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Abstract: Supramolecular interactions between polymers play a 
crucial role in the construction of three-dimensional polymer 
structures with unique physical and chemical properties. In this study, 
we have fabricated a novel supramolecular miktoarm star copolymer 
(μ-star) with a cobalt(II) phthalocyanine (CoPc) core using metal–
ligand coordination. Axial coordination of the terminal pyridyl group of 
poly(methyl methacrylate) with the CoPc core of four-armed star-
shaped polystyrene provided AB4- and A2B4-type µ-stars through 
stepwise complexation. The spin-coated polymer films from mixed 
solutions of CoPcPS4 and pyPMMA in 1:1 or 1:2 mass ratios exhibited 
phase-separated nanodomains with smooth surfaces. 
Supramolecular interactions in polymer systems provide a unique 
topology to polymers and affect their bulk morphology. 

Introduction 

Supramolecular polymers formed through noncovalent 
interactions are regarded as important materials because of their 
dynamic nature, which allows them to adapt to environmental 
changes.[1] In addition, the versatility of their building blocks 
imparts them with various physical and chemical properties.[2] In 
particular, the incorporation of π-conjugated aromatic molecules 
such as porphyrins and phthalocyanines into the supramolecular 
systems results in unique optical and electrical properties that 
enhance their applicability in biomaterials and organic 

electronics.[3] Recently, we had prepared supramolecular 
miktoarm star copolymers (µ-stars), composed of star-shaped 
polystyrene with a zinc phthalocyanine core (ZnPcPS4) and 
pyridyl end-functionalized polymers (py-polymer).[4] These 
asymmetric polymers with functional cores are synthetic targets, 
and their synthesis typically requires multiple steps.[5] In contrast, 
supramolecular interactions between the core and polymer can 
be used to create µ-stars by simply mixing the components.[6] In 
our previous study, we demonstrated the formation of the AB4-
type supramolecular µ-stars with various arm polymer 
constitutions via the coordination interaction between ZnPc and 
pyridine-tethered polymers.[4] Furthermore, the supramolecular µ-
stars having ZnPc core showed unique phase-separated 
morphology in thin films, exhibiting excellent charge-trapping 
ability for the organic field-effect transistor (OFET) memory device 
applications.[7]  

In this study, we prepared supramolecular µ-stars with a cobalt(II) 
phthalocyanine (CoPc) core, where the AB4- and A2B4- type µ-
stars were formed through axial coordination of py-polymer in a 
stepwise manner. CoPc derivatives have been widely studied as 
molecular catalysts,[8] and it has been shown that axially 
coordinating polymers to these CoPc derivatives enhance the 
activity and selectivity of electrochemical CO2 reduction by tuning 
the catalytic environment around the CoPc molecule.[9] 
Complexation events were comprehensively investigated using 
UV-Vis and 1H NMR titration experiments. Additionally, the 
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surface morphology of the supramolecular µ-stars in the thin-film 
state was characterized by atomic force microscopy (AFM) 
analyses. The proposed supramolecular strategy enables the 
preparation of µ-stars with diverse nanostructures, which provides 
a versatile platform for designing functional materials with 
potential applications in optoelectronic devices.  

Results and Discussion 

Four-armed star-shaped polystyrene with a CoPc core was 
synthesized via a procedure similar to that for ZnPc or CuPc cores 
(Figure 1a).[10] Phthalonitrile (Pn)-terminated polystyrene (PnPS) 
with a number-average molecular weight (Mn) of 4.0 kg mol–1 and 
a polydispersity index (PDI) of 1.04, which was reported in the 
previous study,[4] was used for the cyclization reaction with cobalt 
chloride (CoCl2) in the presence of 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) in 1-pentanol. The product was purified by 
preparative recycling gel permeation chromatography (GPC), 
resulting in a four-armed star-shaped polymer with a CoPc core 
(CoPcPS4) with Mn of 14.1 kg mol–1 and PDI of 1.10. Cobalt(II) 
tetrakis-[(dodecyl)thio]phthalocyanine (CoPc) was also 
synthesized for comparison via the cyclization of 4-dodecylthio-
1,2,-dicyanobenzene with CoCl2 under basic conditions using 
DBU. Poly(methyl methacrylate) with a pyridyl end group 
(pyPMMA) was synthesized by reversible addition–fragmentation 
chain transfer (RAFT) polymerization using a chain transfer agent 
containing a pyridyl group, 2-cyanopropan-2-yl N-methyl-N-
(pyridin-4-yl)carbamodithioate (pyCTA),[11] aiming to construct a 
supramolecular complex, as shown in Figure 1b, c. The synthetic 
procedures in detail were reported in our previous study.[4] All 
polymers used in this study are summarized in Table 1. 

Supramolecular complexation of the pyridyl groups of the py-
tethered polymers and CoPc derivatives was investigated using 
UV–visible absorption spectroscopy. To analyze the interaction 
between the CoPc core and the pyridyl group of the CTA 
derivatives, we first examined a model system using CoPc and 
pyCTA. The absorption spectrum of CoPc in toluene showed a 
characteristic absorption band at approximately 350 nm, referred 
to as the Soret band, and a strong Q-band in the range 600–800 

nm (Figure S1). In contrast, pyCTA exhibited a broad absorption 
band at approximately 300 nm (Figure S2). When a toluene 
solution of pyCTA was added to CoPc in toluene, the absorption 
peak at 685 nm decreased and shifted slightly to shorter 
wavelengths, whereas the shoulder peak at 670 nm increased, 
with an isosbestic point at 678 nm (Figure 2a, blue lines). This 
indicates the formation of the CoPc-pyCTA complex through 

 

Figure 1. a) Chemical structures of CoPc derivatives. b) Synthesis of pyridyl-terminated pyPMMA. c) Schematic illustration of the construction of 

supramolecular µ-stars with a CoPc core. 

 
Figure 2. a) Absorption spectral changes of CoPc upon the gradual 
addition of pyCTA in toluene at 25 ˚C. b) Plot of absorbance at 684 nm 
(dots) with a fitted curve based on the 1:1 binding model (red line). c) 
Absorption spectral changes after mixing CoPc and pyCTA. d) Time-
course measurements of absorbance at 689 nm of CoPc before (red 
square) and after (black dots) mixing with pyCTA.  
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Table 1. Characteristics of the polymers. 

Polymer  Mn (g/mol)[a] PDI[a] DP[b] 

CoPcPS4 14 100 1.10 38 (each arm) 

pyPMMA 13 900  1.16  132 

PMMA 14 000 1.15 133 

a) Number average molecular weight and polydispersity index determined 

by GPC analysis with polystyrene standards. b) Estimated degree of 

polymerization (DP) based on the Mn from GPC. 
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metal–ligand coordination. Excess addition of pyCTA (up to 2.9 
mM) to the CoPc solution (20 µM) almost eliminated the spectral 
change. Interestingly, when we continued to monitor the spectrum, 
the absorption peak of the Q-band slowly increased with time, with 
a gradual redshift over 5 h (Figure 2a, red lines). This change 
was accompanied by a new isosbestic point at 684 nm, 
suggesting the existence of an equilibrium distinct from the initial 
equilibrium. It is most likely that a 1:1 complex of CoPc and 
pyCTA formed initially was followed by the coordination of the 
second pyCTA from the opposite side of the CoPc plane at a 
slower rate. To investigate the detailed time course, UV-vis 
absorption spectra were monitored every 30 min after mixing 
CoPc (15 µM) with a large excess of pyCTA (6 mM) in toluene 
(Figure 2c). The absorption peak in the Q band decreased 
immediately after the addition of pyCTA, followed by a gradual 
increase. When the absorbance was plotted at 689 nm, a gradual 
increase was observed over a period of approximately 5 h (Figure 
2d). A similar stepwise absorption change was observed in the 
ligand exchange of DMSO and pyridine for the coordination of 
CoPc derivative.[12] The addition of pyCTA to the CoPc solution 
proceeded via a two-step process, forming a 1:1 coordination, 
followed by a slower 1:2 coordination. The slow rate of 1:2 
complexation may be attributed to the cobalt ion in the 1:1 
complex being displaced out-of-the-plane of the phthalocyanine 
ring owing to its interaction with the pyCTA ligand.[13] The 
distortion of CoPc(pyCTA) may make a second axial coordination 
of pyCTA from the opposite side of the plane difficult. Because 
the 1:2 coordination was time dependent, only the observed 
association constant (Kobsd1) value was estimated by fitting the 
absorbance change at 684 nm to a 1:1 binding equation. Notably, 
the absorbance at 684 nm corresponds to the isosbestic point for 
the formation of the 1:2 complex. Therefore, the potential 
influence of the 1:2 coordination was neglected in the calculation 
of Kobsd1, and the value was estimated to be 1.9 × 103 M−1 in 
toluene (Figure 2b). This Kobsd1 value is twice that of the ZnPc-
pyCTA complex reported in a previous study.[4] 

The supramolecular interactions between CoPc and pyCTA were 
examined using 1H NMR spectroscopy. The 1H NMR spectrum of 
CoPc showed only a broad signal owing to the paramagnetic 

nature of the Co(II) complex (Figure S3). Therefore, we 
conducted 1H NMR titration analyses by adding a solution of 
CoPc to the pyCTA solution, which is the reverse of the titration 
procedure used in UV–visible absorption spectroscopy. When a 
solution of CoPc was added to pyCTA in deuterated 
dichloromethane (CD2Cl2), the proton signals of the pyridyl group 
of pyCTA (Ha, Hb) rapidly broadened and disappeared owing to 
the paramagnetic effect of the Co(II) complex (Figure 3). In 
contrast, the N-methyl group of pyCTA proton signal (Hc) shifted 
from 3.65 to 3.48 ppm. These results indicate that the pyCTA 
protons were affected by the ring current of the aromatic CoPc 
core through the axial coordination of pyCTA to CoPc, confirming 
the formation of a supramolecular complex. 

Following the observation of supramolecular interactions between 
CoPc and pyCTA derivatives, we investigated the polymer 
systems using absorption spectroscopy. The absorption spectrum 
of the newly synthesized CoPcPS4 was similar to that of CoPc in 
toluene, confirming that the CoPc core in the star polymer has the 
same electronic structure as that of the surrounding polymer 
chains (Figure S1). When the pyPMMA solution was added to 
the toluene solution of CoPcPS4, the absorption peak at 685 nm 
first decreased. This phenomenon was almost identical to that 
CoPc-pyCTA complexation in toluene, indicating the formation of 
a 1:1 complex between CoPcPS4 and pyPMMA (Figure 4a, blue 
lines). However, only a small spectral change, caused by the 
dilution, was observed when a toluene solution of PMMA without 
a pyridyl unit was added to the CoPcPS4 solution (Figure S4ab). 
Therefore, the pyridyl end group of pyPMMA appeared to 
coordinate with the CoPc core of CoPcPS4. The Kobsd1 value for 
the 1:1 association between CoPcPS4 and pyPMMA was 
evaluated to be 1.2 × 104 M−1 in toluene (Figure 4b).[14] After the 
addition of 0.15 mM of pyPMMA, the solution was continuously 
monitored and a gradual increase in absorbance at 700 nm with 
a new isosbestic point at 684 nm was observed (Figure 4a, red 
lines). This implies an alternative coordination of pyPMMA to the 

 
Figure 3. 1H NMR spectral changes of pyCTA upon the addition of CoPc 
in CD2Cl2. 
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Figure 4. a) Absorption spectral changes of CoPcPS4 upon the gradual 
addition of pyPMMA in toluene at 25 ˚C. b) Plot of absorbance at 684 nm 
(dots) with a fitted curve based on the 1:1 binding model (red line). c) 
Absorption spectral changes after mixing CoPcPS4 and pyPMMA. d) 
Time course measurements of absorbance at 689 nm of CoPcPS4 before 
(red square) and after (black dots) mixing with pyPMMA. 
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CoPc core, as seen in the case of CoPc-pyCTA systems. The 
absorption spectra of a mixture of CoPcPS4 and pyPMMA were 
measured every 30 min. The Q-band absorption of CoPcPS4 
decreased immediately and then slowly increased over 10 h in 
toluene (Figure 4c, d). This spectral change appeared to be 
slower than that observed for the mixture of CoPc and pyCTA 
(Figure S5). These results confirmed the stepwise formation of 
the A2B4-type supramolecular µ-stars via metal–ligand 
coordination between the pyridyl group of pyPMMA and the CoPc 
core of the star polymer. 

The film morphology of the resulting supramolecular µ-stars was 
investigated by AFM. A flat, smooth surface was observed in the 
AFM height image of CoPcPS4 (Figure S6). Polymer films were 
then prepared by spin coating mixed solutions of CoPcPS4 and 
pyPMMA in 1:1 and 1:2 mass ratios. Because the Mn of pyPMMA 
is similar to that of CoPcPS4, their molar ratios were also 
considered to be approximately 1:1 and 1:2, corresponding to 1:1 
and 1:2 complexation between CoPcPS4 and pyPMMA. 
Considering the slow rate of complexation, mixed solutions of 
CoPcPS4 and pyPMMA were stirred overnight at room 
temperature before spin coating. As shown in Figure 5, the 1:1 
and 1:2 blend films spin-coated from CH2Cl2 solutions exhibited 
distinct phase-separated morphologies in the AFM height images. 
The height image of the 1:1 CoPcPS4-pyPMMA film showed a 
dispersed droplet-type phase-separated morphology with sizes 
between 50–80 nm (Figure 5a), whereas the 1:2 CoPcPS4-
pyPMMA film showed worm-like structures (Figure 5b). The root-
mean-square (RMS) surface roughness (Rq) of the CoPcPS4-
pyPMMA blended polymer films was estimated to be 1.15 nm and 
1.28 nm for 1:1 and 1:2 blends, respectively. Binary polymer 
blends of PS and PMMA normally exhibit phase-separated 
structures on the macroscale owing to the strong phase 
segregation between immiscible polymers.[15] In addition, the 
blended films of CoPcPS4 and PMMA without a pyridyl end group 
were prepared, which exhibited irregular phase-separated 
structures in macroscale unlike the CoPcPS4-pyPMMA films 
(Figure S7).  

The polymer films with supramolecular µ-stars showed 
microdomains with relatively smaller Rq values, implying the 
influence of coordination between two polymer segments. To 
investigate the metal–ligand coordination inside the polymer films, 
we measured their UV-Vis absorption spectra. As shown in 
Figure S8, the CoPcPS4 film exhibited a bimodal absorption in 
the Q-band region, suggesting that the CoPc core formed 
aggregates through π-π interactions in the polymer matrix. The 
blended film of CoPcPS4 and PMMA without a pyridyl group 
exhibited an absorption spectrum similar to that of the CoPcPS4 
film, indicating the presence of CoPc aggregates. In contrast, the 
CoPcPS4-pyPMMA blended film showed a sharper peak, similar 
to that of the solution state. These results suggest that the 
aggregation of the CoPc core was hindered in the blend with 
pyPMMA, providing evidence of metal–ligand coordination in the 
thin film state. Therefore, the smaller phase-separated domains 
of the polymer blend with smooth surfaces may be derived from 
coordination interactions between immiscible polymers that act as 
compatibilizers.  

The differential scanning calorimetry profile of supramolecular µ-
star (1:1 CoPcPS4-pyPMMA) showed two distinct glass 
transistion temperatures (Tg) at 83 ˚C and 117˚C, which were 
derived from CoPcPS4 and pyPMMA, respectively (Figure S9). 
In supramolecular µ-star, no transition that is characteristic to the 
liquid crystalline CoPc core was observed, confirming phase-
separation of the polymer mixture without large domains of CoPc 
aggregates. The morphological differences between the 1:1 and 
1:2 CoPcPS4-pyPMMA blend films are still under discussion; 
however, it could be attributed to the early spinodal decomposition 
of varying proportions of pyPMMA.[16] The original 
supramolecular µ-star structures, whether AB4- or A2B4-type, 
exhibited different three-dimensional structures, which influenced 
the phase-separated morphology of the blend films prepared by 
rapid evaporation of the solvents. 

 
Conclusion 

We successfully demonstrated the supramolecular complexation 
of a CoPc derivative with a pyridyl-terminated molecule. The 
stepwise formation from 1:1 to 1:2 complexation via metal–ligand 
coordination between CoPc and the pyridyl group was observed 
in the solution state. The supramolecular interaction between 
CoPc-cored star-shaped polystyrene and pyridyl-tethered 
poly(methyl methacrylate) was further investigated using 
absorption spectroscopic measurements, revealing the formation 
of AB4- and A2B4-type supramolecular µ-stars. In addition, the 
morphologies of the 1:1 and 1:2 complex polymer blends were 
examined, revealing phase-separated microdomains in the film 
state. Altering the central metal ion of the phthalocyanine core of 
star-shaped polymers provides a new strategy for fabricating 
topological polymers by axial coordination and obtains 
microstructures in various combinations of polymer blends. 
Designing macromolecular architectures containing CoPc and 
investigating their axial coordination behavior may provide 
valuable insights for various applications, including 
optoelectronics and advanced catalytic systems. 

Supporting Information  

Additional supporting information can be found online in the 
Supporting Information section at the end of this article. 
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