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Figure 1.24 Schematic illustration of light-driven CO2 reduction property and electronic
structures of mpg-CNx@CoPPc hybrid. Source: Ref. [260] / John Wiley & Sons / CC BY 4.0.

efficiency and recycling stability for the aerobic oxidation of arylalkanes. The
conversion efficiency and selectivity of ethylbenzene were able to reach 95% and
99%, respectively. In 2019, a precious metal-free composite composed of CoPPc
and mesoporous carbon nitride (mpg-CNx) as the photosensitizer was assembled,
selectively converting CO2 to CO with a turnover number of 90 based on an active
cobalt site after 60 hours (Figure 1.24) [260].

1.5.4 Phthalocyanine-Based Polymeric Materials for Energy Storage

The exploration of sustainable and safe alternative energy sources and storage
devices is highly desirable in modern society. LIBs with higher energy and power
densities have been widely used as recharged devices in daily life and industry. Their
theoretical capacity was restricted by anode and cathode electrode materials, such
as LiFePO4 and graphite, respectively. In order to pursuit higher energy density,
metal–air batteries (MABs) such as Li-O2 and Zn-O2 batteries were established to
replace the intercalation mechanism in LIBs with the redox reaction between the
metal and oxygen. For the development of such technologies, efficient and stable
electrocatalysts are vital to accelerate the slow kinetics of redox reactions that
occur at the electrode surface. MPcs constitute one kind of promising M-N4-type
molecular electrocatalysts with outstanding activity toward H2, O2, and CO2 elec-
trocatalysis. The electrocatalysis results of ORR and CO2RR are briefly mentioned
in the previous section. Now, the rechargeable Li-CO2 battery technology upon
polyphthalocyanine has been introduced as a representative of MAB. Instead of
O2, atmospheric CO2 has been used as the energy carrier for this kind of MABs.
Low-cost conjugated CoPPc has been demonstrated to exhibit good catalytic
activity to reversibly form and decompose Li2CO3 [261]. CoPPc was obtained
from the microwave heating reaction of 1,2,4,5-tetracyanobenzene and Co2+. A
N-methylpyrrolidone (NMP) suspension of CoPPc was deposited on a carbon
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cloth to assemble Li-CO2 battery. The good catalytic activity of CoPPc ensures the
device with a high areal capacity of 13.6 mA h cm−2 and rate performances. In
addition to the MABs, Pc-based polymeric materials have been used in different
metal-ion batteries. For example, sodium-ion batteries (SIBs) have been proposed
as a kind of next-generation energy storage device. Metallic polyphthalocyanines
(MPPcs) due to the N-rich conjugation structure have been attempted as the SIBs’
anode [262]. Molten salt reaction of tetracyanobenzene in the presence of FeCl2,
Co(OAc)2, Ni(OAc)2, and Cu(OAc)2 at 350 ∘C under Ar generates MPPc (M = Fe,
Co, Ni, and Cu). The coin-type cells fabricated by MPPc show high capacities up to
538 and 342 mA h g−1 at 50 and 1000 mA g−1, respectively. In particular, their rate
performance and cycling performances are similar to those of the excellent anode
materials of SIBs.

1.6 Conclusion

In this chapter, we intend to summarize as much as contributions toward the
construction of Pc-based functional polymeric materials mainly including coordi-
nation polymers and covalent organic polymers with well-defined structures, rather
than those amorphous supramolecular nanostructural assemblies. In particular,
we introduced the versatile chemistry from Pc-based monomer, oligomer, and
polymeric materials including MOFs and COFs, making possible correlation
between structures and functions at the basic and precise molecular levels. In
addition, the preparation of functional monomeric macrocycles and the controlled
organization of polymeric structures were presented. Finally, some examples of
Pc-based polymeric materials were also displayed for their practical applications.

Abbreviations

AQ Anthraquinone
ATRP Atom transfer radical polymerization
BBTC bBenzo[1,2-b:4,5-b′]bis[1,4]benzodioxin-2,3,9,10-tetracarbonitrile
BET Brunauer–Emmett–Teller
C60 Fullerene
CGSs Chemiresistive gas sensors
CO2RR Carbon dioxide reduction reaction
COFs Covalent–Organic Frameworks
D-A Donor–Acceptacceptor
D-A-D Donor–Acceptacceptor–Donordonor
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DMA, DMAc Dimethylacetamide
DMF N,N-dimethylamino
DMSO Dimethyl Sulfoxidesulfoxide
FECO CO Faradaic efficiency
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FTO Fluorine-doped tin oxide
HMDS Hexamethyl Disilazane
HOFs Hydrogen-Bonded Organic Frameworks
HR-TEM High -resolution transmission electron microscopy
IC50 Inhibitory Concentration
M Metal
MABs Metal–Air Batteries
MOCs Metal–Organic Cages
MOFs Metal–Organic Frameworks
NHPI N-hydroxyphthalimide
OFET Organic Field Effect Transistor
ORR Oxygen reduction reaction
OTMS Octadecyltrimethoxysilane
Pcs Phthalocyanines
PDIs Perilendiimides
POCs Porous Organic Cages
POSS Silsesquioxanes
PVP Polyvinylpyrrolidone
PXRD Powder X-ray Diffractiondiffraction
QPPTC quinoxalinoQuinoxalino[2′,3′:9,10]phenanthro[4,5-abc]phena-

zine-6,7,15,16-tetracarbonitrile
ROS Reactive Oxygen Species
SBUs Secondary Building Units
SCSC Single crystal to single crystal
SCXRD Single- Crystal X-ray Diffraction
SPB Spiroborate
TA Terephthalaldehyde
TCB 1,2,4-trichlorobenzene
TCNE Tetracyanoethylene
TEABF4 Tetraethylammonium Tetrafluoroborate
TFB 1,3,5-triformylbenzene
THF Tetrahydrofuran
UV–vis Ultraviolet–visible
VOCs Volatile organic compounds

References

1 Ashby, M., Ferreira, P., and Schodek, D. (2009). Nanomaterials, Nanotechnolo-
gies and Design. Oxford: Butterworth-Heinemann Chapters. 1–5.

2 Desiraju, G.R. (2001). Nature 412: 397–400.
3 Lehn, J.M. (2017). Chem. Soc. Rev. 46: 2378–2379.
4 Amabilino, D.B. and Gale, P.A. (2017). Chem. Soc. Rev. 46: 2376–2377.
5 Global sustainable development report (2019). The Future Is Now: Science for

Achieving Sustainable Development. New York: United Nations.



�

� �

�

References 45

6 Li, H., Eddaoudi, M., O’Keeffe, M., and Yaghi, O.M. (1999). Nature 402:
276–279.

7 Côté, A.P., Benin, A.I., Ockwig, N.W. et al. (2005). Science 310: 1166.
8 Fujita, M., Oguro, D., Miyazawa, M. et al. (1995). Nature 378: 469–471.
9 Tozawa, T., Jones, J.T.A., Swamy, S.I. et al. (2009). Nat. Mater. 8: 973–978.

10 Wang, X., Simard, M., and Wuest, J.D. (1994). J. Am. Chem. Soc. 116:
12119–12120.

11 C. C. Leznoff, A. B. P. Lever, (1989, 1993, 1996) Phthalocyanines: properties and
applications, vols 1–4. VCH Publishers, Cambridge.

12 McKeown, N.B. (1998). Phthalocyanine materials: synthesis, structure and func-
tion. Cambridge: Cambridge University Press.

13 Zhang, Y., Cai, X., Bian, Y., and Jiang, J. (2010). Functional Phthalocyanine
Molecular Materials (ed. J. Jiang), 275–321. Berlin: Springer.

14 Byrne, G.T., Linstead, R.P., and Lowe, A.R. (1934). J. Chem. Soc. 1017–1022.
15 Linstead, R.P. and Lowe, A.R. (1934). J. Chem. Soc. 1022–1027.
16 Dent, C.E. and Linstead, R.P. (1934). J. Chem. Soc. 1027–1031.
17 Dent, C.E., Linstead, R.P., and Lowe, A.R. (1934). J. Chem. Soc. 1033–1039.
18 Robertson, J.M. (1935). J. Chem. Soc. 615–621.
19 Robertson, J.M. (1936). J. Chem. Soc. 1195–1209.
20 Robertson, J.M. and Woodward, I. (1937). J. Chem. Soc. 219–230.
21 de la Torre, G., Vazquez, P., Agullo-Lopez, F., and Torres, T. (2004). Chem Rev.

104: 3723–3750.
22 Jiang, J. and Ng, D.K.P. (2009). Acc. Chem. Res. 42: 79–88.
23 de la Torre, G., Bottari, G., Sekita, M. et al. (2013). Chem. Soc. Rev. 42:

8049–8105.
24 Yang, B., Chen, Y., and Shi, J. (2019). Chem. Rev. 119: 4881–4985.
25 Singh, S., Aggarwal, A., Bhupathiraju, N.V.S.D.K. et al. (2015). Chem. Rev. 115:

10261–10306.
26 Li, X., Park, E.-Y., Kang, Y. et al. (2020). Angew. Chem. Int. Ed. 59: 8630–8634.
27 Alzeer, J., Vummidi, B., Roth, P., and Luedtke, N.W. (2009). Angew. Chem. Int.

Ed. 48: 9362–9365.
28 Perovic, A. (1987). J. Matei. Sci. 22: 835–838.
29 Schwarze, M., Tress, W., Beyer, B. et al. (2016). Science 352: 1446–1449.
30 Wu, W.T., Chen, X., Jiao, Y.T. et al. (2022). Angew. Chem. Int. Ed. 61:

e202115820.
31 Leclaire, J., Dagiral, R., Fery-Forgues, S. et al. (2005). J. Am. Chem. Soc. 127:

15762–15770.
32 Miyoshi, Y., Kubo, M., Fujinawa, T. et al. (2007). Angew. Chem. Int. Ed. 46:

5532–5536.
33 Alcón, I., Gonidec, M., Ajayakumar, M.R. et al. (2016). Chem. Sci. 7: 4940–4944.
34 Warner, M., Din, S., Tupitsyn, I.S. et al. (2013). Nature 503: 504–508.
35 Drobizhev, M., Makarov, N.S., Rebane, A. et al. (2006). H. Proc. SPIE 6308:

630803.
36 Gonidec, M., Luis, F., Vílchez, J.E. et al. (2010). Angew. Chem. Int. Ed. 49:

1623–1626.



�

� �

�

46 1 A Journey from Molecular Phthalocyanines to Polymeric Materials

37 Chang, B., Lee, H., Kwon, Y. et al. (2010). Adv. Mater. 751: 4405–4409.
38 Jailaubekov, A.E., Willard, A.P., Tritsch, J.R. et al. (2013). Nat. Mater. 12: 66–73.
39 Hu, Q., Rezaee, E., Xu, W. et al. (2021). Small 17: 2005216.
40 Han, B., Ding, X., Yu, B. et al. (2021). J. Am. Chem. Soc. 143: 7104–7113.
41 Han, B., Jin, Y., Chen, B. et al. (2022). Angew. Chem. Int. Ed. 61: e202114244.
42 Han, B., Liang, B., Zhang, E. et al. (2024). Adv. Funct. Mater. 2404289.
43 O’Flaherty, S.M., Hold, S.V., Cook, M.J. et al. (2003). Adv. Mater. 15: 19–32.
44 Hanack, M., Schneider, T., Barthel, M. et al. (2001). Coord. Chem. Rev. 219–221:

235–258.
45 Lu, M., Zhang, M., Liu, C.-G. et al. (2021). Angew. Chem. Int. Ed. 60:

4864–4871.
46 Wang, X., Bahri, M., Fu, Z. et al. (2021). J. Am. Chem. Soc. 143: 15011–15016.
47 Zhang, P., Wang, M., Liu, Y. et al. (2023). J. Am. Chem. Soc. 145: 6247–6256.
48 Lo, P.-C., Leng, X., and Ng, D.K.P. (2007). Chem. Rev. 251: 2334–2353.
49 Bottari, G., Olea, D., Gómez-Navarro, C. et al. (2008). Angew. Chem. Int. Ed. 47:

2026–2031.
50 Furuyama, T., Sato, T., and Kobayashi, N. (2015). J. Am. Chem. Soc. 137:

13788–13791.
51 Yoshimoto, S., Honda, Y., Ito, O., and Itaya, K. (2008). J. Am. Chem. Soc. 130:

1085–1092.
52 Liu, J., Chen, T., Deng, X. et al. (2011). J. Am. Chem. Soc. 133: 21010–21015.
53 Urdampilleta, M., Klyatskaya, S., Cleuziou, J.P. et al. (2011). Nat. Mater. 10:

502–506.
54 McKeown, N.B. (2003). Phthalocyanines. In: Comprehensive Coordination Chem-

istry, 2nde, vol. 1, 507–514. Amsterdam: Elsevier and references therein.
55 Kopylovich, M.N., Kukushkin, V.Y., Haukka, M. et al. (2004). J. Am. Chem. Soc.

126: 15040–15041.
56 Langerreiter, D., Kostiainen, M.A., Kaabel, S., and Anaya-Plaza, E. (2022).

Angew. Chem. Int. Ed. 61: e202209033.
57 Achar, B.N., Fohlen, G.M., Parker, J.A., and Keshavayya, J. (1987). Polyhedron 6:

1463–1467.
58 Wöhrle, D., Buck, T., Hündorf, U. et al. (1989). Makromol. Chem. 190: 961–974.
59 Zhong, T., Ding, L., and Long, L. (2001). Hechenghuaxue 9: 534–536. https://doi

.org/10.3969/j.issn.1005-1511.2001.06.015.
60 Ali, H., Cauchon, N., and van Lier, J.E. (2009). Photochem. Photobiol. Sci. 8:

868–874.
61 Kimura, M., Hamakawa, T., Hanabusa, K. et al. (2001). Inorg. Chem. 40:

4775–4779.
62 Chen, J., Zhang, Q., Zeng, M. et al. (2016). J. Solid State Electrochem. 20:

1285–1294.
63 Namgoong, J.W., Kim, H.M., Kim, S.H. et al. (2021). Dyes Pigm. 184: 108737.
64 Gorduk, S. (2021). J. Organomet. Chem. 936: 121707.
65 Yuksel, F., Gurek, A.G., Lebrun, C., and Ahsen, V. (2005). New J. Chem. 29:

726–732.



�

� �

�

References 47

66 Yuksel, F., Tuncel, S., and Ahsen, V. (2008). J. Porphyrins Phthalocyanines 12:
123–130.

67 Chen, Y., Liu, C., Ma, F. et al. (2018). Chem. A Eur. J. 24: 8066–8070.
68 Ng, D.K.P. and Jiang, J. (1997). Chem. Soc. Rev. 26: 433–442.
69 Barrett, P.A., Dent, C.E., and Linstead, R.P. (1936). J. Chem. Soc. 1719–1736.
70 Kirin, I.S., Moskalev, P.N., and Makashev, Y.A. (1965). Russ. J. Inorg. Chem. 10:

1065–1066.
71 Kasuga, K., Tsutsui, M., Petterson, R.C. et al. (1980). J. Am. Chem. Soc. 102:

4835–4836.
72 Kasuga, K., Ando, M., Morimoto, H., and Isa, M. (1986). Chem. Lett. 15:

1095–1098.
73 Martynov, A.G., Horii, Y., Katoh, K. et al. (2022). Chem. Soc. Rev. 51:

9262–9339.
74 Wang, H., Wang, B.-W., Bian, Y. et al. (2016). Coord. Chem. Rev. 306: 195–216.
75 De Cian, A., Moussavi, M., Fischer, J., and Weiss, R. (1985). Inorg. Chem. 24:

3162–3167.
76 Pushkarev, V.E., Tomilova, L.G., and Nemykin, V.N. (2016). Coord. Chem. Rev.

319: 110–179.
77 Wang, H., Qian, K., Wang, K. et al. (2011). Chem. Commun. 47: 9624–9626.
78 Fukuda, T., Biyajima, T., and Kobayashi, N. (2010). J. Am. Chem. Soc. 132:

6278–6279.
79 Liu, C., Yang, W., Zhang, Y., and Jiang, J. (2020). Inorg. Chem. 59: 17591–17599.
80 Wang, H., Qi, D., Xie, Z. et al. (2013). Chem. Commun. 49: 889–891.
81 Liu, Y., Shigehara, K., Hara, M., and Yamada, A. (1991). J. Am. Chem. Soc. 113:

440–443.
82 Horii, Y., Katoh, K., Breedlove, B.K., and Yamashita, M. (2017). Chem. Com-

mun. 53: 8561–8564.
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