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Zinc phthalocyanine-based porous organic polymer for cycloaddition
reaction of carbon dioxide and epoxides

ZHONG Jianjiao®, LUO Rongchang®
(1. Huizhou Kaimeite Gases Co., Ltd., Huizhou 516000, Guangdong, China; 2. School of Chemical Engineering and
Light Industry, Guangdong University of Technology, Guangzhou 510006, Guangdong, China )

Abstract: Zinc phthalocyanine-based porous organic polymer (denoted as ZnPc-POP) was prepared from
Schiff-base condensation reaction of zinc tetraminophthalocyanine and 1,3,5-benzenetricarboxaldehyde
under solvothermal conditions, and characterized by FTIR, *CNMR, XPS, TEM and N, adsorption-
desorption. The catalytic performance, recycling ability and substrate applicability of ZnPc-POP were
evaluated via cycloaddition reaction of epichlorohydrin (ECH) and CO, as model and tetrabutylammonium
bromide (TBAB) as cocatalyst, and the catalytic mechanism was explored. The results showed that
ZnPc-POP exhibited a structure with abundant mesopores (pore volume was about 0.64 cm®/g, average pore
size was about 20 nm) and large specific surface area (171.6 m?/g). At 100 °C and 1.0 MPa CO,, the
selectivity of ECH to produce cyclic carbonate was > 99%, the yield reached 96%, and the turnover
frequency (TOF) was up to 533.3 h™. ZnPc-POP showed no significant decrease in the catalytic activity
after being recycled for 5 times. The selectivity of the cycloaddition reaction catalyzed by ZnPc-POP with
different epoxides as substrates was greater than or equal to 96%. The ternary oxygen atom in the epoxide
was activated effectively by coordination with the Lewis acidic zinc center of ZnPc-POP, and the bromine
ion in the co-catalyst TBAB promoted the ring-opening of the epoxide through nucleophilic attack. This
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double activation of epoxide ring-opening was the rate-controlling step of CO, cycloaddition reaction.
Key words: porous organic polymers; zinc phthalocyanine; CO, conversion; cyclic carbonates; synergistic

effect; catalysis technology
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Fig. 1 FTIR spectrum of ZnPc-POP
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Fig. 2 Solid *CNMR spectrum of ZnPc-POP
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Fig. 3 XPS spectra of ZnPc-POP
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Kl 4 ZnPc-POP ) TEM ¥ (a. b), HAADF & (c) #

C(d). N (e). Zn (f) JLHRHK EDSIEH
Fig. 4 TEM images (a, b), HAADF (c) and EDS spectra of
C (d), N (e) and Zn (f) elements of ZnPc-POP
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Fig. 5 N, adsorption-desorption isothermal curves (a) and
pore size distribution (b) of ZnPc-POP
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JG &M, ARSCHITEM ZnPc-POP [ 1k M BE ] AL
T4 JR k2K FePc-POP il Co-PcTA/MWCNTs!24

(FF5 11 f1 12), 54 )& 1hwk HUST-1-Co FI{E 1A
S (55 13).

# 1 AL ZnPc-POP 7 CO, 5 ECH FRMAR S Iz H i) fiE AL fiE
Tablel Results of the cycloaddition reaction of CO, and ECH over ZnPc-POP

) AR Dl f ) BfEIfh REEC FEJI/MPa FREY% EFEM/% TOF/h™ 275 30k
1 — — 24 40 0.5 — — —
2 — 1.6% TBAB 24 40 0.5 10 — —
3 ZnPc-POP — 24 40 0.5 <1 — —
4 ZnPc-POP 1.6% TBAB 24 40 0.5 68 98 16
5 ZnPc-POP 1.6% TBAB 48 40 0.5 >99 98 115.7
6 ZnPc-POP 1.6% TBAB 72 25 0.1 92 96 71
7 ZnPc 1.6% TBAB 72 25 0.1 80 95 38.3
8 ZnPc-POP 1.6% TBAB 3 60 0.5 72 >99 133.3
9 ZnPc-POP 1.6% TBAB 1 100 1.0 96 >99 533.3
10 ZnPc-POP 1.0% TBAB 2 100 1.0 85 99 236.1
11 FePc-POP 1.0% DMAP 3 70 0.3 59 99 590 [23]
12 Co-PcTA/ 2.0% TBAB 1 80 0.25 96 99 12 [24]
MWCNTSs
13 HUST-1-Co 7.2% TBAB 48 25 0.1 94.7 99 51.8 [25]
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2.6.2 MR
EALTRI R R A % e 5 R AT 6 Fm
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fd v
Fig. 6 Reusability of ZnPc-POP for catalytic cycloaddition of
CO, and ECH
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Fig. 7 FTIR spectrum of ZnPc-POP reused for five times
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L PR E B = 96%.



53

s, A BEBCEREZ LA PR S WML CO, 53R A ALY BRI SN

*655-

# 2 ZnPc-POP LA R I AL 5 COp B2 AE R AR
TR R TR 1) S 4 25
Table 2 Experimenta results of ZnPc-POP catadytic cycoaddition
reaction of CO, and various epoxides to form
cyclic carbonates

Fe RIEEH 7] WA 2R I% BEEE%
1 —CH; 48 >99 >99
2 —CH.CI 48 >99 98
3 —CH,CH; 72 98 99
O”"

4 /J 48 90 99
]
5 /Q 48 70 %

6 O 72 20 99

2.7 EUAVIEBRRE
¥ 8 o ZnPc-POP/TBAB fifk CO, 5¥H A (k¥
IR R S5 7 A IR B PR i B 7] REMILEE

¥ 8 ZnPc-POP/TBAB fi#i{k CO, 53 A ALY IR I AL i
Y A] HEHLIE
Fig. 8 Proposed mechanism for cycloaddition of epoxides
and CO, over ZnPc-POP/TBAB
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ZnPc-POP 5 TBAB — 4l iy 4 43 ir IRl ik
FR G 1N TR e 5 CO, BRI AL
i, ST AR AR AT (E IR
HWEAMET ) Mk, SiEEEtE S B T R 50 PR b
fRfig . JfH, ZnPc-POP 3 H fIt 5 B 16 ¥ fe e
fiEfk ECH 5 CO, By ER it i i 2 i 5 IR,
HEALTEPETC I B R R

ZnPc-POP R ik 1) 45 A4 e s fofT LA b % B Ao
TAEMRISAE T W3 AEME AL ZnPc, ZnPc-POP/ITBAB
PEACR R A TRBIR R BEA — L8, R
5 Hh B 0L FHTHIT 5% o 30K o g 280 1 ek I [ A £ A R 9 4
H#h CO, FRALA AR AL T R A7 A% AR

SE WK

[1]  SCOTT A. Learning to love CO,[J]. Chemical & Engineering News,
2015, 93: 10-16.

[2] YUD G HEL N. Introduction to CO, utilisation[J]. Green Chemistry,
2021, 23(10): 3499-3501.

[3] LUORC (F#E), ZHOU X T (A%K), YANG Z (%), e al.
Acid-base synergistic effect promoted cycloaddition reaction from
CO, with epoxide in homogenous catalysis systems[J]. CIESC
Journal (1 T.%4t), 2016, 67(1): 258-276.

[4] SHAIKH R R, PORNPRAPROM S, D'ELIA V. Cataytic strategies
for the cycloaddition of pure, diluted and waste CO, to epoxides
under ambient conditions[J]. ACS Catalysis, 2017, 8: 419-450.

[5] COMERFORD JW, INGRAM I DV, NORTH M, et al. Sustainable
metal-based catalysts for the synthesis of cyclic carbonates
containing five-membered rings[J]. Green Chemistry, 2015, 17(4):
1966-1987.

[6(] GUO L B LAMB K J NORTH M. Recent developments in
organocatalysed transformations of epoxides and carbon dioxide into
cyclic carbonates]J]. Green Chemistry, 2021, 23: 77-118.

[71 HEQ, OBRIEN JW, KITSELMAN K A, et al. Synthesis of cyclic
carbonates from CO, and epoxides using ionic liquids and related
catalysts including choline chloride-metal halide mixtureqJ]. Catalysis
Science & Technology, 2014, 4(6): 1513-1528.

[8] DECORTES A, CASTILLA A M, KLEJ A W. Saen-complex-
mediated formation of cyclic carbonates by cycloaddition of CO, to
epoxides[J]. Angewandte Chemie International Edition, 2010,
49(51): 9822-9837.

[9] PALTK, DE D, BHARADWAJ P K. Metal-organic frameworks for
the chemical fixation of CO; into cyclic carbonates[J]. Coordination



* 656

A% @m & T FINE CHEMICALS

541

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Chemistry Reviews, 2020, 408: 213173-213215.

LIANG J, HUANG Y B, CAO R. Meta-organic frameworks and
porous organic polymers for sustainable fixation of carbon dioxide
into cyclic carbonates[J]. Coordination Chemistry Reviews, 2019,
378: 32-65.

LUO R C, CHEN M, LIU X Y, et al. Recent advances on CO,
capture and simultaneous conversion into cyclic carbonates over
porous organic polymers having accessible metal sites[J]. Journa
Materials Chemistry, 2020, 8(36): 18408-18424.

LUO X F (P'I¢3E), ZHI Y F (= k), SHAN SY (B %), et al.
Research progress of porous materials in the cycloaddition of CO,
and epoxides[J]. Fine Chemicals (Ki4iift 1)), 2020, 37(12): 2415
2425,

CHEN Y J (BRME25), REN Q G (fE¥MI), ZHOU X T (Ji¥K), et
al. Recent advances in porous organic polymers for the synthesis of
cyclic carbonates from carbon dioxide[J]. Chemica Industry and
Engineering Progress (ft Tk &), 2021, 40(7): 3564-3582.

LUO R C, LIU X Y, CHEN M, et al. Recent advances on
imidazolium-functionalized organic cationic polymers for CO,
adsorption and simultaneous conversion into cyclic carbonates[J].
ChemSusChem, 2020, 13: 3945-3966.

XIEY, WANG T T, LIU X H, et al. Capture and conversion of CO,
at ambient conditions by a conjugated microporous polymer[J].
Nature Communications, 2013, 4: 1960-1967.

CHEN Y J, LUO R C, XU Q H, et al. State-of-the-art aluminum
porphyrin-based heterogeneous catalyst for the chemical fixation of
CO; into cyclic carbonates at ambient conditions[J]. ChemCatChem,
2017, 9(5): 767-773.

ZHANG X F, LIUH T, AN PF, et al. Delocalized electron effect on
single metal sites in ultrathin conjugated microporous polymer
nanosheets for boosting CO, cycloaddition[J]. Science Advances,
2020, 6(17): 10.

CHEN M, LIU X Y, YANG Y Y, et al. Aluminum porphyrin-based

(19]

[20]

[21]

[22]

(23]

[24]

[29]

ionic porous aromatic frameworks having high surface areas and
highly dispersed dua-function sites for boosting the catalytic
conversion of CO; into cyclic carbonates[J]. ACS Applied Materias
& Interfaces, 2023, 6: 8263-8274.

LIU X Y, YANG Y Y, CHEN M, et al. High-surface-area
metalloporphyrin-based porous ionic polymers by the direct
condensation strategy for enhanced CO, capture and catalytic
conversion into cyclic carbonates[J]. ACS Applied Materias &
Interfaces, 2023, 15(1): 1085-1096.

DING X S, HAN B H. Metallophthalocyanine-based conjugated
microporous polymers as highly efficient photosensitizers for singlet
oxygen generation[J]. Angewandte Chemie International Edition,
2015, 127(22): 6636-6639.

HE W L, WU C D. Incorporation of Fe-phthalocyanines into a
porous organic framework for highly efficient photocatalytic
oxidation of arylalkanes[J]. Applied Catalysis B: Environmental,
2018, 234: 290-295.

ZHANG T, WANG X F, HUAN X L, et al. Bifunctional catalyst of a
metall ophthal ocyanine-carbon nitride hybrid for chemical fixation of
CO; to cyclic carbonate[J]. RSC Advances, 2016, 6(4): 2810-2818.
MAYA E M, VALVERDE-GONZALEZ A, IGLESIAS M. Conversion
of CO, into chloropropene carbonate catalyzed by iron (1)
phthal ocyanine hypercrosdinked porous organic polymer[J]. Molecules,
2020, 25(20): 4598.

NAZERI M T, JAVANBAKHT S, RAMEZANI M, et al. A facile and
green synthesis of cobat phthaocyanine-conjugated multiwall
carbon nanotube by the Ugi reaction: As an efficient CO, fixation
catalyst[J]. Journa of the Taiwan Institute of Chemical Engineers,
2022, 136: 104428.

WANG S L, SONG K B ZHANG C X, et a. A nove
metalporphyrin-based microporous organic polymer with high CO,
uptake and efficient chemical conversion of CO, under ambient
conditions[J]. Journal Materials Chemistry A, 2017, 5: 1509-1515.

(LBF 6297 )

(8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

BAETENSR, JELLE B P, GUSTAVSEN A. Phase change materias
for building applications: A state-of-the-art review[J]. Energy and
Buildings, 2010, 42(9): 1361-1368.

WANG X, FANG JH, WU J, et al. Preparation and modification of
novel phase change material N&;SO4¢10H,0 Na;HPO4#12H,0 binary
eutectic hydrate salt[J]. Energy Sources, 2019, 44(1): 1842-1853.
WANG X N, LI WG LUO Z Y, et al. A critica review on phase
change materids (PCM) for sustaingble and energy efficient building:
Design, characteristic, performance and application[J]. Energy and
Buildings, 2022, 260: 111923.

ZALBA B, MARIN JM A, CABEZA L F, et al. Review on thermal
energy storage with phase change: Materials, heat transfer analysis
and applications[J]. Applied Therma Engineering, 2003, 23: 251-
283.

ABAHT A. Low temperature latent heat thermal energy storage: Heat
storage materials[J]. Solar energy, 1982, 30: 313-332.

ZHANG Y A, WU P, MENG Y, et al. Flexible phase change films
with enhanced thermal conductivity and low electrical conductivity
for thermal management[J]. Chemical Engineering Journal, 2023,
464: 142650.

ZAHIR M H, MOHAMED S A, SAIDUR R, et al. Supercooling of
phase-change materials and the techniques used to mitigate the
phenomenon([J]. Applied Energy, 2019, 240: 793-817.

TELKES M. Nucleation of supersaturated inorganic salt solutions[J].
Industrial and Engineering Chemistry, 1952, 44(6): 1308-1310.
MOHAMED S A, AL-SULAIMAN F A, IBRAHIM N |, et al. A
review on current status and challenges of inorganic phase change
materials for thermal energy storage systems[J]. Renewable and
Sustainable Energy Reviews, 2017, 70: 1072-1089.

TANG Y F (#¥iX). Preparations and properties of sodium sulfate
decahydrate-disodium hydrogen phosphate dodecahydrate room
temperature eutectic sdt form-stable composite phase change materid[D].
Guangzhou: South China University of Technology (#&r53 T.k2%),

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[29]

[26]

[27]

2019.

WU Y P, WANG T. Hydrated salts/expanded graphite composite with
high thermal conductivity as a shape-stabilized phase change materia
for thermal energy storage[J]. Energy Conversion and Management,
2015, 101: 164-171.

XIE N, LUO JM, LI Z P, et al. Sdt hydrate/expanded vermiculite
composite as a form-stable phase change material for building energy
storage[J]. Solar Energy Materials and Solar Cells, 2019, 189: 33-42.
LIUY S YANG Y Z. Use of nano-a-Al,Os to improve binary eutectic
hydrated salt as phase change material[J]. Solar Energy Materials and
Solar Cells, 2017, 160: 18-25.

LIU Z L (XIF#), ZHANG Y A (FkF&), TANG B T (JEHT),
etal. Properties of solid-liquid phase change materials based on
copper nanoaggregates with enhanced therma conductivity for storing
thermal energy[J]. Fine Chemicals (f§411L T°), 2022, 39(12): 2409-
2416.

PUROCHIT B K, SISTLA V S. Inorganic sat hydrate for thermal
energy storage application: A review[J]. Energy Storage, 2021, 3:
€212.

SONG M J, NIU F X, MAO N, et al. Review on building energy
performance improvement using phase change materials[J]. Energy
and Buildings, 2018, 158: 776-793.

WANG W X (Fifi%%). Preparation and properties of hydrated salt
phase change energy storage materials[D]. Shanghai: Shanghai
University (-5 K2%), 2021.

CHEN Z B, ZHANG X L, J J, et al. A review of the application of
hydrated salt phase change materias in building temperature control[J].
Journal of Energy Storage, 2022, 56: 106157.

FU W W, ZOU T, LIANG X N, et al. Preparation and properties of
phase change temperature-tuned composite phase change material
based on sodium acetate trihydrate-urea/fumed silica for radiant floor
heating system[J]. Applied Thermal Engineering, 2019, 162: 114253.
NOMURA T, ZHU C Y, SHENG N, et al. Shape-stabilized phase
change composite by impregnation of octadecane into mesoporous
SiO,[J]. Solar Energy Materias and Solar Cells, 2015, 143: 424-429.



