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vertical nanocylinders of amphiphilic block copolymer 

films† 
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Fumito Tani*a 

 

Linear assemblies of 1:1 porphyrin–fullerene C60 complex 

were formed in vertical cylindrical polyether nanodomains of 

amphiphilic block copolymer films by a simple spin coating–

annealing method. The nanocylinder structures were kept 

even with high contents of the complex in the polymer films. 

Porphyrin derivatives, which have a planar 18π-electron system and 
strong absorption bands in UV to visible region, are generally good 
electron donors in their photoexcited states.1–3 Meanwhile, 
fullerenes, which have a spherical π-electron system, are excellent 
electron acceptors due to their favourable reduction potential and 
small reorganization energy in electron transfer reactions.4–7 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 photovoltaics (OPVs).8 From this 
viewpoint, we also have prepared cyclic porphyrin dimers (CPDs) 
that can include fullerene derivatives as guest molecules.9,10 The 
resulting inclusion complexes undergo photoinduced electron 
transfer from the porphyrins to the fullerenes to afford long-lived 
charge-separated states and photoelectric conversion.9c,d 

In order to realize high efficiency of photoelectric conversion, a 
well-ordered integration of a donor–acceptor (D–A) complex is 
required. Free charges derived from photoinduced charge separation 
of a D–A complex should be transported rapidly to an electrode 
without quenching by unfavourable charge recombination. Hence, a 
linear arrangement of a D–A 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 D–A 
complex by a rationally designable procedure, although there have 
recently been few examples for linear arrays of D–A complexes in 
photovoltaic systems.11 

One simple attractive method to build linear arrays of D–A 
complexes is to confine them into one-dimensional (1D) 
nanostructures of templates, such as vertical nanocylinders of 
organic (e.g. block copolymer)12 and/or inorganic materials (e.g. 
aluminum oxide).13 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, we have 
employed amphiphilic liquid crystalline block copolymers PEOm-b-
PMA(Az)n (m and n mean degrees of polymerization of PEO and 
PMA, respectively) (Scheme 1) 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 hexagonally-arranged 
vertical nanocylinders of PEO domains surrounded by PMA(Az) 
matrix.14 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.15,16 We have 
recently shown that PEOm-b-PMA(Az)n copolymers function as 
templates for controlling arrangements of various molecules, metals, 
ions and polymers.17 Herein, we report formation of linear 
assemblies of a porphyrin–C60 complex in cylindrical PEO domains 
of PEOm-b-PMA(Az)n films by a simple method (Scheme S1 in 
ESI). 
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Because porphyrin derivatives have generally poor solubility in 
hydrophilic solvents, we have designed and synthesized a new CPD 
modified with four triethylene oxide (TEO) chains on the meso-
phenyl groups (Zn2-CPDPh(TEO), Scheme 1) to improve the 
solubility according to the reported procedure.9d As a central metal 
of the porphyrin, zinc(II) ion was employed to determine the 
distribution of the inclusion complex composed 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.

18 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.1–3 

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 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 M–1 (Figure S1 in ESI).19 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. UV–vis absorption spectrum of a 
thermally annealed mixed film of C60⊂Zn2-CPDPh(TEO) in PEO114-
b-PMA(Az)43 (content = 1/3)20 showed characteristic absorption 
bands at 326 and 439 nm (Figure 1), which are attributed to the π–π 
absorption of the liquid crystalline Az mesogen (Figure S2 in ESI) 
and the Soret band of C60⊂Zn2-CPDPh(TEO) (the blue line of Figure 
S1 in ESI), 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 PEO114-b-
PMA(Az)43 (content = 1/3) film is estimated to be 1 × 10–10 
mole/cm2.21 Similarly, the Nmole of the inclusion complex in the 
PEO272-b-PMA(Az)96 film (content = 1/2) is calculated to be 2 × 10–

10 mole/cm2. 21 The mixed films of Zn2-CPDPh(TEO) in PEO114-b-
PMA(Az)43 with various amounts of C60 were analyzed by UV–vis 
absorption spectroscopy (Figure S3 in ESI). The maximum 
wavelength (λmax) 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 our previous inclusion complexes.9c 

Effects of the content of C60Zn2-CPDPh(TEO) in PEOm-b-
PMA(Az)n films coated on quartz plates were investigated by UV–
vis absorption spectroscopy (Figure S4 in ESI). The λmax of the Soret 
bands of the mixed films were ca. 440 nm before annealing 
irrespective of the content of the inclusion complex. However, after 
thermal annealing, the λmax of the Soret bands showed contrasting 
changes dependent on the content. In the cases of the mixed films of 
the ratio below 1/3 for PEO114-b-PMA(Az)43 and 1/2 for PEO272-b-
PMA(Az)96, the Soret bands slightly blue-shifted after annealing. On 
the other hand, in the cases of the mixed films with above these 
ratios, the Soret bands were faintly split and the red-shifted 
absorption peaks became larger than those of shorter wavelength. 
These results imply the followings: (i) under conditions of below the 
critical ratios, the inclusion complex is preferentially introduced into 
the PEO domains (vide infra), (ii) under conditions of above the 
critical ratios, the excess complex exists in a different environment 
such as the liquid crystalline PMA(Az) matrix to show the spectral 
changes. 

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 Figure 2. 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 (Figure 2b and 2d), some domains without 
cylindrical structure were observed. From these results, we 
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 

300 800500 700
0.0

1.0

0.5

Wavelength, nm

2.0

400 600

439

mixed film

1.5

PEO114-b-PMA(Az)43 film

differenceblack–blue

A
b
s
o
rb
a
n
c
e

326

Page 2 of 5ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



ChemComm COMMUNICATION 

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-4 | 3 

the longer PEO domain 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.22 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 (Figure S5 in ESI).12c The in-plane profiles 
showed two peaks with 1:√3 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 cm–2 for PEO272-b-PMA(Az)96.

23 
Therefore, the amount of C60⊂Zn2-CPDPh(TEO) confined in one 
nanocylinder was calculated by using the above data. One 
nanocylinder of the mixed films of C60⊂Zn2-CPDPh(TEO) contains 
6 × 10–22 mole (400 molecules) of the inclusion complex for PEO114-
b-PMA(Az)43 film (content = 1/3, Figure 2a) and 3 × 10–21 mole 
(2000 molecules) for PEO272-b-PMA(Az)96 film (content = 1/2, 
Figure 2c). 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 mM and 100 mM for PEO114-b-
PMA(Az)43 film (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 (1 / Kassoc = 1.7 
× 10–5), assuring the inclusion of C60 by Zn2-CPDPh(TEO) in the 
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 (Figure S6 in ESI). Moreover, it is notable that 
the microphase-separated structures were also confirmed in the 
images of the unstained mixed films (Figure S7 in ESI). 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 our 
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) (Figure S8 in ESI). The absence of zinc signals for the 
mixed 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 –20 °C (Figure S9 in ESI).11a 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 Figure S10 
and S11 in ESI. The transition temperatures of the PEO domains 

decreased clearly as the increase of C60Zn2-CPDPh(TEO). On the 
other hand, the Iso → 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. 

In conclusion, we have 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-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 confinement 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-
dimensional arrays of organic photovoltaic materials. 
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where D (nm) is the average distance between two neighbouring 

cylinders. 
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