron 

reduction and oxidation potentials are 1.07 eV for Li+@C60! H4-CPDPy(OC6) and 1.20 eV for 

Li +@C60! Ni2-CPDPy(OC6). These values are smaller than those of the singlet excited states  
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Figure 6. Cyclic voltammograms (CV) and differential pulse voltammograms (DPV) of (a) 

Li +@C60! H4-CPDPy(OC6), (b) Li+@C60! Ni2-CPDPy(OC6), (c) C60! H4-CPDPy(OC6), and (d) C60! Ni2- 

CPDPy(OC6) in deaerated PhCN containing 0.10 M TBAPF6. (a,b) [CPDPy(OC6)] = [Li +@C60] = 2.5 # 

10Ð4 M, (c,d) [CPDPy(OC6)] = [C60] = 2.0 # 10Ð4 M. Conditions: (a,b,d) 100 mV sÐ1 and (c) 500 mV sÐ1 

for CV, and 4 mV sÐ1 for DPV. 

of cyclic porphyrin dimers (1.90 eV for H4-CPDPy(OC6),
52c 1.97 eV for Ni2-CPDPy(OC6),

52b 

and 1.94 eV for Li +@C60
57). Thus, the free energy changes of photoinduced electron transfer 

to Li+@C60 via the singlet excited states are negative (exergonic). 

The energies of the triplet excited states were determined by phosphorescence spectra  
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Table 2. Redox potentials (Ered
1/2 and Eox

1/2) and CS energies of inclusion complexes in PhCN 

containing 0.10 M TBAPF6 

Compound 

Potential / V vs. SCE 

CS energy / eV Ered
1/2 Eox

1/2 

Li +@C60! H4-CPDPy(OC6) Ð0.14 1.21 1.07 

Li +@C60! Ni2-CPDPy(OC6) Ð0.14 1.34 1.20 

C60! H4-CPDPy(OC6) Ð0.46 1.40 1.86 

C60! Ni2-CPDPy(OC6) Ð0.43 1.25 1.67 

 

in a frozen PrCN/EtI (3/1 v/v) glasses at 77 K to be 1.51 eV for H4-CPDPy(OC6) and 1.50 eV 

for Ni2-CPDPy(OC6) (Fig. S3 in SI). The energy of 3[Li +@C60]
* was reported to be 1.53 

eV.56,57 The energy level of the resulting CS states are lower than those of the triplet excited 

states of both Li+@C60 and the porphyrin dimers. Thus, photoinduced electron transfer from 

the singlet or triplet excited state of the porphyrin dimers to Li+@C60 as well as from the 

porphyrin dimers to the singlet or triplet excited state of Li+@C60 is energetically possible in 

the supramolecular complexes to form the CS states. 

In contrast to the case of Li+@C60, the estimated energy levels of the CS states of 

C60! H4-CPDPy(OC6) and C60! Ni2-CPDPy(OC6) and (1.86 and 1.67 eV, respectively) are 

higher than those of the triplet excited state of C60 and CPDPy(OC6) as observed in the 

authorÕs groupÕs previous studies,52 suggesting no formation or short lifetimes of the CS 

states. 

 

2.4. Photoinduced Charge Separation 

The photodynamics of these inclusion complexes was investigated by the transient absorption 

spectra measured in PhCN by the use of femtosecond and nanosecond laser flash photolysis. 
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The time-resolved transient absorption spectra of Li+@C60! H4-CPDPy(OC6) measured by 

femtosecond laser flash photolysis (#ex = 420 nm) in the time range from 1 ps to 3000 ps (Fig. 

7a), which had little difference from the transient spectra of only H4-CPDPy(OC6) (Fig. S4a in 

SI), showed a characteristic absorption due to the singlet excited state of H4-CPDPy(OC6) 

(1[H4-CPDPy(OC6)]
*). The decay rate constant of 1[H4-CPDPy(OC6)]

* to the triplet excited 

state (3[H4-CPDPy(OC6)]
*) was determined from the absorption change at 630 nm (inset of 

Fig. 7a) to be 1.0 # 109 sÐ1, which is slightly larger than the value of intersystem crossing of 

1[H4-CPDPy(OC6)]
* without Li+@C60 (kISC = 8.0 # 108 sÐ1) (Fig. S4a in SI). No characteristic 

absorption band due to [Li+@C60
¥Ð] was observed at #max = 1035 nm.56Ð58 Thus, no electron 

transfer from 1[H4-CPDPy(OC6)]
* or 3[H4-CPDPy(OC6)]

* to Li+@C60 occurred in the time 

range of femtosecond laser flash photolysis (~3000 ps). 

 

Figure 7. (a) Transient absorption spectra of H4-CPDPy(OC6) with Li+@C60 in deaerated PhCN at 

room temperature taken at 1, 100, and 3000 ps after femtosecond laser excitation at 420 nm. 

[H4-CPDPy(OC6)] = 7.0 # 10Ð6 M, [Li +@C60] = 1.4 # 10Ð5 M. (b) Transient absorption spectra of 

Ni2-CPDPy(OC6) with Li+@C60 in deaerated PhCN at room temperature taken at 1, 100, and 3000 ps 

after femtosecond laser excitation at 420 nm. [Ni2-CPDPy(OC6)] = 1.0 # 10Ð5 M, [Li +@C60] = 2.0 # 

10Ð5 M. 
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Similarly, the transient absorption spectra of Li+@C60! Ni2-CPDPy(OC6) measured by 

femtosecond transient absorption spectroscopy (Fig. 7b) indicates only the occurrence of the 

rapid intersystem crossing of 1[Ni 2-CPDPy(OC6)]
* to 3[Ni 2-CPDPy(OC6)]

* (kISC > 1012 sÐ1), in 

comparison with the transient spectra of only Ni2-CPDPy(OC6) (Fig. S4b in SI).61 The 

intersystem crossing process was not detected by use of the femtosecond laser system (fwhm 

= 130 fs). The kISC value to 3[Ni2-CPDPy(OC6)]
* is much larger than that to 3[H4-CPDPy 

(OC6)]
* because of the heavy atom effect of Ni. 3[H4-CPDPy(OC6)]

* decayed to the ground 

state with the rate constant of kT = 5.3 # 109 sÐ1. 

In contrast to the results in femtosecond laser flash photolysis in Fig. 7, where no 

electron transfer was observed, nanosecond laser excitation of Li +@C60! H4-CPDPy(OC6) 

resulted in observation of transient absorption bands at 690 and 1035 nm due to [H4-CPDPy 

(OC6)
¥+] and [Li+@C60

¥Ð], respectively (Fig. 8a).56Ð58 This clearly indicates occurrence of 

 

Figure 8. (a) Transient absorption spectra of H4-CPDPy(OC6) with Li+@C60 in deaerated PhCN at 

room temperature taken at 30 and 200 ms after nanosecond laser excitation at 505 nm. 

[H4-CPDPy(OC6)] = 2.5 # 10Ð5 M, [Li +@C60] = 5.0 # 10Ð5 M. (b) Decay time profiles at 1035 nm with 

different laser intensities (1, 3, 5 mJ/pluse). Inset: First-order plots. 
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electron transfer from 3[H4-CPDPy(OC6)]
* to Li+@C60 to produce the CS state (Li +@C60

¥Ð

! H4-CPDPy(OC6)
¥+). The rate of electron transfer from 3[H4-CPDPy(OC6)]

* to Li+@C60 was 

too fast to detect in the time scale of the nanosecond laser flash photolysis experiments (kET > 

107 sÐ1).62 The absorbance at 1035 nm due to Li +@C60
¥Ð in the CS state decayed obeying 

first-order kinetics with the same slope irrespective of the difference in the laser intensity. 

This clearly indicates that the decay of the CS state occurs via intrasupramolecular back 

electron transfer rather than a bimolecular reaction. The CS lifetime was determined from the 

slope of the first-order plots in Fig. 8b to be 0.50 ms. 

Similarly nanosecond laser excitation of Li +@C60! Ni2-CPDPy(OC6) at 520 nm also 

results in formation of the CS state (Li +@C60
¥Ð! Ni2-CPDPy(OC6)

¥+) as shown in Fig. 9a, 

where transient absorption bands due to Ni2-CPDPy(OC6)
¥+ and Li +@C60

¥Ð were observed. In 

this case, however electron transfer occurs from Ni2-CPDPy(OC6) to the triplet excited state of 

Li +@C60 (
3Li +@C60

*) rather than from 3[Ni2-CPDPy(OC6)]
* to Li +@C60 as indicated by the 

disappearance of the absorption band at 750 nm due to 3Li +@C60
*, accompanied by 

appearance of the absorption band at 1035 nm due to Li+@C60
¥Ð (Fig. 9b). Photoexcitation at 

520 nm where Li+@C60 has absorption results in formation of 1Li +@C60
*, which is converted 

to 3Li +@C60
* via the intersystem crossing. The rate constant of electron transfer from Ni2- 

CPDPy(OC6) to 3Li +@C60
* to produce the CS state was determined from the rise in the absor- 

bance at 1035 nm due to Li+@C60
¥Ð to be 5.7 # 104 sÐ1. The CS lifetime was determined from 

the slope of the first-order plots in Fig. 9c to be 0.67 ms, which is the longest value ever 

reported for non-covalent porphyrin-fullerene supramolecules in solution.58,63 The quantum 

yields of the CS states were estimated to be 0.32 for Li +@C60! H4-CPDPy(OC6) and 0.13 for 

Li +@C60! Ni2-CPDPy(OC6) by means of the comparative method with the absorption inten-  
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Figure 9. (a) Transient absorption spectra of Ni2-CPDPy(OC6) with Li+@C60 in deaerated PhCN at 

room temperature taken at 4 and 28 µs after nanosecond laser excitation at 520 nm. [Ni2-CPDPy 

(OC6)] = 2.5 # 10Ð5 M, [Li +@C60] = 5.0 # 10Ð5 M. (b) Rise and (c) decay time profiles at 1035 nm 

with different laser intensities (1, 3, 5 mJ/pluse). Inset: First-order plots.  

sities of the CS states (Li+@C60
¥Ð : $(1035 nm) = 7300 MÐ1 cmÐ1).40,56 

When Li+@C60 was replaced by pristine C60, the transient absorption spectra of both 

C60! H4-CPDPy(OC6) and C60! Ni2-CPDPy(OC6) measured by nanosecond laser flash photo- 

lysis in PhCN exhibited only 740 nm bands for the triplet excited state of C60 with no 

transient absorption bands due to CPDPy(OC6)
¥+ or C60

¥Ð (Fig. S5 in SI). Thus, no CS states  
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Figure 10. Plots of ln(kBET T
1/2) vs. TÐ1 for charge recombination of [H4-CPDPy(OC6)

¥+ + Li+@C60
¥Ð] 

(black) and [Ni2-CPDPy(OC6)
¥+ + Li+@C60

¥Ð] (red) in PhCN. 

were produced as predicted by their higher energy levels than those of the triplet excited 

states of CPDPy(OC6) and C60. 

The temperature dependence of the charge recombination (CR) process was investi- 

gated by nanosecond laser flash photolysis in the range of 25Ð70 ¡C for Li+@C60! H4- 

CPDPy(OC6) and 25Ð80 ¡C for Li+@C60! Ni2-CPDPy(OC6). The activation enthalpies were 

determined from the Eyring plots of the rate constants (kBET) of the back electron transfer 

(charge recombination) to be 3.5 kcal molÐ1 for both Li+@C60! H4- CPDPy(OC6) and Li+@C60 

! Ni2-CPDPy(OC6) (Fig. S6 in SI). 

The linear plots of kBET T
1/2 vs. TÐ1 derived from the Marcus equation (eq. 3)63 in Fig. 10 

afford the reorganization 
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0.11 cmÐ1 for Li+@C60! H4-CPDPy(OC6), # = 0.54 eV and V = 0.10 cmÐ1 for Li+@C60! Ni2- 

CPDPy(OC6). The appreciable temperature dependence of kBET indicates that the BET process 

is deeply in the Marcus inverted region, where the kBET value decreases with increasing the 

driving force.63 

Based on the results described above, the mechanisms of intrasupramolecular photo- 

induced charge-separation in Li +@C60! H4-CPDPy(OC6) and Li +@C60! Ni2-CPDPy(OC6) are 

proposed as shown in Schemes 5 and 6, respectively. The singlet excited state of H4-CPDPy 

(OC6) (
1[H4-CPDPy(OC6)]

*) is generated upon photoexcitation of Li +@C60! H4-CPDPy(OC6) 

at 420 nm, where the porphyrin moiety is exclusively excited. Even if the Li+@C60 moiety is 

excited, energy transfer from 1[Li +@C60]
* (ES = 1.94 eV) to H4-CPDPy(OC6) (ES = 1.90 eV) 

may occur to produce 1[H4-CPDPy(OC6)]
*. Although electron transfer from 1[H4-CPDPy 

(OC6)]
* to Li+@C60 energetically possible (Scheme 5), the intersystem crossing to generate 

3[H4-CPDPy(OC6)]
* occurs with the rate constant of 8.3 "  108 sÐ1. Then, electron transfer 

occurs from 3[H4-CPDPy(OC6)]
* to Li +@C60 with the driving force of 0.44 eV to produce the 

CS state with a much larger rate constant (ket > 107 sÐ1) than the triplet decay to the ground 

state (kT = 2.1 # 103 sÐ1). The CS state decays slowly via intrasupramolecular VET with the  

 

Scheme 5. Energy Diagram for Li+@C60! H4-CPDPy(OC6); broken arrow: minor pathway. 
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lifetime of 0.50 ms (Scheme 5). 

As the case of Li +@C60! Ni2-CPDPy(OC6), photoexcitation of Li +@C60! Ni2-CPDPy 

(OC6) at 420 nm, where the porphyrin moiety is excited exclusively, results in formation of 

the singlet excited state (1[Ni 2-CPDPy(OC6)]
*) as shown in Scheme 6. In contrast to the case 

of H4-CPDPy(OC6), however, the intersystem crossing to 3[Ni2-CPDPy(OC6)]
* occurs rapidly 

with the rate constant (kISC > 1012 sÐ1). 3[Ni 2-CPDPy(OC6)]
* decays to the ground state prior to 

electron transfer from 3[Ni2-CPDPy(OC6)]
* to Li+@C60.

64 Photoexcitation of Li +@C60! Ni2- 

CPDPy(OC6) at 520 nm, where Li +@C60 has absorption, generates the singlet excited state 

(1[Li +@C60]
*). After the intersystem crossing electron transfer from Ni2-CPDPy(OC6) to 

3[Li +@C60]
* occurs with the rate constant of 5.7 # 104 sÐ1 to produce the CS state. The CS 

state decays slowly with the lifetime of 0.67 ms (Scheme 6). 

 

Scheme 6. Energy Diagram for Li+@C60! Ni2-CPDPy(OC6); broken arrow: minor pathway. 
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from the triplet excited state of the porphyrin to Li+@C60 to afford the CS state. Li+@C60 

! Ni2-CPDPy(OC6) also undergoes photoinduced electron transfer from the nickel porphyrin 

to the triplet excited state of Li+@C60 with a rate constant of 5.7 # 104 sÐ1. The lifetimes of 

the resulting CS states are 0.50 ms for Li+@C60! H4-CPDPy(OC6) and 0.67 ms for Li+@C60 

! Ni2-CPDPy(OC6). These CS lifetimes are the longest values ever reported for non-covalent 

porphyrinÐfullerene supramolecules in solution and are attributed to the lower CS energies 

than the triplet energy of each chromophore. 

 

 

 

2.6. Experimental Section 

Materials 

Reagents and solvents of best grade available were purchased from commercial suppliers and 

were used without further purification unless otherwise noted. Lithium ion-encapsulated C60 

(Li +@C60"(PF6)
Ð: 96%) was obtained from Daiichi Jitsugyo Co. Ltd., Japan. N,N-dimethyl- 

formamide (DMF) was purified by distillation from CaH2 under reduced pressure. 

Benzonitrile (PhCN) was purified by distillation from P2O5 under reduced pressure after 

being stirred with K2CO3 overnight. Dried tetrahydrofuran (THF) was obtained by distillation 
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from Na and benzophenone under N2 atmosphere. Dried triethylamine (NEt3) was obtained 

by distillation from CaH2 under N2 atmosphere, after being stirred with KOH overnight. 

 

NMR and Mass measurements 

Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL JNM-ECS400 (400 

MHz for 1H), JEOL JNM-ECA500 (500 MHz for 1H), or Bruker AVANCE III 600 (151 

MHz for 13C) spectrometer. Chemical shifts were reported as % values in ppm relative to 

tetramethylsilane. High-resolution fast atom bombardment mass spectra (HR-FAB-MS) were 

measured with 3-nitrobenzyl alcohol (NBA) as a matrix and recorded on a JEOL 

LMS-HX-110 spectrometer. 

 

UV-vis and IR absorption measurements 

Ultraviolet-visible (UV-vis) absorption and infrared (IR) spectra were recorded on Shimadzu 

UV-3100PC and BIO RAD FTS6000 spectrophotometers, respectively. 

 

Emission measurements 

Fluorescence spectra were measured on a Horiba FluoroMax-4 spectrofluorophotometer with 

a quartz cuvette (path length = 10 mm) at 298 K. Phosphorescence spectra were measured on 

a Horiba Fluorolog %3 spectrophotometer with a quartz tube (i.d. = 4 mm) at 77 K. 

 

Electrochemical measurements 

Electrochemical measurements were performed on a ALS630B electrochemical analyzer in 

deaerated PhCN containing 0.1 M Bu4NPF6 as the supporting electrolyte at 298 K. A 
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conventional three-electrode cell was used with a platinum working electrode (surface area of 

0.3 mm2) and a platinum wire as a counter electrode. The platinum working electrodes (BAS) 

were routinely polished with BAS polishing alumina suspension and rinsed with acetone and 

acetonitrile before use. The measured potentials were recorded with respect to an Ag/AgNO3 

(0.01 M) reference electrode. All potentials (vs. Ag/Ag+) were converted to values vs. SCE 

by adding 0.29 V. All electrochemical measurements were carried out under an N2 atmos- 

phere. 

 

Laser flash photolysis 

Femtosecond transient absorption spectroscopy experiments were conducted using an 

ultrafast source: Integra-C (Quantronix Corp.), an optical parametric amplifier: TOPAS 

(Light Conversion Ltd.) and a commercially available optical detection system: Helios 

provided by Ultrafast Systems LLC. The source for the pump and probe pulses were derived 

from the fundamental output of Integra-C (# = 786 nm, 2 mJ/pulse and fwhm = 130 fs) at a 

repetition rate of 1 kHz. 75% of the fundamental output of the laser was introduced into a 

second harmonic generation (SHG) unit: Apollo (Ultrafast Systems) for excitation light 

generation at # = 393 nm, while the rest of the output was used for white light generation. 

The laser pulse was focused on a sapphire plate of 3 mm thickness and then white light 

continuum covering the visible region from # = 410Ð800 nm was generated via self-phase 

modulation. A variable neutral density filter, an optical aperture, and a pair of polarizer were 

inserted in the path in order to generate stable white light continuum. Prior to generating the 

probe continuum, the laser pulse was fed to a delay line that provides an experimental time 

window of 3.2 ns with a maximum step resolution of 7 fs. In the authorÕs experiments, a 
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wavelength at # = 393 nm of SHG output was irradiated at the sample cell with a spot size of 

1 mm diameter where it was merged with the white probe pulse in a close angle (< 10¡). The 

probe beam after passing through the 2 mm sample cell was focused on a fiber optic cable 

that was connected to a CMOS spectrograph for recording the time-resolved spectra (# = 

410Ð800 nm). Typically, 1500 excitation pulses were averaged for 3 seconds to obtain the 

transient spectrum at a set delay time. Kinetic traces at appropriate wavelengths were 

assembled from the time-resolved spectral data. All measurements were conducted at room 

temperature, 295 K. 

Nanosecond time-resolved transient absorption measurements were carried out using 

the laser system provided by UNISOKU Co., Ltd. Measurements of nanosecond transient 

absorption spectrum were performed according to the following procedure. A deaerated 

solution containing supramolecule was excited by a Panther OPO pumped by a Nd:YAG 

laser (Continuum SLII-10, 4Ð6 ns fwhm). The photodynamics was monitored by continuous 

exposure to a Xe lamp (150 W) as a probe light and a photomultiplier tube (Hamamatsu 

2949) as a detector. The solution was oxygenated by nitrogen purging for 15 min prior to 

measurements. 

 

Synthesis of 3-Bromo-5-(hexyloxy)benzaldehyde (1) 

1,3-dibromo-5-(hexyloxy)benzene66 (3.36 g, 10 mmol) was added into a three-neck flask and 

the inside of the flask was replaced with N2. Then, dried THF (100 mL) was added into the 

flask under N2 atmosphere and the solution was cooled to Ð78 ¼C. To this solution, 

OC6H13

Br Br

OC6H13

Br CHO

1) n-BuLi, THF

2) DMF
3) H2O

1
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n-butyllithium (2.69 M solution in n-hexane, 3.7 mL, 10 mmol) was added dropwise over 

few minutes. An hour later, excess DMF was added to the reaction mixture. After warming to 

room temperature, the reaction was quenched with water. The reaction mixture was washed 

with water (100 mL, 2 times), dried over Na2SO4, and evaporated. The crude product was 

purified by column chromatography (silica-gel, n-hexane/CHCl3 = 3/1 v/v) to furnish the 

product as a light yellow oil (2.64 g, 93 %). 

1H NMR (CDCl3, 400 MHz): % 0.91 (t, J = 7.1 Hz, 3H, Ð(CH2)5CH3), 1.32Ð1.49 (m, 6H, 

Ð(CH2)2(CH2)3CH3), 1.79 (quin, J = 6.9 Hz, 2H, ÐCH2CH2(CH2)3CH3), 3.99 (t, J = 6.6 Hz, 

2H, ÐCH2(CH2)4CH3), 7.30 (m, 2H, ArÐH), 7.55 (t, J = 1.6 Hz, 1H, ArÐH), 9.89 (s, 1H, Ð

CHO); 13C NMR (CDCl3, 151 MHz): % 14.1, 22.7, 25.7, 29.1, 31.6, 68.9, 112.9, 123.6, 124.4, 

125.6, 138.8, 160.6, 190.8; HR-FAB-MS (NBA): m/z calcd for C13H18O2Br: 285.0490; 

found: 285.0458; Elemental analysis (%) calcd for C13H17O2Br: C 54.75 H 6.01; found: 

C54.64 H 5.88. 

 

Synthesis of 3-Hexyloxy-5-(trimethylsilylethynyl)benzaldehyde (2) 

A solution of 1 (2.28 g, 8 mmol), palladium (II) acetate (18 mg, 80 mmol), and triphenyl 

phosphine (42 mg, 0.16 mmol) in dried NEt3 (8 mL) was degassed with a stream of N2 for 30 

min. Then, trimethylsilylacetylene (1.7 mL, 12 mmol) was added, heated rapidly to 80 ûC, 

and stirred for 6 hours under N2 atmosphere. After confirmation of the disappearance of ArÐ

H signals derived from the substrate, the reaction mixture was cooled to room temperature 

and the white precipitation was removed by filtration. The dark brown filtrate was evaporated 

OC6H13

Br CHO

1

OC6H13

CHO

TMS
2

Pd(OAc)2, PPh3

NEt3

H TMS+
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and then purified by column chromatography (silica-gel, n-hexane/CHCl3 = 3/1 v/v) to 

furnish the product as a thick brown oil (2.18 g, 90%). 

1H NMR (CDCl3, 400 MHz): % 0.26 (s, 9H, ÐSi(CH3)3), 0.91 (t, J = 7.1 Hz, 3H, Ð

(CH2)5CH3), 1.32Ð1.47 (m, 6H, Ð(CH2)2(CH2)3CH3), 1.79 (quin, J = 6.9 Hz, 2H, Ð

CH2CH2(CH2)3CH3), 4.00 (t, J = 6.4 Hz, 2H, ÐCH2(CH2)4CH3), 7.23Ð7.24 (m, 1H, ArÐH), 

7.33Ð7.34 (m, 1H, ArÐH), 7.53 (t, J = 1.4 Hz, 1H, ArÐH), 9.92 (s, 1H, ÐCHO); 13C NMR 

(CDCl3, 151 MHz): % 0.0, 14.2, 22.7, 25.8, 29.2, 31.6, 68.7, 95.9, 103.5, 113.9, 124.3, 125.3, 

126.9, 137.8, 159.6, 191.6; HR-FAB-MS (NBA): m/z calcd for C18H27O2Si: 303.1780; found: 

303.1789; Elemental analysis (%) calcd for C18H26O2Si: C 71.47 H 8.66; found: C 71.49 H 

8.74. 

 

Synthesis of 5,15-Bis[3-hexyloxy-5-(trimethylsilylethynyl)phenyl] -10,20-di[4-pyridyl] - 

porphine (3) 

A solution of 2 (1.72 g, 5.7 mmol) and meso-(4-pyridyl)dipyrromethane67 (1.27 g, 5.7 mmol) 

in 600 mL CH2Cl2 was degassed with a stream of N2 for 30 min. To the resulting solution, 

trifluoroacetic acid (5.1 mL, 69 mmol) was added and stirred under N2 atmosphere. After 30 

min, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1.94 g, 8.5 mmol) dissolved in THF was 

added and stirred for an hour. The reaction was finally quenched with NEt3 (10 mL, 72 

OC6H13

CHO

TMS
2

N

NH HN

+

N

NH N

HN

N

N
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mmol) and the mixture was purified by column chromatography (silica-gel, CHCl3 then 

CHCl3/THF = 40/1 v/v). The crude product was recrystallized from CH2Cl2/MeOH to give 

the product as a purple solid (475 mg, 17%). 

1H NMR (CDCl3, 500 MHz): % Ð2.92 (br-s, 2H, ÐNH), 0.26 (s, 18H, ÐSi(CH3)3), 0.90 (t, 

J = 6.9 Hz, 6H, Ð(CH2)5CH3), 1.32Ð1.38 (m, 8H, Ð(CH2)3(CH2)2CH3), 1.51 (quin, J = 7.6 Hz, 

4H, Ð(CH2)2CH2(CH2)2CH3), 1.87 (quin, J = 6.9 Hz, 4H, ÐCH2CH2(CH2)3CH3), 4.16 (t, J = 

6.5 Hz, 4H, ÐCH2(CH2)4CH3), 7.44 (m, 2H, ArÐH), 7.71 (d, J = 2.3 Hz, 2H, ArÐH), 7.91 (d, J 

= 7.9 Hz, 2H, ArÐH), 8.16 (dd, J = 1.5 Hz, 2.3 Hz, 4H, ArÐH), 8.81 (d, J = 4.6 Hz, 4H, 

pyrrole &ÐH), 8.94 (d, J = 4.6 Hz, 4H, pyrrole &ÐH), 9.05 (d, J = 6.1 Hz, 4H, ArÐH); 13C 

NMR (CDCl3, 151 MHz): % 0.1, 14.2, 22.7, 25.9, 29.4, 29.4, 31.7, 68.7, 94.5, 105.1, 117.2, 

117.3, 119.9, 122.5, 129.5, 130.8, 143.1, 148.5, 150.3, 157.5; HR-FAB-MS (NBA): m/z calcd 

for C64H68N6O2Si2: 1008.4942; found: 1008.4897; Elemental analysis (%) calcd for 

C64H68N6O2Si2: C 76.15 H 6.79 N 8.33; found: C 76.05 H 6.80 N 8.12; UVÐvis (CHCl3): #max 

($, cmÐ1 MÐ1) 420 (447800), 515 (19500), 549 (5700), 588 (5900), 646 (2700); IR (KBr): '  = 

3318, 2955, 2930, 2870, 2158, 1591, 1475, 1421, 1354, 1249, 1159, 976, 928, 855, 801, 760, 

730, 660 cmÐ1. 
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Synthesis of {5,15-Bis[3-hexyloxy-5-(trimethylsilylethynyl) -phenyl]-10,20-di[4-pyridyl] - 

porphinato}zinc(II) (4)  

Zn(OAc)2"2H2O (0.90 g, 4.1 mmol) dissolved in MeOH was added to a solution of 3 (410 mg, 

0.41 mmol) in 200 mL CH2Cl2. The resulting mixture was refluxed under N2 atmosphere for 

2 hours and cooled to room temperature. The reaction mixture was washed with water (200 

mL, 2 times), dried over Na2SO4, and evaporated. The residue was purified by column 

chromatography (silica-gel, CHCl3/EtOH = 100/1 v/v). The crude product was recrystallized 

from CH2Cl2/MeOH to give the product as a purple solid (0.41 g, 94 %). 

1H NMR (pyridine-d5, 500 MHz): % 0.32 (s, 18H, ÐSi(CH3)3), 0.79 (dd, J = 1.5 Hz, 5.4 

Hz, 6H, Ð(CH2)5CH3), 1.21Ð1.22 (m, 8H, Ð(CH2)3(CH2)2CH3), 1.40Ð1.43 (m, 4H, Ð

(CH2)2CH2(CH2)2CH3), 1.79 (quin, J = 7.1 Hz, 4H, ÐCH2CH2(CH2)3CH3), 4.12 (t, J = 6.9 Hz, 

4H, ÐCH2(CH2)4CH3), 7.81 (brÐs, 2H, ArÐH), 8.13Ð8.15 (m, 2H, ArÐH), 8.32 (dd, J = 1.5 Hz, 

2.3 Hz, 4H, ArÐH), 8.34 (d, J = 3.8 Hz, 2H, ArÐH), 9.07 (d, J = 4.6 Hz, 4H, pyrrole &ÐH), 

9.18 (d, J = 6.0 Hz, 4H, ArÐH), 9.26 (d, J = 4.6 Hz, 4H, pyrrole &ÐH); 13C NMR (pyridine-d5, 

151 MHz): % 0.0, 14.2, 22.8, 26.0, 29.5, 31.7, 68.7, 94.6, 106.3, 117.2, 117.2, 118.7, 120.7, 

122.7, 130.1, 131.5, 132.1, 132.8, 145.2, 148.7, 149.8, 150.7, 151.4, 157.9; HR-FAB-MS 

(NBA): m/z calcd for C64H66N6O2Si2Zn: 1070.4077; found: 1070.4080; Elemental analysis 

(%) calcd for C64H66N6O2Si2Zn"0.5CH4O: C 71.15 H 6.30 N 7.72; found: C 71.20 H 6.21 N 
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7.67; UVÐvis (CHCl3): #max ($, cmÐ1 MÐ1) 425 (455800), 554 (18000), 595 (3500); IR (KBr): 

'  = 2955, 2931, 2157, 1592, 1419, 1346, 1249, 1161, 1072, 998, 945, 855, 795, 760, 718, 667 

cmÐ1. 

 

Synthesis of {5,15-Bis[3-ethynyl-5-(hexyloxy)phenyl]-10,20-di[4-pyridyl]porphinato} - 

zinc(II) (5) 

A solution of 4 (111 mg, 0.1 mmol) and KF"2H2O (68 mg, 0.72 mmol) in 5 mL of DMF/THF 

= 4/1 was stirred overnight under N2 atmosphere. The reaction mixture was washed with H2O 

(15 mL, 2 times), dried over Na2SO4, and evaporated. The crude product was recrystallized 

from CHCl3/i-PrOH to give the product as a purple solid (92 mg, 96 %). 

1H NMR (pyridine-d5, 500 MHz): % 0.80 (t, J = 6.9 Hz, 6H, Ð(CH2)5CH3), 1.22Ð1.23 

(m, 8H, Ð(CH2)3(CH2)2CH3), 1.44 (quin, J = 7.2 Hz, 4H, Ð(CH2)2CH2(CH2)2CH3), 1.81 (quin, 

J = 7.2 Hz, 4H, ÐCH2CH2(CH2)3CH3), 4.13 (t, J = 6.3 Hz, 4H, ÐCH2(CH2)4CH3), 4.28 (s, 2H, 

ÐC&CH), 7.77 (brÐs, 2H, ArÐH), 8.15 (d, J = 6.3 Hz, 2H, ArÐH), 8.30Ð8.33 (m, 6H, ArÐH), 

9.10 (d, J = 4.6 Hz, 4H, pyrrole &ÐH), 9.18 (d, J = 5.2 Hz, 4H, ArÐH), 9.26 (d, J = 4.6 Hz, 4H, 

pyrrole &ÐH); 13C NMR (pyridine-d5, 151 MHz): % 14.2, 22.8, 26.0, 29.6, 31.8, 68.7, 79.6, 

84.6, 117.5, 117.6, 118.8, 120.7, 122.0, 130.1, 131.6, 132.2, 132.9, 145.3, 148.7, 149.8, 150.7, 

151.4, 157.9; HR-FAB-MS (NBA): m/z calcd for C58H50N6O2Zn: 926.3287; found: 926.3279; 
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Elemental analysis (%) calcd for C58H50N6O2Zn"0.5CH4O: C 74.39 H 5.55 N 8.90; found: C 

74.33 H 5.36 N 8.84; UVÐvis (CHCl3): #max ($, cmÐ1 MÐ1) 425 (463000), 553 (18300), 594 

(3500); IR (KBr): '  = 2952, 2929, 2869, 1592, 1419, 1344, 1322, 1204, 1180, 1144, 1072, 

998, 938, 795, 718, 676 cmÐ1. 

 

Synthesis of H4-CPDPy(OC6) 

The free base dimer was prepared from 5 (186 mg, 0.2 mmol) according to the reported 

procedure.52c The crude product was purified by flash column chromatography (silica-gel, 

CHCl3/EtOH = 200/1 v/v) and recrystallized from CHCl3/i-PrOH to give the product as a 

purple solid (42 mg, 24 %). 

1H NMR (CDCl3, 500 MHz): % Ð3.04 (br-s, 4H, ÐNH), 0.94 (t, J = 6.9 Hz, 12H, Ð

(CH2)5CH3), 1.36Ð1.45 (m, 16H, Ð(CH2)3(CH2)2CH3), 1.55Ð1.59 (m, 8H, Ð

(CH2)2CH2(CH2)2CH3), 1.96 (quin, J = 6.9 Hz, 8H, ÐCH2CH2(CH2)3CH3), 4.25 (t, J = 6.9 Hz, 

8H, ÐCH2(CH2)4CH3), 6.91 (s, 4H, ArÐH), 7.22 (s, 4H, ArÐH), 7.96 (brÐs, 8H, ArÐH), 8.26 (s, 

4H, ArÐH), 8.66 (d, J = 3.8 Hz, 8H, pyrrole &ÐH), 8.78 (d, J = 3.1 Hz, 8H, pyrrole &ÐH), 9.00 

(brÐs, 8H, ArÐH); 13C NMR (CDCl3, 151 MHz): % 14.2, 22.8, 26.0, 29.5, 31.8, 68.9, 74.4, 

83.2, 114.9, 117.1, 118.8, 120.2, 120.8, 129.3, 135.0, 143.0, 148.4, 149.9, 158.0; 
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HR-FAB-MS (NBA): m/z calcd for C116H100N12O4: 1724.7991; found: 1724.7997; Elemental 

analysis (%) calcd for C116H100N12O4"C3H8O: C 80.01 H 6.09 N 9.41; found: C 80.12 H 5.90 

N 9.44; UVÐvis (CHCl3): #max ($, cmÐ1 MÐ1) 419 (845300), 515 (36100), 549 (9200), 589 

(10800), 646 (4300); IR (KBr): '  = 2953, 2928, 2869, 1590, 1475, 1417, 1370, 1195, 1171, 

1056, 976, 799, 728, 660 cmÐ1. 

 

Synthesis of Ni2-CPDPy(OC6) 

H4-CPDPy(OC6) (29.5 mg, 17 mmol) and excess amount of Ni(OAc)2"4H2O dissolved in 

MeOH were refluxed in 17 mL CHCl3/toluene (3/2 v/v) under N2 atmosphere. After 5 days, 

the reaction mixture was washed with 1.0 M HCl, saturated aqueous solution of NaHCO3, 

and water. The orange organic layer was dried over Na2SO4 and evaporated. The residue was 

purified by flash column chromatography (silica-gel, CHCl3/EtOH = 250/1 v/v). The crude 

product was recrystallized from CHCl3/i-PrOH to give the product as a orange solid (25.0 mg, 

80 %). 

1H NMR (CDCl3, 500 MHz): % 0.94 (t, J = 6.9 Hz, 12H, Ð(CH2)5CH3), 1.37Ð1.44 (m, 

16H, Ð(CH2)3(CH2)2CH3), 1.56Ð1.59 (m, 8H, Ð(CH2)2CH2(CH2)2CH3), 1.95 (quin, J = 7.1 Hz, 

8H, ÐCH2CH2(CH2)3CH3), 4.22 (t, J = 6.5 Hz, 8H, ÐCH2(CH2)4CH3), 6.60 (s, 4H, ArÐH), 

7.21 (s, 4H, ArÐH), 7.81 (brÐs, 8H, ArÐH), 8.19 (s, 4H, ArÐH), 8.56 (d, J = 4.6 Hz, 8H, 
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pyrrole &ÐH), 8.68 (d, J = 5.4 Hz, 8H, pyrrole &ÐH), 8.88 (d, J = 5.4 Hz, 8H, ArÐH); 13C 

NMR (CDCl3, 151 MHz): % 14.2, 22.8, 26.0, 29.4, 31.8, 68.9, 73.9, 81.8, 115.8, 115.9, 117.1, 

120.6, 121.1, 128.5, 132.1, 132.2, 133.0, 141.11, 141.5, 141.9, 148.6, 148.7, 158.2; 

HR-FAB-MS (NBA): m/z calcd for C116H96N12O4Ni2: 1836.6384; found: 1836.6384; 

Elemental analysis (%) calcd for C116H96N12O4Ni2"0.5C3H8O: C 75.48 H 5.39 N 8.99; found: 

C 75.30 H 5.11 N 9.02; UVÐvis (CHCl3): #max ($, cmÐ1 MÐ1) 415 (464000), 532 (30000); IR 

(KBr): '  = 2952, 2928, 2869, 1593, 1418, 1372, 1182, 1009, 796, 713, 671 cmÐ1. 

 

2.7. Supporting Information  

 

Figure S1. JobÕs plots upon mixing (a) H4-CPDPy(OC6) or (b) Ni2-CPDPy(OC6) with Li+@C60 in 

CHCl3/PhCN (1/1) at room temperature. [CPDPy(OC6)] + [Li +@C60] = 4.0 # 10Ð6 M.  
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Figure S2. UVÐvis absorption changes of (a) H4-CPDPy(OC6) and (c) Ni2-CPDPy(OC6) in the course 

of titration with C60 in PhCN at room temperature. The insets show the Soret band region. 

[CPDPy(OC6)] = 2.5 # 10Ð6 M. Changes in the UVÐvis absorbance ($Abs) of (b) H4-CPDPy(OC6) and 

(d) Ni2-CPDPy(OC6) at 422 nm and 419 nm, respectively, at room temperature.  
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Figure S3. Phosphorescence spectra of PrCN/EtI (3/1 v/v) glasses of (a) H4-CPDPy(OC6) and (b) 

Ni2-CPDPy(OC6) at 77 K excited at 440 nm. 

 

 

 

 

Figure S4. Transient absorption spectra of (a) H4-CPDPy(OC6) and (b) Ni2-CPDPy(OC6) in deaerated 

PhCN at room temperature taken at 1, 100, and 3000 ps after femtosecond laser excitation at 420 nm. 

[H4-CPDPy(OC6)] = 7.0 # 10Ð6 M, [Ni 2-CPDPy(OC6)] = 1.0 # 10Ð5 M.  
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Figure S5. Transient absorption spectra of (a) H4-CPDPy(OC6) with C60 and (b) Ni2-CPDPy(OC6) with 

C60 in deaerated PhCN at room temperature taken at 5 and 8 ms, respectively, after nanosecond laser 

excitation at (a) 505 and (b) 520 nm. [CPDPy(OC6)] = 2.5 # 10Ð5 M, [C60] = 5.0 # 10Ð5 M. 

 

 

 

 

Figure S6.  Plots of ln(kBET T
Ð1) vs. TÐ1 for charge recombination of [H4-CPDPy(OC6)

¥+ + Li+@C60
¥Ð] 

(black) and [Ni2-CPDPy(OC6)
¥+ + Li+@C60

¥Ð] (red) in PhCN.  
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Figure S7. 1H NMR spectrum of 1 in CDCl3.  

*

*

O
C

6H
13

B
r

C
H

O

1

1 H
-N

M
R



 

 

41 

Figure S8. 13C NMR spectrum of 1 in CDCl3.  
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Figure S9. 1H NMR spectrum of 2 in CDCl3.  
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Figure S10. 13C NMR spectrum of 2 in CDCl3.  
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Figure S11. 1H NMR spectrum of 3 in CDCl3.  
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Figure S12. 13C NMR spectrum of 3 in CDCl3.  
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Figure S13. 1H NMR spectrum of 4 in pyridine-d5.  
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Figure S14. 13C NMR spectrum of 4 in pyridine-d5.  
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Figure S15. 1H NMR spectrum of 5 in pyridine-d5.  
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Figure S16. 13C NMR spectrum of 5 in pyridine-d5.  
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Figure S17. 1H NMR spectrum of H4-CPDPy(OC6) in CDCl3.  
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Figure S18. 13C NMR spectrum of H4-CPDPy(OC6) in CDCl3.  

N

N
N

N
N

H
2N

N

N
N

N
N

H
2N

C
6H

13
O

C
6H

13
O

O
C

6H
13

O
C

6H
13

*

*

H
4-

C
P

D
P

y(
O

C
6)

13
C

-N
M

R

*



 

 

52 

 

Figure S19. 1H NMR spectrum of Ni2-CPDPy(OC6) in CDCl3.  
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Figure SX20. 13C NMR spectrum of Ni2-CPDPy(OC6) in CDCl3.  
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3. Linear Assembly of a PorphyrinÐC60 Complex Confined in Vertical Nanocylinders 

of Amphiphilic Block Copolymer Films 

 

3.1. Introduction  

Porphyrin derivatives, which have a planar 18! -electron system and strong absorption bands 

in UV to visible region, are generally good electron donors in their photoexcited states.68Ð70 

Meanwhile, fullerenes, which have a spherical ! -electron system, are excellent electron 

acceptors due to their favourable reduction potential and small reorganization energy in 

electron transfer reactions.71Ð74 Thus, supramolecular complexes composed of porphyrins and 

fullerenes have been extensively explored as artificial models for the charge-separation in the 

reaction centre of photosynthesis and as promising materials applicable for organic photo- 

voltaics (OPVs).75 From this viewpoint, the authorÕs group also has prepared cyclic porphyrin 

dimers (CPDs) that can include fullerene derivatives as guest molecules.76,77 The resulting 

inclusion complexes undergo photoinduced electron transfer from the porphyrins to the 

fullerenes to afford long-lived charge-separated states and photoelectric conversion.76c,d 

In order to realize high efficiency of photoelectric conversion, a well-ordered 

integration of a donorÐacceptor (DÐA) complex is required. Free charges derived from 

photoinduced charge-separation of a DÐA complex should be transported rapidly to an 

electrode without quenching by unfavourable charge recombination. Hence, a linear 

arrangement of a DÐA complex is one of the ideal morphologies for smooth transportation of 

charges to an electrode. However, it has been rather difficult to control integration of a DÐA 

complex by a rationally designable procedure, although there have recently been few 

examples for linear arrays of DÐA complexes in photovoltaic systems.78 
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One simple attractive method to build linear arrays of DÐA complexes is to confine 

them into one-dimensional (1D) nanostructures of templates, such as vertical nanocylinders 

of organic (e.g. block copolymer)79 and/or inorganic materials (e.g. aluminum oxide).80 This 

method has the following merits: (i) flexibility of molecular design of donors and acceptors is 

extended due to reduced need for self-organizing ability of molecules, (ii) size of integrated 

arrays can be controlled readily by diameter and length of nanocylinders in applied templates. 

In this study, the author employed amphiphilic liquid crystalline block copolymers PEOm-b- 

PMA(Az)n (m and n mean degrees of polymerization of PEO and PMA, respectively) 

(Scheme 7) as template materials for confining the inclusion complex of CPD and C60 in 

nanocylinders. PEOm-b-PMA(Az)n copolymers consist of hydrophilic poly(ethylene oxide) 

(PEO) and hydrophobic liquid crystalline poly(methacrylate) (PMA) with azobenzene (Az) 

mesogens in the side chains. PEOm-b-PMA(Az)n films formed on substrates have hexa- 

gonally-arranged vertical nanocylinders of PEO domains surrounded by PMA(Az) matrix.71  

 

Scheme 7. Chemical structures of PEOm-b-PMA(Az)n, C60, and Zn2-CPDPh(TEO). 
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Diameter and interval of the cylindrical domains can be finely controlled by the degrees of 

polymerization of PEO and PMA, respectively. Moreover, the PEO cylindrical domains are 

in supercooled liquid phase at room temperature, which is suitable for introduction of 

molecules, metal nanoparticles, and ions.72,73 Prof. Iyoda and co-worker have recently shown 

that PEOm-b-PMA(Az)n copolymers function as templates for controlling arrangements of 

various molecules, metals, ions and polymers.74 Herein, the author reports formation of linear 

assemblies of a porphyrinÐC60 complex in cylindrical PEO domains of PEOm-b-PMA(Az)n 

films by a simple method (Scheme 8). 

 

Scheme 8. Schematic illustration of the film preparation. 

3.2. Supramolecular Formation in Mixed Films 

Because porphyrin derivatives have generally poor solubility in hydrophilic solvents, the 

author has designed and synthesized a new CPD modified with four triethylene oxide (TEO) 

chains on the meso-phenyl groups (Zn2-CPDPh(TEO), Scheme 7) to improve the solubility 

according to the reported procedure (Scheme 9).76d As a central metal of the porphyrin, 

zinc(II) ion was employed to determine the distribution of the inclusion complex composed  
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Scheme 9. Synthetic pathway for Zn2-CPDPh(TEO). (i) 1-Bromo-2-(2-ethoxyethoxy)ethane, K2CO3, 

2-butanone; (ii) n-butyllithium, DMF, THF; (iii) trimethylsilylacetylene, Pd(OAc)2, PPh3, NEt3; (iv) 

meso- phenyldipyrromethane, zinc p-tert-butylbenzoate, TFA, DDQ, CH2Cl2; (v) KF"2H2O, DMF; 

(vi) TFA, CHCl3; (vii) Zn(OAc)2"2H2O, CH2Cl2; and (viii) CuCl, pyridine, air. 

of C60 and Zn2-CPDPh(TEO) (C60! Zn2-CPDPh(TEO)) in the mixed films with PEOm-b- 

PMA(Az)n by energy dispersive X-ray (EDX) spectroscopy. Zinc ion emits characteristic 

fluorescent X-ray which is not observed for light elements of C60, Zn2-CPDPh(TEO) and 

PEOm-b-PMA(Az)n.
85 Fluorescent X-ray of zinc detected in EDX images is expected to 

indicate the location of C60! Zn2-CPDPh(TEO) in the microphase-separated PEOm-b- 

PMA(Az)n films. Furthermore, zinc porphyrins are known to work as good electron donors in 

photoinduced electron transfer reactions.68Ð70 

The inclusion complex C60! Zn2-CPDPh(TEO) was prepared by mixing equal amount of 

C60 in a toluene solution and Zn2-CPDPh(TEO) in a CHCl3 solution and then drying. The 

residual purple solid was readily dissolved in CHCl3 as well as THF, both of which are poor 
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solvents for C60 without inclusion by host compounds such as CPDs. On the basis of the 

photometric titration of Zn2-CPDPh(TEO) with C60 in toluene at 27 ¡C, the association 

constant (Kassoc) of C60! Zn2-CPDPh(TEO) was determined to be 6.0 # 104 MÐ1 (Fig. 11).86  

 

Figure 11. (a) UVÐvis absorption changes of Zn2-CPDPh(TEO) in the course of titration with C60 in 

toluene at 27 ¡C. [Zn2-CPDPh(TEO)] = 2.0 # 10Ð6 M. The inset shows the Soret band region. (b) 

Changes in the UVÐvis absorbance (" Abs) at 424 nm. The curve was fitted by using the eq. in ref. 86 

in the main text. 

This high Kassoc value even in toluene, which is a good solvent for C60, means that C60 is 

included by Zn2-CPDPh(TEO) in hydrophilic medium such as the PEO domains of PEOm-b- 

PMA(Az)n. UVÐvis absorption spectrum of a thermally annealed mixed film of C60! Zn2- 

CPDPh(TEO) in PEO114-b-PMA(Az)43 (content = 1/3)87 showed characteristic absorption 

bands at 326 and 439 nm (Fig. 12), which are attributed to the ! Ð!  absorption of the liquid 

crystalline Az mesogen (Fig. S21 in SI) and the Soret band of C60! Zn2-CPDPh(TEO) (the 

blue line of Fig. 11), respectively. Based on the absorbance in the film and the extinction 

coefficient in solution of the Soret band, although the spectrum in the mixed film is slightly 

broaden, the number of moles per unit area (Nmole) of C60! Zn2-CPDPh(TEO) in the PEOm-b- 
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Figure 12. UV �rvis absorption spectra of (black) mixed film of C60! Zn2-CPDPh(TEO) with 

PEO114-b-PMA(Az)43, (blue) PEO114-b-PMA(Az)43 film , and (red) difference between the mixed film 

and PEO114-b-PMA(Az)43 film at room temperature. (black) content = 1/3. Thicknesses of the films 

were 100 nm.  

PMA(Az)43 (content = 1/3) film is estimated to be 1 # 10Ð10 mole/cm2.88 Similarly, the Nmole 

of the inclusion complex in the PEO272-b-PMA(Az)96 film (content = 1/2) is calculated to be 

2 # 10Ð10 mole/cm2. The mixed films of Zn2-CPDPh(TEO) in PEO114-b-PMA(Az)43 with 

various amounts of C60 were analyzed by UVÐvis absorption spectroscopy (Fig. 13). The 

maximum wavelength (! max) of the Soret band of C60-free Zn2-CPDPh(TEO) was 430 nm just 

after film preparation by spin coating. As the amount of C60 increased, the Soret band was 

red-shifted to 440 nm and decreased in intensity with an isosbestic point at ca. 438 nm. 

Similar spectral changes were also observed for the mixed films after annealing as well as for 

the toluene solution. These results suggest that Zn2-CPDPh(TEO) in the PEOm-b-PMA(Az)n 

films surely includes C60 in the molecular cavity, as shown in the crystal structures of the 

authorÕs groupÕs previous inclusion complexes.76c 
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Figure 13. UVÐvis absorption changes of the mixed films coated on quartz plates of Zn2-CPDPh 

(TEO) with PEO114-b-PMA(Az)43 in the course of mixing of C60. The insets show the Soret band 

region. (a) Just after film preparatrion and (b) after thermal annealing. The concentrations of Zn2- 

CPDPh(TEO) were fixed so that {C60 + Zn2-CPDPh(TEO)}/(PEO block) = 1/3 (w/w) when C60/Zn2- 

CPDPh(TEO) = 1/1 (mol/mol). Thicknesses of the films were 100 nm. The all spectral data were not 

corrected except background (an 1 mm thicknes quartz plate) adjustment. 

3.3. Capacity of Nanocylinders 

The maximum contents of C60! Zn2-CPDPh(TEO) in PEOm-b-PMA(Az)n films for keeping 

the original nanocylinder structures were determined by atomic force microscopy (AFM) 

measurements. AFM phase images of thermal annealed films coated on quartz plates are 

shown in Fig. 14. The well-ordered hexagonal alignment of the cylindrical PEO domains 

surrounded by PMA(Az) matrix was observed over a wide area for all mixed films. However, 

in the cases of the ratios above 1/3 for PEO114-b-PMA(Az)43 and 1/1.5 for PEO272-b- 

PMA(Az)96 (Fig. 14b and 14d), some domains without cylindrical structure were observed. 

From these results, the author determined the maximum contents to be 1/3 for PEO114-b- 

PMA(Az)43 and 1/1.5 for PEO272-b-PMA(Az)96. It is reasonable that the longer PEO domain  
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Figure 14. AFM phase images of the mixed films of C60! Zn2-CPDPh(TEO) with (a,b) PEO114-b- 

PMA(Az)43 and (c,d) PEO272-b-PMA(Az)96. The contents of C60! Zn2- CPDPh(TEO) and PEOm-b- 

PMA(Az)n are (a) 1/3, (b) 1/2, (c) 1/1.5, and (d) 1/1. 

can accommodate relatively larger amount of the inclusion complex. On the basis of the 

AFM phase images, the average diameters of the cylindrical PEO domains were determined 

to be ca. 15 and 19 nm for the mixed films of PEO114-b-PMA(Az)43 and PEO272-b- 

PMA(Az)96, respectively.89 In addition, the AFM height profiles indicated that the average 

thicknesses of the mixed films were 100 nm for both block copolymers. The formation of the 

microphase-separated nanocylinder structure in the mixed films was also confirmed by 

grazing incidence small-angle X-ray scattering (GISAXS) measurements (Fig. 15).79c The in- 

(a) PEO114-b-PMA(Az)43 (content: 1/3) (b) PEO114-b-PMA(Az)43 (content: 1/2)

(c) PEO272-b-PMA(Az)96 (content: 1/1.5) (d) PEO272-b-PMA(Az)96 (content: 1/1)
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Figure 15. GISAXS (a,d) 2D images, (b,e) in-plane profiles, and (c,f) out-of-plane profiles of the 

thermal annealed mixed films of C60! Zn2-CPDPh(TEO) with (aÐc) PEO114-b-PMA(Az)43 or (dÐf) 

PEO272-b-PMA(Az)96. The contents are (aÐc) 1/3 and (dÐf) 1/1.5. Thicknesses of the films were 130 

nm. 

plane profiles showed two peaks with 1: !  in q-scale indicating a hexagonally arranged 

structure of the nanocylinders. The average distances between two neighboring cylinders (D) 

were calculated to be 26 nm for PEO114-b-PMA(Az)43 and 40 nm for PEO272-b-PMA(Az)96 

based on the q values. The numbers of cylindrical PEO domain per unit area (Ncyl) were 

determined to be 1.7 # 1011 for PEO114-b-PMA(Az)43 and 7.2 # 1010 cmÐ2 for PEO272-b- 

PMA(Az)96.
90 Therefore, the amount of C60! Zn2-CPDPh(TEO) confined in one nanocylinder 
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was calculated by using the above data. One nanocylinder of the mixed films of C60! Zn2- 

CPDPh(TEO) contains 6 # 10Ð22 mole (400 molecules) of the inclusion complex for PEO114-b- 

PMA(Az)43 film (content = 1/3, Fig. 14a) and 3 # 10Ð21 mole (2000 molecules) for PEO272-b- 

PMA(Az)96 film (content = 1/2, Fig. 14c). Further, on the basis of the average volumes of the 

nanocylinders, the pseudoconcentrations of the inclusion complex in the cylinder are 

considered to be 40 and 100 mM for PEO114-b-PMA(Az)43 (content = 1/3) and PEO272-b- 

PMA(Az)96 film (content = 1/2), respectively. These concentrations are three orders higher 

than the reciprocal of the association constant ((Kassoc)
Ð1 = 1.7 # 10Ð5 M), assuring the 

inclusion of C60 by Zn2-CPDPh(TEO) in the mixed films. 

 

3.4. Linear Assembly in Mixed Films 

The distribution of C60! Zn2-CPDPh(TEO) in the microphase-separated mixed films was 

analyzed by transmission electron microscopy (TEM) measurements. The hexagonally- 

arranged cylindrical structures were clearly observed in the TEM images of the RuO4-stained 

mixed films of both PEO114-b-PMA(Az)43 and PEO272-b-PMA(Az)96 (Fig. 16). Moreover, it 

is notable that the microphase-separated structures were also confirmed in the images of the 

unstained mixed films (Fig. 17). These results indicate that heavy atoms exist in the 

cylindrical domains. In other words, the inclusion complex that contains zinc ion is 

introduced selectively into the cylindrical PEO domains in the microphase-separated mixed 

films. However, contrary to the authorÕs expectation, signals of zinc ions were not detected 

by EDX spectroscopy for the PEO domains nor PMA(Az) matrix of the mixed films. On the 

other hand, zinc signals were clearly detected in all areas of the mixed films containing large 

excess of C60! Zn2-CPDPh(TEO) (Fig. S23 in SI). The absence of zinc signals for the mixed  
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Figure 16. (a,d) TEM and (b,e) HAADF-STEM images, and (c,f) EDX spectra of the RuO4 stained 

mixed films mounted on Mo micro-grids. Analytical areas of EDX spectra are identical with the fields 

of the corresponding HAADF-STEM images. The block copolymers: (aÐc) PEO114-b-PMA(Az)43 and 

(dÐf) PEO272-b-PMA(Az)96; the contents: (aÐc) 1/3 and (dÐf) 1/1; the acceleration voltage: 200 kV.  
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Figure 17. (a,d) TEM and (b,e) HAADF-STEM images, and (c,f) EDX spectra of the unstained 

mixed films mounted on Mo micro-grids. Analytical areas of EDX spectra are identical with the fields 

of the corresponding HAADF-STEM images. The block copolymers: (aÐc) PEO114-b-PMA(Az)43 and 

(dÐf) PEO272-b-PMA(Az)96; the contents: (aÐc) 1/3 and (dÐf) 1/1; the acceleration voltage: 200 kV.  
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films of the appropriate content of C60! Zn2-CPDPh(TEO) would be due to the fact that the 

intensity of fluorescent X-ray of zinc was not enough for the EDX analysis. 

We therefore applied thermal analysis as another method to confirm the selective 

introduction of C60! Zn2-CPDPh(TEO) into PEO domains in the microphase-separated mixed 

films. On cooling processes, both PEO114-b-PMA(Az)43 and PEO272-b-PMA(Az)96 have the 

following phase transitions: (i) from an isomeric phase (Iso) to a smectic A phase (SmA) of 

the PMA(Az) matrix at ca. 120 ¡C, (ii) from a smectic C phase (SmC) to an unknown 

smectic phase (SmX) of the PMA(Az) matrix at 80 ¡C, (iii) freezing transitions of the PEO 

domains at ca. 30 and Ð20 ¡C (Fig. S24 in SI).78a We have carried out differential scanning 

calorimetry (DSC) analysis of the mixed films to investigate effects of the inclusion complex 

on these phase transitions. Obtained results are shown in Fig. 18 and 19. The transition 

temperatures of the PEO domains decreased clearly as the increase of C60! Zn2-CPDPh(TEO). 

On the other hand, the Iso �à  SmA and SmC $  SmX transition temperatures of the 

PMA(Az) matrix indicated only slight changes independent of the content. These contrastive 

results strongly suggest that the inclusion complex exists selectively in the cylindrical PEO 

domains of the mixed films rather than the PMA(Az) matrix. 

 

3.5. Conclusion 

The author has demonstrated formation of linear assemblies of the inclusion complex of C60 

and oligoether-substituted cyclic porphyrin dimer in vertical cylindrical PEO domains in the 

microphase-separated PEOm-b-PMA(Az)n films by a simple method. The method consists of 

only spin coating of the mixed solution and thermal annealing. AFM, GISAXS, and TEM 

measurements revealed that the inclusion complex can be incorporated into the PEOm-b- 
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PMA(Az)n films with keeping the original nanocylinder structures under the conditions of 

within the appropriate contents, which were 1/3 for PEO114-b-PMA(Az)43 and 1/1.5 for 

PEO272-b-PMA(Az)96. In addition, TEM and DSC analysis confirmed the selective confine- 

 

Figure 18. Transition temperature changes of (a,c) the freezing transitions of the PEO domains and 

(b,d) the Iso $  SmA and the SmC $  SmX transitions of the PMA(Az) matrix on the 1st cooling 

process in the course of mixing of C60! Zn2-CPDPh(TEO) into PEOm-b-PMA(Az)n. The ranges of the 

contents were (a,b) 0/1 ~ 1/1 and (c,d) 0/1 ~ 1/0.5. The lacks of data points are due to the absence of 

clear transition peaks. The temperatures and the standard deviations were calculated from three 

measurements for every sample.   
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Figure 19. Transition enthalpy changes of (a,c) the freezing transitions of the PEO domains and (b,d) 

the Iso $  SmA and the SmC $  SmX transitions of the PMA(Az) matrix on the 1st cooling process in 

the course of mixing of C60! Zn2-CPDPh(TEO) into PEOm-b-PMA(Az)n. The ranges of the contents 

were (a,b) 0/1 ~ 1/1 and (c,d) 0/1 ~ 1/0.5. The lacks of data points are due to the absence of clear 

transition peaks. The enthalpies and the standard deviations were calculated from three measurements 

for every sample. 

ment of the inclusion complex in the cylindrical PEO domains in the mixed films. These 

successful results offer promise for the template method to build well-ordered one-dimen- 

sional arrays of organic photovoltaic materials. 
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3.6. Experimental Section 

General information  

Reagents and solvents of best grade available were purchased from commercial suppliers and 

were used without further purification unless otherwise noted. Dried N,N-dimethylformamide 

(DMF) was obtained by distillation from CaH2 under a reduced pressure. Dried triethylamine 

(NEt3) was obtained by distillation from CaH2 under a N2 atmosphere after being stirred with 

KOH for overnight. Dried tetrahydrofuran (THF) was obtained by distillation from Na and 

benzophenone under a N2 atmosphere. 

Nuclear magnetic resonance (NMR) spectra were recorded on an AVANCE III 600 

spectrometer (Bruker, Germany). The resonance frequencies are 600 and 151 MHz for 1H 

and 13C, respectively. Chemical shifts were reported as "  values in ppm relative to tetra- 

methylsilane. High-resolution fast atom bombardment mass spectra (HR-FAB-MS) were 

measured with 3-nitrobenzyl alcohol (NBA) as a matrix and recorded on an LMS-HX-110 

spectrometer (JEOL, Japan). UltravioletÐvisible (UVÐvis) absorption and fluorescence 

spectra were recorded on an UV-2500PC or a RF-5300PC spectrometer (Shimadzu, Japan), 

respectively. Infrared (IR) absorption spectra were recorded on a FTS6000 spectrophotometer 

(Bio-Rad, USA). Differential scanning calorimetry (DSC) measurements were carried out at 
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a rate of 10.0 ¡C/min under a N2 atmosphere by using an EXSTAR X-DSC7000 calorimeter 

(Hitachi High-Tech Science, Japan). 

 

Characterization of the films 

Atomic force microscopy (AFM) measurement was carried out to observe the topographies 

of the thin films by using a Cypher scanning probe microscope (Asylum Research, USA) in 

an AC mode (i.e. tapping mode) with an AC55TS or an AC160TS micro cantilever (Olympus, 

Japan). 

Grazing incidence small-angle X-ray scattering (GISAXS) was measured using a 

Nano-Viewer setup with a two-dimensional detector PILATUS (Rigaku, Japan). The X-ray 

experiment was performed using a Cu K# radiation beam (!  = 1.541 •), which was 

converged and monochromatized by a Confocal Max Flax (CMF) mirror. The X-ray 

generator was a Micro7 rotating anode generator (Rigaku, Japan). The output current and 

voltage were set for 40 kV and 30 mA, respectively. The diameter of the X-ray beam 

controlled by a three-slit optical system was set to 250 mm. The incidence angle of the X-ray 

was set to ca. 0.2¡ to obtain in-plane signals effectively. Details can be found in ref. 81c. 

Transmission electron microscopy (TEM), high angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) observations and energy dispersive 

X-ray (EDX) spectroscopy analyses were carried out by using a JEM-2100 (JEOL, Japan) 

with dry SD30GV (JEOL, Japan) detector. The acceleration voltage was 200 kV. 

 

Thermodynamics measurement 

Differential scanning calorimetry (DSC) measurements were carried out at a rate of 
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10.0 ¡C/min under a N2 atmosphere by using an EXSTAR X-DSC7000 calorimeter (Hitachi 

High-Tech Science, Japan). The samples were prepared by drying of CHCl3 solutions of 

PEOm-b-PMA(Az)n with C60! Zn2-CPDPh(TEO) on aluminium pans. 

 

Sample preparation 

A series of PEOm-b-PMA(Az)n block copolymers were systematically synthesized using 

atom transfer radical polymerization (ATRP) from a PEOm macroinitiator (m = 114 or 272) 

based on Prof. Iyoda and co-workerÕs previous work.91 The molecular weight (Mw) and 

polydispersity (Mw/Mn) were determined from 1H NMR and GPC measurements, respect- 

tively. 

The mixed films were prepared by the spin coating on CHCl3 washed-quartz plates or 

flesh surfaces of mica substrates from CHCl3 solutions of PEOm-b-PMA(Az)n with Zn2- 

CPDPh(TEO) or C60! Zn2-CPDPh(TEO) for 30 sec at rates of 1000 or 2000 rpm for GISAXS 

or except GISAXS, respectively. The concentration of PEOm-b-PMA(Az)n was 1/100 (g/mL). 

The film thicknesses were ca. 130 (1000 rpm) and 100 nm (2000 rpm). The thermal 

annealing was carried out at 140 ¡C for 2 hours in vacuo. After heating, the films were cooled 

to 120 ¡C slowly over ca. 20 min in vacuo and then cooled to room temperature rapidly under 

an air atmosphere. 

The samples for TEM analysis were prepared subject to the following procedure. The 

thermal annealed mixed films on mica substrates easily peeled from the substrates by soaked 

in water, transferred onto supporting memblene-coated Mo micro-grids (Nissin EM, Japan), 

and then exposed on RuO4 vapor using 0.5 wt% RuO4 aqueous solution at room temperature. 
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Synthesis of 1,3-Dibromo-5-[2-(2-ethoxyethoxy)ethoxy]benzene (6) 

3,5-Dibromophenol92 (23.1 g, 91.7 mmol), 1-bromo-2-(2-ethoxyethoxy)ethane93 (15.8 g, 80.2 

mmol), and ground K2CO3 (28 g, 0.20 mol) were refluxed in 2-butanone (200 mL) under a N2 

atmosphere for 24 hours. After confirming the disappearance of 1-bromo-2-(2-ethoxy- 

ethoxy)ethane by 1H NMR, 1-bromohexane (4.2 mL, 30 mmol) was added and the reaction 

mixture was refluxed again for 2 hours. The resulted mixture was poured to water (500 mL) 

and extracted with CH2Cl2 (150 mL # 3). Combined organic layer was dried over Na2SO4 

and then evaporated. The crude product was purified by column chromatography (silica-gel, 

n-hexane/acetone = 10/1) to give the target compound as an orange oil (24.1 g, 82 %). 

1H NMR (DMSO-d6, 600 MHz): "  1.09 (t, J = 7.2 Hz, 3H, ÐO(CH2CH2O)2CH2CH3), 

3.42 (q, J = 7.2 Hz, 2H, ÐO(CH2CH2O)2CH2CH3), 3.48 (t, J = 4.8 Hz, 2H, Ð

O(CH2)2OCH2CH2OC2H5), 3.56 (t, J = 4.8 Hz, 2H, ÐO(CH2)2OCH2CH2OC2H5), 3.71 (t, J = 

4.8 Hz, 2H, ÐOCH2CH2O(CH2)2OC2H5), 4.15 (t, J = 4.2 Hz, 2H, ÐOCH2CH2O(CH2)OC2H5), 

7.21 (d, J = 1.2 Hz, 2H, ArÐH), 7.37 (br-s, 1H, ArÐH); 13C NMR (DMSO-d6, 151 MHz): "  

15.1, 65.6, 68.1, 68.7, 69.2, 69.9, 117.1, 122.8, 125.6, 160.1; HR-FAB-MS (NBA): m/z calcd 

for C12H17Br2O3: 366.9544; found: 366.9582; IR (oil): $ = 3079, 2974, 2929, 2878, 2360, 

1585, 1559, 1437, 1420, 1298, 1257, 1232, 1112, 1058, 988, 956, 832, 744, 669 cmÐ1. 

 

Synthesis of 3-Bromo-5-[2-(2-ethoxyethoxy)ethoxy]benzaldehyde (7) 

O
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OTEO =

TEO

Br BrBr Br
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Br Br
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3) H2O
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The dibromide 6 (12.3 g, 33.4 mmol) was added into a three-necked round-bottom flask and 

the flask was charged with N2. Then, dried THF (330 mL) was added into the flask under a 

N2 atmosphere and the resulted solution was cooled to Ð78 ¡C. To this solution, n-butyl- 

lithium (2.69 M solution in n-hexane, 12.4 mL, 33.4 mmol) was added dropwise over few 

minutes. An hour later, excess dried DMF (20 mL, 0.26 mol) was added to the resulted 

mixture. After warming the solution to room temperature, the reaction mixture was quenched 

with water, poured to water, and extracted with CHCl3 (100 mL # 2). Combined organic 

layer was dried over Na2SO4 and then evaporated. The crude product was purified by column 

chromatography (silica-gel, n-hexane/EtOAc = 3/1) to give the target compound as a yellow 

oil (8.50 g, 80 %). 

1H NMR (DMSO-d6, 600 MHz): "  1.09 (t, J = 7.2 Hz, 3H, ÐO(CH2CH2O)2CH2CH3), 

3.42 (q, J = 7.2 Hz, 2H, ÐO(CH2CH2O)2CH2CH3), 3.49 (t, J = 4.8 Hz, 2H, Ð

O(CH2)2OCH2CH2OC2H5), 3.58 (t, J = 4.8 Hz, 2H, ÐO(CH2)2OCH2CH2OC2H5), 3.75 (t, J = 

4.8 Hz, 2H, ÐOCH2CH2O(CH2)2OC2H5), 4.21 (t, J = 4.8 Hz, 2H, ÐOCH2CH2O(CH2)OC2H5), 

7.46 (br-s, 1H, Ar-H), 7.52 (br-s, 1H, ArÐH), 7.65 (br-s, 1H, ArÐH), 9.93 (s, 1H, ÐCHO); 13C 

NMR (DMSO-d6, 600 MHz): "  15.1, 65.6, 68.1, 68.7, 69.2, 70.0, 114.1, 122.9, 123.3, 124.4, 

138.8, 159.9, 191.8; HR-FAB-MS (NBA): m/z calcd for C13H18BrO4: 317.0388; found: 

317.0356; IR (oil): $ = 3385, 3076, 2974, 2930, 2876, 2727, 2362, 1702, 1592, 1571, 1448, 

1385, 1317, 1272, 1113, 1060, 994, 948, 886, 849, 795, 691 cmÐ1. 
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Synthesis of 3-[2-(2-Ethoxyethoxy)ethoxy]-5-[2-(trimethylsilyl )ethynyl]benzaldehyde (8) 

A solution of 7 (9.58 g, 30.2 mmol), palladium(II) acetate (68 mg, 0.30 mmol), and triphenyl 

phosphine (0.17 g, 0.66 mmol) in dried triethylamine (30 mL) was degassed with a stream of 

N2 for 30 min. Then, trimethylsilylacetylene (6.2 mL, 45 mmol) was added. The mixture was 

heated rapidly to 80 ¡C, and then stirred for 18 hours under a N2 atmosphere. The resulted 

mixture was cooled to room temperature and the white precipitation was removed by 

filtration. The dark brown filtrate was evaporated and then purified by column chromato- 

graphy (silica-gel, n-hexane/EtOAc = 3/1) to furnish the product as a thick brown oil (9.01 g, 

89 %). 

1H NMR (DMSO-d6, 600 MHz): "  0.25 (s, 9H, ÐSi(CH3)3), 1.09 (t, J = 7.2 Hz, 3H, Ð

O(CH2CH2O)2CH2CH3), 3.42 (q, J = 7.2 Hz, 2H, ÐO(CH2CH2O)2CH2CH3), 3.48 (t, J = 4.8 

Hz, 2H, ÐO(CH2)2OCH2CH2OC2H5), 3.58 (t, J = 4.8 Hz, 2H, ÐO(CH2)2OCH2CH2OC2H5), 

3.75 (t, J = 4.8 Hz, 2H, ÐOCH2CH2O(CH2)2OC2H5), 4.20 (t, J = 4.8 Hz, 2H, Ð

OCH2CH2O(CH2)OC2H5), 7.32Ð7.33 (m, 1H, Ar-H), 7.44Ð7.45 (m, 1H, ArÐH), 7.57 (t, J = 

1.2 Hz, 1H, ArÐH), 9.95 (s, 1H, ÐCHO); 13C NMR (DMSO-d6, 151 MHz): "  Ð0.3, 15.1, 65.6, 

67.9, 68.8, 69.2, 70.0, 95.6, 103.6, 115.2, 122.7, 124.2, 125.7, 137.8, 159.0, 192.3; 

HR-FAB-MS (NBA): m/z calcd for C18H27O4Si: 335.1679; found: 335.1674; IR (oil): $ = 

3387, 2962, 2872, 2728, 2340, 2330, 2162, 1705, 1588, 1457, 1384, 1330, 1299, 1251, 1169, 

1117, 1067, 847, 794, 763, 679 cmÐ1. 
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Synthesis of 5,15-Di{3-[2-(2-ethoxyethoxy)ethoxy]-5-ethynylphenyl}-10,20-diphehyl- 

porphine (9) 

A solution of 8 (1.03 g, 3.08 mmol), meso-phenyldipyrromethane94 (667 mg, 3.00 mmol), 

and zinc p-tert-butylbenzoate (2.52 g, 6.00 mmol) in CH2Cl2 (600 mL) was degassed with a 

stream of N2 for 40 min. To the solution, trifluoroacetic acid (0.54 mL, 7.2 mmol) was added 

and stirred under a N2 atmosphere under a dark. After 3 hours, 2,3-dichloro-5,6-dicyano-1,4- 

benzoquinone (1.02 g, 4.49 mmol) was added and the mixtures was stirred for an hour. After 

neutralization with NEt3 (1.2 mL, 7.5 mmol), the resulted mixture was diluted with CHCl3 

(300 mL), poured to water (500 mL), and then extracted with CHCl3 (200 mL # 2). 

Combined organic layer was dried over Na2SO4 and then evaporated. The scrambled 

porphyrin derivatives were removed by column chromatography (silica-gel, CHCl3/EtOAc = 

50/1 to 1/1) and then flash column chromatography (silica-gel, CHCl3) gave the crude 

{5,15-bis{3-[2-(2-ethoxyethoxy)ethoxy]-5-[2-(trimethylsilyl)-ethynyl]phenyl}-10,20-diphen

ylporphininato}zinc(II) (11) as a purple solid. 

To remove the trimethylsilyl groups, the crude 11 and KF"2H2O (0.25 g, 2.7 mmol) 

were dissolved in DMF (15 mL), and the solution was stirred overnight under a N2 

TEO

CHO
TMS

8
NH HN

+

N

N N

N

M

TEO TEO
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atmosphere. The resulted mixture was diluted with benzene (200 mL) and then washed with 

water (150 mL # 3). The organic layer was dried over Na2SO4 and then evaporated to give 

the crude {5,15-bis{3-[2-(2-ethoxyethoxy)ethoxy]-5-ethynylphenyl}-10,20-diphehyl-porphi- 

nato}zinc(II) (10) as a purple solid. 

To remove the zinc ions of the porphyrin, trifluoroacetic acid (3.5 mL, 47 mmol) was 

added to the solution of the crude 10 in CHCl3 (100 mL) and then stirred under a N2 

atmosphere for an hour. After quenching with NEt3 (10 mL, 72 mmol), the resulted mixture 

was diluted with CHCl3 (50 mL) and then washed with water (200 mL # 2). The organic 

layer was dried over Na2SO4 and then evaporated. The residue was purified by column 

chromatography (Al2O3, CHCl3) and then recrystallized from CH2Cl2/MeOH to give the 

terminal acetylene-substituted free-base porphyrin monomer 9 as a purple powder (118 mg, 

8 %).95 

1H NMR (CDCl3, 600 MHz): "  Ð2.80 (br-s, 2H, ÐNH), 1.22 (t, J = 7.2 Hz, 6H, Ð

O(CH2CH2O)2CH2CH3), 3.18 (s, 2H, ÐC%CH), 3.55 (q, J = 7.2 Hz, 4H, Ð

O(CH2CH2O)2CH2CH3), 3.66 (t, J = 4.8 Hz, 2H, ÐO(CH2)2OCH2CH2OC2H5), 3.79 (t, J = 4.8 

Hz, 2H, ÐO(CH2)2OCH2CH2OC2H5), 3.99 (t, J = 4.8 Hz, 2H, ÐOCH2CH2O(CH2)2OC2H5), 

4.38 (t, J = 4.8 Hz, 2H, ÐOCH2CH2O(CH2)OC2H5), 7.52 (s, 2H, Ar-H), 7.79Ð7.84 (m, 8H, 

ArÐH), 8.01 (s, 2H, ArÐH), 8.25 (d, J = 7.2 Hz, 4H, ArÐH), 8.90 (br-s, 8H, pyrrole %ÐH); 13C 

NMR (CDCl3, 151 MHz): "  15.3, 66.9, 68.1, 69.9, 70.0, 71.2, 83.8, 117.6, 118.8, 120.5, 

121.4, 122.6, 126.9, 127.9, 131.3, 134.7, 142.1, 143.7, 157.1; HR-FAB-MS (NBA): m/z calcd 

for C60H54O6N4: 926.4043; found: 926.4038; UVÐvis (CHCl3): ! max (&, cmÐ1 MÐ1) = 420 

(401000), 516 (17000), 550 (6200), 590 (5100), 645 (2900) nm; IR (KBr): $ = 3291, 3238, 

2971, 2921, 2867, 1581, 1474, 1441, 1420, 1351, 1320, 1296, 1242, 1194, 1173, 1113, 1066, 
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1031, 1000, 972, 921, 869, 802, 760, 733, 702, 659 cmÐ1. 

 

Synthesis of {5,15-Di{3-[2-(2-ethoxyethoxy)ethoxy]-5-ethynylphenyl}-10,20-diphehyl- 

porphinato} -zinc(II)  (10) 

Zn(OAc)2"2H2O (0.12 g, 0.50 mmol) dissolved in MeOH (2 mL) was added to a solution of 9 

(49 mg, 50 mmol) in CH2Cl2 (50 mL). The resulted solution was refluxed under a N2 

atmosphere for 2 hours and then cooled to room temperature. The reaction mixture was 

diluted with CH2Cl2 (100 mL), washed with water (100 mL # 3), dried over Na2SO4, and 

then evaporated. The residue was purified by column chromatography (silica-gel, CHCl3/ 

EtOAc = 100/1 v/v). The combined eluate was evaporated to give the product as a purple 

solid (48 mg, 92 %). 

1H NMR (CDCl3, 600 MHz): "  1.16 (t, J = 7.2 Hz, 6H, ÐO(CH2CH2O)2CH2CH3), 3.12 

(s, 2H, ÐC%CH), 3.50 (q, J = 7.2 Hz, 4H, ÐO(CH2CH2O)2CH2CH3), 3.60 (t, J = 4.8 Hz, 4H, Ð

O(CH2)2OCH2CH2OC2H5), 3.74 (t, J = 4.8 Hz, 4H, ÐO(CH2)2OCH2CH2OC2H5), 3.93 (t, J = 

4.8 Hz, 4H, ÐOCH2CH2O(CH2)2OC2H5), 4.33 (t, J = 4.8 Hz, 4H, ÐOCH2CH2O(CH2)OC2H5), 

7.47 (s, 2H, ArÐH), 7.74Ð7.80 (m, 8H, ArÐH), 7.96 (br-s, 2H, ArÐH), 8.21 (d, J = 7.8 Hz, 4 H, 

ArÐH), 8.94Ð8.95 (m, 8H, pyrrole %�rH); 13C NMR (CDCl3, 151 MHz): "  15.2, 66.8, 68.1, 

69.9, 70.0, 71.1, 83.9, 117.5, 119.8, 121.2, 121.5, 122.4, 126.7, 127.7, 131.3, 132.0, 132.4, 

N

N N
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134.6, 134.6, 134.6, 142.8, 144.4, 150.0, 150.5, 157.0; HR-FAB-MS (NBA): m/z calcd for 

C60H52O6N4Zn: 988.3178; found: 988.3218; UVÐvis (THF): ! max (&, cmÐ1 MÐ1) = 425 

(593000), 556 (22000), 595 (6300) nm; IR (KBr): $ = 3441, 3286, 2971, 2925, 2869, 1580, 

1486, 1419, 1342, 1180, 1112, 1071, 1002, 938, 872, 820, 799, 767, 720, 702, 663 cmÐ1. 

 

Synthesis of Zn2-CPDPh(TEO) 

Copper(I) chloride (4.0 g, 40 mmol) was added to a solution of 10 (135 mg, 0.136 mmol) in 

pyridine (600 mL) with continuous stirring. The reaction mixture was stirred overnight at 

80 ¡C under an air atmosphere. After cooling to room temperature, aqueous ammonia (14 %, 

200 mL) was added and then O2 was bubbled into the mixture for 30 min. The resultant 

mixture was diluted with CHCl3 (300 mL), washed with aqueous ammonia (14 %, 300 mL # 

2), dried over Na2SO4, and then the solvent was evaporated. The purple residue was purified 

by GPC (Bio-Beads¨ , CHCl3) and then recrystallized from CH2Cl2/MeOH to give the 

product as a purple powder (24 mg, 18 %). 

1H NMR (CDCl3, 600 MHz): "  1.18 (t, J = 7.2 Hz, 12H, ÐO(CH2CH2O)2CH2CH3), 3.52 

(q, J = 7.2 Hz, 4H, ÐO(CH2CH2O)2CH2CH3), 3.63 (t, J = 4.8 Hz, 2H, Ð

O(CH2)2OCH2CH2OC2H5), 3.76 (t, J = 4.6 Hz, 2H, ÐO(CH2)2OCH2CH2OC2H5), 3.98 (t, J = 

4.8 Hz, 2H, ÐOCH2CH2O(CH2)2OC2H5), 4.39 (t, J = 4.8 Hz, 2H, ÐOCH2CH2O(CH2)OC2H5), 
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7.04 (s, 4H, ArÐH), 7.21 (s, 4H, ArÐH), 7.65 (t, J = 7.2 Hz, 4H, ArÐH), 7.70Ð7.76 (m, 8H, 

ArÐH), 7.94 (d, J = 6.6 Hz, 4H, ArÐH), 8.07 (d, J = 6.6 Hz, 4H, ArÐH), 8.17 (s, 4H, ArÐH), 

8.73Ð8.75 (m, 16H, pyrrole %�rH); 13C NMR (CDCl3, 151 MHz): "  15.3, 66.9, 68.2, 70.0, 70.0, 

71.2, 74.5, 83.6, 114.4, 119.0, 120.2, 120.5, 121.2, 126.6, 127.6, 131.8, 132.3, 134.4, 135.9, 

142.6, 144.2, 149.6, 150.1, 157.5; HR-FAB-MS (NBA): m/z calcd for C120H100O12N8Zn2: 

1972.6044; found: 1972.6105; UVÐvis (THF): ! max (&, cmÐ1 MÐ1) = 424 (1015000), 557 

(40000), 597 (10500) nm; IR (KBr): $ = 3436, 2971, 2928, 2871, 1579, 1415, 1323, 1296, 

1229, 1197, 1178, 1112, 1069, 1003, 959, 872, 819, 720, 701 cmÐ1. 

 

3.7. Supporting Information  

 

Figure S21. UVÐvis absorption changes of (black) PEO114-b-PMA(Az)43 and (red) PEO272-b- 

PMA(Az)96 films by thermal annealing. Thicknesses of the films were 100 nm. Deep color: just after 

film preparation; light color: after thermal annealing.  

200 800600

Wavelength / nm

A
bs

or
ba

nc
e

0
400

!  5

PEO272-b-PMA(Az)96

PEO114-b-PMA(Az)43

0.1



 

 

87 

 

Figure S22. UVÐvis absorption changes by thermal annealing of mixed films of C60! Zn2- 

CPDPh(TEO) with (a) PEO114-b-PMA(Az)43 and (b) PEO272-b-PMA(Az)96 that made by various 

content of C60! Zn2-CPDPh(TEO) and PEO block. Thicknesses of the films were 100 nm. Deep color: 

just after film preparation; light color: after thermal annealing. The contents are shown in the 

magnified spectra.  
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Figure S23. (a,d) TEM and (b,e) HAADF-STEM images, and (c,f) EDX spectra of the RuO4 stained 

mixed films mounted on Mo micro-grids. Analytical areas of EDX spectra are identical with the fields 

of the corresponding HAADF-STEM images. The block copolymers: (a-c) PEO114-b-PMA(Az)43 and 

(d-f) PEO272-b-PMA(Az)96; the contents: (a-c) 10/3 and (d-f) 10/1; the acceleration voltage: 200 kV.   
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Figure S24. DSC 1st cooling curves of a) PEO114-b-PMA(Az)43 and b) PEO272-b-PMA(Az)96. The 

cooling rate was 10.0 ¡C/min.   and à denote the Iso $  SmA and SmC $  SmX transition of the 

PMA(Az) matrix, respectively. * denotes the freezing transition of the PEO domain. 
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*
*

Figure S25. 1H NMR spectrum of 1 in DMSO-d6 at 25 ¡C.  
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Figure S26. 13C NMR spectrum of 1 in DMSO-d6 at 25 ¡C.  
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Figure S27. 1HÐ1H COSY spectrum of 1 in DMSO-d6 at 25 ¡C.  
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Figure S28. 1H NMR spectrum of 2 in DMSO-d6 at 25 ¡C.  
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Figure S29. 13C NMR spectrum of 2 in DMSO-d6 at 25 ¡C.  
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Figure S30. 1HÐ1H COSY spectrum of 2 in DMSO-d6 at 25 ¡C.  
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Figure S31. 1H NMR spectrum of 3 in DMSO-d6 at 25 ¡C.  
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Figure S32. 13C NMR spectrum of 3 in DMSO-d6 at 25 ¡C.  
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Figure S33. 1HÐ1H COSY spectrum of 3 in DMSO-d6 at 25 ¡C.  
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Figure S34. 1H NMR spectrum of 4 in CDCl3 at 25 ¡C.  
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Figure S35. 13C NMR spectrum of 4 in CDCl3 at 25 ¡C.  
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Figure S36. 1HÐ1H COSY spectrum of 4 in CDCl3 at 25 ¡C.  
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Figure S37. 1H NMR spectrum of 5 in CDCl3 at 25 ¡C.  
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Figure S38. 13C NMR spectrum of 5 in CDCl3 at 25 ¡C.  
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Figure S39. 1HÐ1H COSY spectrum of 5 in CDCl3 at 25 ¡C.  

NN
N N

Z
n

O
O

O

O

O

O

5



 

 

105 

Figure S40. 1H NMR spectrum of Zn2-CPDPh(TEO) in CDCl3 at 25 ¡C.  
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Figure S41. 13C NMR spectrum of Zn2-CPDPh(TEO) in CDCl3 at 25 ¡C.  

*

N
N

N
N

Z
n

N
N

N
N

Z
n

O O
OO

O

O

O

O

O

O

O

O

Z
n

2-
C

P
D

P
h
(T

E
O

)



 

 

107 

Figure S42. 1HÐ1H COSY spectrum of Zn2-CPDPh(TEO) in CDCl3 at 25 ¡C.  
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where A and X are [Host]0 and [Guest]0, respectively; L is &Abs at 100 % complexation; L and 

Kassoc are treated as fitting parameters.  
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where Absfilm is maximum absorbance of the Soret band of the mixed film; & of C60! Zn2- 
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4. Conclusion 

 

In these studies, the author has tried photodynamics property improvements and linear 

integration with nanocylindrical block copolymer templates of inclusion complexes 

composed of fullerenes and cyclic porphyrin dimers (M2-CPD, M = H2 or Ni). 

Recently reported inclusion complex composed of pristine C60 and H4-CPDPy 

(C60! H4-CPDPy) underwent electron transfer (ET) from the free-base porphyrin to the 

included C60 by the photoexcitation. However, the lifetime of the resultant charge-separated 

(CS) state (!(CS)) was very short (0.47 ns) probably because its energy level (E(CS), 1.83 

eV) is higher than that of triplet excited state of each chromophore (ca. 1.5 eV). On the other 

hand, the inclusion complex composed of pristine C60 and Ni2-CPDPy (C60! Ni2-CPDPy) did 

not show the expected CS state in contrast to C60! H4-CPDPy. Possible reasons why the CS 

state was not formed are that its E(CS) (1.98 eV) is still higher than that of triplet excited 

state of each chromophore similar to C60! H4-CPDPy, and the singlet excited state of the 

nickel porphyrin immediately gives rise to the triplet excited state by the rapid intersystem 

crossing (kISC > 1012 sÐ1), followed by ET to afford the low-energy triplet excited states of 

C60. 

To extend the CS lifetimes, the author employed a lithium cation encapsulated C60 

(Li +@C60) instead of pristine C60, which has a stronger electron accepting ability than pristine 

C60 whereas the energy level of its triplet excited state (ET) is same as pristine C60. Li+@C60 

successfully included within both H4-CPDPy(OC6) and Ni2-CPDPy(OC6) in benzonitrile 

(PhCN). Electrochemical measurements revealed that the estimated CS energies of the 

inclusion complexes (Li+@C60! H4-CPDPy(OC6) and Li+@C60! Ni2-CPDPy(OC6)) are lower 
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than the triplet excited state of each chromophore. Both Li+@C60! H4-CPDPy(OC6) and 

Li +@C60! Ni2-CPDPy(OC6) underwent photoinduced ET and !(CS) were determined to be 

0.50 and 0.67 ms, respectively, by using transient absorption spectroscopies. The !(CS) of 

Li +@C60! H4-CPDPy(OC6) was 106 times longer than that of C60! H4-CPDPy (vide infra). 

These remarkable long CS lifetimes are the longest values ever reported for non-covalent 

porphyrinÐfullerene supramolecules in solution and the lower CS energies than the triplet 

energy of each chromophore. 

On the other hand, the authorÕs group has recently reported that a single crystal of 

C60! H4-CPDPy gives a one-dimensional zigzag array of C60 through van der Waals contacts. 

Similarly, a single crystal of C60! Ni2-CPDPy gives a self-assembled nanotube of Ni2-CPDPy 

and a linear array of C60. These elegant crystal structures are suitable for the charge 

transportation on organic photovoltaics (OPVs). However, it is difficult and costly that an 

OPV devise is prepared which paved with many small single crystals. Therefore, the author 

employed a template method to integrate the inclusion complex readily on a large area. 

As the template, amphiphilic block copolymers PEOn-b-PMA(Az)n were employed. 

PEOm-b-PMA(Az)n copolymers consist of hydrophilic poly(ethylene oxide) (PEO) and 

hydrophobic liquid crystalline poly(methacrylate) (PMA) with azobenzene (Az) mesogens in 

the side chains. PEOm-b-PMA(Az)n films formed on substrates have hexagonally-arranged 

vertical nanocylinders of PEO domains surrounded by PMA(Az) matrix. Moreover, the PEO 

cylindrical domains are in supercooled liquid phase at room temperature, which is suitable 

for introduction of molecules, metal nanoparticles, and ions. 

To introduce the inclusion complexes composed of CPD and fullerenes into the 

cylindrical PEO domains, the author has designed and prepared a new CPD modified with 
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four triethylene oxide (TEO) chains (Zn2-CPDPh(TEO)). C60 was efficiency included within 

Zn2-CPDPh(TEO) not only in solution but also the mixed films with PEOm-b-PMA(Az)n, and 

the resultant inclusion complex (C60! Zn2-CPDPh(TEO)) had good solubility in THF. 

C60! Zn2-CPDPh(TEO) can be incorporated into the PEOm-b-PMA(Az)n films with keeping 

the original nanocylinder structures under the conditions of within the appropriate contents. 

Additionally, C60! Zn2-CPDPh(TEO) was selectively introduced into the cylindrical PEO 

domains in the microphase-separated mixed films. The mixed films can be prepared by a very 

simple method. 

The author expects that these successful results contribute to the practical use of OPV 

devises. 
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Cyclic nickel andfree-base porphyrin dimers (Ni2-CPDPy and H4-CPDPy) includefullerene C70 bothin solution and
in the crystals. Based on the13C NMR spectrain solution, theincluded C70 molecule inside the cavity of Ni2-CPDPy

shows both end-on and side-on orientations, whereas the C70 molecule within H4-CPDPy has only a side-on orientation
toward the porphyrin rings. X-ray crystallography revealed bothÒend-onÓandÒside-onÓorientations of C70 in the crystal
structure of the inclusion complex of Ni2-CPDPy and C70. This is the Þrst example of an X-ray crystallographic
determination for an end-on orientation of C70 cocrystalli zed with porphyrins. On the other hand, only a side-on
orientation of C70 was observedin the crystal structure of the complex of H4-CPDPy and C70. Further, a zigzag array of C70

molecules through van der Waals contacts with each otheris formed along the monoclinic b axis in thelatter crystal.

Since the discovery and practical synthesis of C60 and C70,1

much attention has been paid to thefullerenefamily in science
and technology.2 Next to C60, C70 (Scheme 1)is the most
stable and abundantfullerene. However, compared to C60, the
symmetry of C70 is loweredfrom Ih to Dh with an elli psoidal
shape of the longer (ca. 8.0Á) and shorter (ca. 7.1Á) axes.
There has been a greatinterestin the relationship between the
anisotropic structure andinteractions of C70, because electronic
states of nano-carbon materials are generally dominated by
forms and mutual interactions of their ! planes.3 For example,
some reports suggest that carbon nanotubesincluding elli psoi-

dal C70 molecules inside their one-dimensional channels (so-
called ÒpeapodÓ) have di! erent electronic states depending
upon the side-on and end-on orientations of encapsulated C70.4

However,it is still di" cult to control the orientation of C70 in
deliberate manner, because C70 is composed of only carbon
atoms and has nofunctional groups.

One solution for this problem is to apply host! guest
chemistry; thatis, use of a suitable hostÞxing C70. Porphyrin
derivatives are particularly attractive componentsin the design
of host molecules for fullerenes.5 Many crystal structures of
C70 cocrystalli zed with porphyrin monomers have been
reported, and they all have shown side-on orientations of C70

toward porphyrin rings.6 This tendencyis originatedfrom a
result of maximizing the! ! ! interaction between the curved
! planes of C70 and theßat ! planes of porphyrins. On the
other hand, thereis no crystal structurefor C70 included in
porphyrin dimers exceptfor the so-called jaws porphyrins,7

although dimers generall y have potentials to control the
geometry of C70 due to their cavities of inherent shapes and
sizes.8 There has been only one report which demonstrated an
end-oninclusion of C70 with an iridium porphyrin dimer in
solution.9

Recently, we reportedinclusion complexes composed of
cycli c porphyrin dimers (CPDPy, Scheme 1) and C60.10,11 The
distance between the centers of the two porphyrin rings in
the cycli c nickel porphyrin dimer (Ni2-CPDPy, 11.635Á,
Scheme 1)is comparable to thelonger outer diameter of C70

N

N N
NN M
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N

N N
NN M

N

C70

a

c d e
b

8.0 •

7.1 •

Ni2-CPDPy: M = Ni
H4-CPDPy : M = H2

Scheme 1.Molecular structures of C70 and cyclic porphyrin
dimersin this study.
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(about 11.2Á), and the corresponding distancein the cycli c
free-base porphyrin dimer (H4-CPDPy, 10.785Á, Scheme 1)is
comparable to the shorter outer diameter of C70 (about 10.3Á).
Hence theinclusion of C70 inside the cavity of Ni2-CPDPy and
H4-CPDPy is also expected. We herein report supramolecular
structures of the inclusion complexes of Ni2-CPDPy and
H4-CPDPy with C70.

Results and Discussion

Inclusion of C70 by CPDPy in Solution. Similarly to our
previous study,10a,11 we observed UV! vis absorption spectral
changes during an addition of C70 to the solution of Ni2-CPDPy

or H4-CPDPy in CHCl3/ toluene (1/ 1) at room temperature
(Figure 1). The Soret absorption bands were red-shif ted and
decreasedin intensity in both cases. The Job plot (415 nm)
upon mixing of Ni2-CPDPy and C70 displayed a typical
signature patternfor theformation of a 1:1 host! guest complex
(C70á Ni2-CPDPy).12 The same plot of a mixture composed of
H4-CPDPy and C70 also exhibited the formation of a 1:1
complex (C70á H4-CPDPy).12 On the basis of the titration of
Ni2-CPDPy with C70, the association constant (Kassoc) was

evaluated to be 1.2© 106 M" 1.12 This value is very close to
that (1.2© 106 M" 1) of the cycli c nickel porphyrin dimer
linked by ! O(CH2)6O! spacers rather than by butadiynyl
groups,8a and almost one order of magnitude larger than that
(2.0© 105 M" 1) for C60 in Ni2-CPDPy.10a The Kassoc of
C70á H4-CPDPy was determined to be 3.9© 105 M" 1 by the
same method.12 This value is almost one order of magnitude
larger than that (9.6© 104 M" 1) for C60 in H4-CPDPy.11 These
higher a" nities of CPDPy for C70 than for C60 is assigned to
the larger! plane of C70. However, the a" nity of H4-CPDPy

for C70 is much smaller than that (2.1© 107 M" 1) of the cycli c
free-base porphyrin dimer with ! O(CH2)6O! spacers,8a prob-
ably due to the smaller cavity of H4-CPDPy. Electrospray
ionization mass spectra (ESI-MS) of C70á Ni2-CPDPy and
C70á H4-CPDPy in CH2Cl2/ MeOH/ CH3COOH (50/ 50/ 0.2)
revealed peak clusters atm/ z 2281.0 ([Ni2-CPDPy + C70]+ )
and 1140.3 ([Ni2-CPDPy + C70]2+ ), and atm/ z 2165.8 ([H4-
CPDPy + C70]+ ) and 1083.9 ([H4-CPDPy + C70]2+ ), respective-
ly.12 Additionally, both two spectra contained no peaks of
free CPDPy and C70. All these spectroscopic data indicate
the su" cient stabili ty of the 1:1 complexation between CPDPy

and C70.
Both C70á Ni2-CPDPy and C70á H4-CPDPy show highly

symmetric 1H NMR spectra in CDCl3/ benzene-d6 (1/ 1) at
room temperature (see Experimental section). It means that the
included C70 molecule would oscill atein the cavity muchfaster
than the NMR time scale and/ or would be placed above the
center of the porphyrin ring in solution. 13C NMR spectroscopy
is very informative of the C70 geometries with respect to
porphyrin rings in C70á Ni2-CPDPy and C70á H4-CPDPy in
solution. The pristine 13C-enriched C70 in CDCl3/ CS2 (1/ 1) at
20 ¡C (Figure 2a) showsÞve inequivalent 13C NMR signals
at Ûa = 150.27,Ûb = 147.08,Ûc = 147.75,Ûd = 145.01,Ûe =
130.55 (alphabetical labelings are indicated in Scheme 1).
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Figure 1. Absorption spectral changes of a) Ni2-CPDPy and
b) H4-CPDPy upon titration with C70 in CHCl3/ toluene
(1:1) at room temperature. Theinset shows the Soret
band region. [CPDPy] = 4.0© 10" 6 M, [C70] = 1.1©
10" 6! 1.2© 10" 5 M.
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Figure 2. 13C NMR spectra of a) 13C-enriched C70

(2.0 mM), b) a mixture of Ni2-CPDPy (2.0 mM) and13C-
enriched C70 (2.0 mM), and c) a mixture of H4-CPDPy

(2.0 mM) and13C-enriched C70 (2.0 mM) in CDCl3/ CS2

(1:1) at 20 ¡C. Asterisked signals originate from 13C-
enriched C60 as a contamination.
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When13C-enriched C70 was mixed with Ni2-CPDPy in CDCl3/
CS2 (1/ 1) at 20 ¡C, all the C70 signals shif ted up-Þeld
(Figures 2b and 3, ! Ûa = " 1.54, ! Ûb = " 1.65, ! Ûc =
" 1.65, ! Ûd = " 1.68, ! Ûe = " 1.73), because of the ring
current e! ect of the porphyrin rings. In the general cases of
side-on C70 orientation with respect to porphyrin rings, the
up-Þeld shif ts are more pronouncedfor the equatorial carbon
atoms thanfor those at the poles, since the carbons at equatorial
positions of C70 are nearer to the porphyrin rings than those at
the pole positions.7! 9 The reverse phenomenon occurs, when
C70 adopts an end-on orientation. However,in the case of
C70á Ni2-CPDPy, the up-Þeld shif ts for the Þve signals were
almost equivalent. Therefore we concluded that theincluded
C70 inside the cavity of Ni2-CPDPy has both side-on and end-on
orientations in solution. On the other hand,for the mixture of
13C-enriched C70 and H4-CPDPy, the di! erences of the up-Þeld
shif ts of the C70 signals were muchlarger than those of
C70á Ni2-CPDPy (Figures 2c and 3,! Ûa = " 1.90, ! Ûb =
" 2.18, ! Ûc = " 2.39, ! Ûd = " 2.66, ! Ûe = " 2.76).13 The
more eminent up-Þeld shif ts for the equatorial carbonsindicate
that the carbons at the equatorial positions of the included C70

are closer to the porphyrin rings than those at the pole positions
and that the main species of C70á H4-CPDPy in solution has a
side-on C70 orientation with respect to porphyrin rings.7! 9

Based on the13C NMR spectra and the crystal structures of
theseinclusion complexes (vide infra), it is thought that the
behaviors of the included C70 molecules are mainly governed
by the cavity sizes of the porphyrin dimers. The center-to-
center distances of the porphyrin ringsin the crystal structures
are asfollows: Ni2-CPDPy (11.635(1)Á),10a C70á Ni2-CPDPy

(11.960(1)! 12.557(2)Á), H4-CPDPy (10.785Á),11 and C70á H4-
CPDPy (11.140Á). In the larger cavity of Ni2-CPDPy, the
included C70 molecule has a higher freedom of orientation.
These trends of 13C NMR spectra of C70á Ni2-CPDPy and
C70á H4-CPDPy remain uponlowering temperature to" 40 ¡C
and all the signals are gradually more up-Þeld shif ted
(Figure 3).

Crystal Structure of the Inclusion Complex of C70 and
Ni2-CPDPy. We successfull y revealed the supramolecular
structures of C70á Ni2-CPDPy by X-ray crystallography. Red
single crystals of a 1:1 complex of C70 with Ni2-CPDPy were
obtained by slow di! usion of hexaneinto a CHCl3/ toluene
solution of a 1:1 mixture of C70 and Ni2-CPDPy at room
temperature. Interestingly, C70á Ni2-CPDPy shows crystal poly-
morphism, and there are two di! erent crystals (crystal Á and¢,
as shownin Figure 4). Furthermore, each crystal contains two
crystallographicall y inequivalent inclusion complexes. Herein,
the complexes in crystal Á were named complex A and B
(Figures 5a! 5f), and the complexesin crystal ¢ were named
complex C and D (Figure S6 in the Suppporting Informa-
tion).12 It is remarkable that the C70 molecule in complex A
shows an end-on orientation toward the porphyrin rings, while
complexes B, C, and D have side-on C70 orientations. The
crystal structure of complex A is theÞrst example of an X-ray
crystallographic determination for an end-on orientation of C70

cocrystalli zed with porphyrins. Although all the C70 molecules
were treated as disordered structure, the orientations of the two
disordered C70 molecules in each complex were almost the
same. It means that theincluded C70 molecules can easily rotate
around their longer axesinside the cavity of Ni2-CPDPy, and the
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Figure 3. Chemical shif t changes! Ûof signals a! e of C70

(2.0 mM) in 13C NMR measurements after inclusion with
Ni2-CPDPy (2.0 mM, circles) and H4-CPDPy (2.0 mM,
squares) at" 40 to 20 ¡Cin CDCl3/ CS2 (1:1).

a)

b)

Complex A

Complex B

Complex C

Complex D

0

0

a

a

b

b

c

c

Figure 4. Wire frame depiction of the unit cell i n the
(a) crystal Á and (b) crystal ¢ of C70á Ni2-CPDPy.
Disordered minor structures, solvent molecules, and
hydrogen atoms are omitted for clarity.
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rotation around their shorter axes needs more activation energy.
In comparison with the side-on orientation complexes B, C,
and D, the Ni£Ni distancein complex A was slightly larger
and the distance between the midpoints of butadiyne moieties
in complex A was slightly smaller probably due toits end-on
C70 orientation (Table 1). In the present all complexes, the C70

molecule is notlocated above the center of the porphyrin unit,
because the size of the cavity is not large enough to
accommodate C70 at the center. The similar o! -centerlocation
of the fullerene molecule was observedin the crystal structure
of the inclusion complex of C60 with Ni2-CPDPy (C60á Ni2-
CPDPy).10aThe closestinteractionsin C70á Ni2-CPDPy are! ! !
stacking between the C70 surface and the six-membered rings

composed of a pyridyl-substituted meso carbon atom, two
pyrrole Á-carbon atoms, two pyrrole nitrogen atoms, and Ni
ion. For example, in complex A, these! ! ! interactions have
center-to-center distances of 4.225 and 3.614Á, and dihedral
angles of 29.67 and 13.34¡ (Figure 6). The similar interactions
were also conÞrmedin the case of C60á Ni2-CPDPy.10aIn all the
complexes, the dimersinclude C70 molecules with a clamshell -
li ke conformation, in which the porphyrin rings are slightly
til ted with respect to each other. Alarge number of low-spin
four-coordinate NiII metalloporphyrins have been characterized
by X-ray crystallography to show signiÞcantly ru# ed con-
formations.14 Similarly all the porphyrins in the crystal
structures of C70á Ni2-CPDPy arein ru# ed conformations with

)c)b)a

)f)e)d

)i)h)g

Figure 5. ORTEP of a! c) complex A (C70á Ni2-CPDPy), d! f) complex B (C70á Ni2-CPDPy), and g)! i) C70á H4-CPDPy with 50%
probabili ty thermal elli psoids. Disordered minor structures, solvent molecules, and hydrogen atoms are omittedfor clarity. a), d), g)
front view; b), e), h) side view; c), f), i) top view.
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alternating displacements of meso carbon atoms above and
below the mean plane formed by thefour nitrogen atoms,15

which is the samefeature as that of C60á Ni2-CPDPy.10a The
meso carbon atoms with the pyridyl substituents are displaced
outward and the other meso carbon atoms are displacedinward.
But there are some clear di! erences of the porphyrin
conformation in the crystal structures between C70á Ni2-CPDPy

and C60á Ni2-CPDPy. In all the crystal structures of C70á Ni2-
CPDPy, the two porphyrin rings are not rotated around the
center-to-center axis (Figures 5c, 5f, S6c, and S6f),12 and the
butadiyne moieties are coplanar (Figures 5b, 5e, S6b, and
S6e),12 whereas the two porphyrin ringsin C60á Ni2-CPDPy are
rotated around the center-to-center axis by 24.3¡ with respect to
each other and the two butadiyne moieties are not coplanar.10a

Crystal Structure of the Inclusion Complex of C70 and
H4-CPDPy. Black single crystals of C70á H4-CPDPy were
prepared by slow di! usion of hexane into a CH2Cl2/

o-dichlorobenzene solution of a 1:1 mixture of C70 and
H4-CPDPy at room temperature. X-ray crystallography revealed
a 1:1inclusion complex of C70 with H4-CPDPy (Figures 5g! 5i).
The included C70 molecule shows a side-on orientation toward
the porphyrin rings as conÞrmed in solution. Thefeatures of
this crystal structure are similar to those of the inclusion
complex of C60 with H4-CPDPy (C60á H4-CPDPy).11 The
porphyrin rings of C70á H4-CPDPy show a higher planarity
than C70á Ni2-CPDPy; the displacements of the meso carbon
atomsfrom thefour-nitrogen mean plane are" 0.228, 0.177,
" 0.305, " 0.023, " 0.294, " 0.113, " 0.193, and" 0.014Á
(positive values meaning outward). The dimer bites the C70

molecule in a clamshell -li ke conformation, in which theßat
porphyrin rings are til ted with respect to each other. The
dihedral angle and the center-to-center distance of the two
porphyrin planes are 51.57¡ and 11.140Á, respectively. This
large dihedral angle results in the close proximity of the two
pyridyl groupsin the opposite side of the C70 inclusion site
(Figure S8).12 The shortest carbon! carbon distance of the two
pyridyl groupsis 3.51(1)Á. Their steric hindrance would limit
the dihedral angle and the center-to-center distance to hamper
an end-on orientation of the included C70 molecule.16 The
distance between the midpoints of the butadiyne moieties, that
is, the width of the cavity is 14.009Á. These structural
parameters are very close to those of C60á H4-CPDPy (the
dihedral angle: 52.38¡, the center-to-center distance: 11.126Á,
the shortest C! C distance of Py: 3.778(7)Á, the cavity width
13.915Á).11 The shortest separations between the carbon atoms
of C70 and the porphyrin centers are 2.990 and 2.851Á
(Figure 7). These values representfairly strong! ! ! interac-
tions between the porphyrins and C70.

Moreover, the C70 moleculesform a zigzag chain along the
crystallographic b axis in the crystal packing (Figure 8). In this
chain, thelonger axes of C70 molecules are almost parallel to
the axis of the zigzag array. The distance between the centers of
the adjacent C70 molecules along the zigzag array (arrow Ain
Figure 8a)is 10.635Á. This value is comparable to the shorter
outer diameter of C70 (ca. 10.3Á). In other words, the C70

molecules have van der Waals contacts with each other along

Table 1. Summary of the Crystal Structures of C70á Ni2-CPDPy

Complex A Complex B Complex C Complex D

C70 orientation End-on Side-on Side-on Side-on
Ni£Ni/ Á 12.557(2) 12.089(2) 11.960(1) 12.110(2)
Butadiyne£butadiynea)/ Á 12.952 13.232 13.387 13.194
Ni£carbon of C70 (major)b)/ Á 3.57(1), 3.45(1) 3.60(1), 3.575(8) 3.35(1), 3.660(9) 3.58(1), 3.589(8)
Ni£carbon of C70 (minor)b)/ Á 3.66(2), 3.70(3) 3.56(3), 3.64(4) 3.31(2), 3.71(2) 3.55(2), 3.72(2)
! ! ! interaction distance (major)c)/ Á 4.225, 3.614 3.649, 3.597 3.648, 3.511 3.608, 3.674
! ! ! interaction distance (minor)c)/ Á 3.848, 3.565 3.648, 3.862 3.721, 3.960 3.920, 3.735
! ! ! interaction dihedral angle (major)d)/ ¡ 29.67, 13.34 12.27, 11.32 8.36, 8.51 9.31, 11.77
! ! ! interaction dihedral angle (minor)d)/ ¡ 18.60, 6.14 13.09, 11.28 10.69, 20.79 20.48, 13.16
Occupancy of major C70 0.693(4) 0.777(5) 0.683(4) 0.758(4)

a) The distance between midpoints of butadiyne moieties. b) The shortest distances between Ni ions and carbon atoms of
the C70 molecules. c) The shortest distances between the center of the six-membered ring in the C70 molecules and the center
of the six-membered ring composed of a pyridyl-substituted meso carbon atom, two pyrrole Á-carbon atoms, two pyrrole
nitrogen atoms, and Ni ion in the porphyrin rings. d) The dihedral angles between the mean plane of the six-membered ring
in the C70 molecules and the mean plane of the six-membered ring composed of a pyridyl-substituted meso carbon atom,
two pyrrole Á-carbon atoms, two pyrrole nitrogen atoms, and Ni ion in the porphyrin rings.

Figure 6. Detail s of the noncovalent interactions between
Ni2-CPDPy and C70 in complex A. Disordered minor
structures and hydrogen atoms are omitted for clarity.
N: blue; Ni: green; C: gray.
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