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Scheme 1 Structural diagram and performance advantages of tri-center porphyrin aluminum complex for CO,/PO copolymerization.
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CO IR, BRIRER & & Bk 80.5%, (HIE
PR IR R PR N 10.0%; 24 CO, JE 13T+ % 3~
7 MPa, MEAGVEREKIEERF, SRBRER R G B AN
B R e 2 3R Ik 90%; 17 1K itk — 25 1 &5 8~
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(EFHEE E R E L5 (PPNCL, 98%). —ZFE&
B4R (ELAIC], 2 mol/L in hexane). Z 445 (CaH,,
97%). & H 5 (DCM, 99%). = L% (TEA,
99.9%). VU & Wk Wi (THF, 99.5%). ¥ % 4 k¢
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77.16 (1).
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Fig. 1 The synthetic route to tri-center porphyrin aluminum complex.
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1.3.1 1b&% TPP-OH K4 ik

4.4 ¢ (36.0 mmol) X FREEL I, 10.9 mL
(108.0 mmol) 7 i Al 500 mL 75 /2 23 7 in A\ 3]
1000 mL 1) = B, FHR % 130 °C, ik
0.5 h. 4 10.0 mL (144.0 mmol) T 55 2 {8 $ 401 fry nt
WA N B = R, Wnse R ETHEE
165 °C, AHEFEI 2 h, [N 5E G HARR HI B =
M, KPR A 2 LIkest . I 500 mL
B, JRNUKAR R e A R B, 85 FH 500 mL
HEE. 500 mL #oKEEEIE I8, WEERE, HA
HAEMBENTER. RS TRE, S8 EEE
e, V(SR ey V(A i E) = 1144053 5515 3
5-(4-FFH K FE)-10,15,20- = ZE K ANk (TPP-OH),
P 8%. TH-NMR i & WL i S 75 B R S2.

(b)

()

1.3.2 =AU INRECAA(T-TPP) 1) & ik

HEFE SRR, 4% 1.3 g (2.0 mmol) TPP-OH,
0.3 mL (2.4 mmol) = Z JIZ % T 10 mL Jo7K THF,
BT 50 mL = HEeifrh, UK T Hrehit .
#0.18 g (0.67 mmol) 1,3,5-7 = HIEEEIE T 5 mL
JE/K THF, FEERi8mhn 2 = DR, hnse
o, WERIER, WA . e 2R %
THF, ¥ 7Y% T DCM, #5255 R 2+,
FMAIE Eh/K eV 3 4k, AL, BUAHUEINA TG
KMgSO, T4, I8, WAEIER, AR
IXBREER, [REEORAR, BARSHAE—
AR, TR S R AR E AT B (AR
& )3 EI T-TPP, =44 90%. UV-Vis it K]
LB 2(a), TH-NMR i & 1LI& 2(b).
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Fig. 2 (a) Soret bands of the T-TPP and TPP in UV-Vis absorption spectra (chloroform at room temperature); (b) Comparison
of 'TH-NMR spectra of T-TPP and T-TPPAI in CDCI; (room temperature, 400 MHz).

1.3.3 =AU IMNRER L A 0 (T-TPPA) &
4 T-TPP (0.3 mmol) & T 50 mL — [T 5EHiH,
SIS min BR 2R R RIKAES, =0
F B VKK, IS mL JE/K & H b
FERFELARE . 4 R A 0 0.54 mL (1.08 mmol)
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1.3.4 {LEWTPP &L
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AN #1000 mL 1) = H e, FHEE
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FRIGHESE: = rfr Lo IR G S AL — S A B A SR e A SR I

=

5

GRS min BRER R P RKFES, BH=H
FRIHBCE R VKRGS, NS mL oK =& H e
FERFEEEFE . R & N I 0.18 mL (0.36 mmol)
(2 mol/L in hexane) —. & FE A M EE (ELAICT), 5 min
JENFAE R, AREEBERE3 h, IR A KX
bRz RIEH, EFECPEE S, (2R
R/ V(R EE) = 10/1)4fifk, 13348 6. TPPAL, 7=
2991%. 'H-NMR 1% B WL 7 3 RE(E B K S4.

2 GRS

2.1 HEUFHERERIE

S JRARRFE HE T Lewis FRTE KX SRR EEH
FEMER,  JA COL/PO FF AL R & [ b (ROCOP)
B AR IS P O BEFLR T, WSO ER
& L EE 2%, Williams FEB0HF 5T
WESE, &G R BRI B A FRIAE COL/PO 1Y
ROCOP [ B H1 30 HH 5 vy e A v 2 . 2 T otk
AHE g% B A R LT AL 1,3,5- 28 = T I
FUE M B TOE L 3 AN IR (4] — 5 T m] s
P& B AL AT EE, ISR 2 T AR 21
EERA: H—J7 T, BRI G n] 5 nh bk ok
WA R, @R O BT %
FE 3k — B 58 H Lewis MR 1% . b4k, LB ERIERN
k5 1,3,5- K = HBEFOA R, & — Bk & B
BPA]3RAG = bR AA, 1 SREE A ORI Rk T
AL A BOP TR, v BB R A 7)) 25 AR

* H UV-Vis. 'H-NMR 5 3C-NMR %} At {4
N HE AW 45 W) 7R 4T AL . UV-Vis H6 1% A Soret 7
(R AL 7% ] UL B b Bk 43— [a] 4 FEL 1 AH AR
RR N B AR A7) 1) 5 R R I 8 A1 B AR .
Kl 2(a)ffrzx, =HuLRhIREC /& T-TPP ¥ Soret 7 AH
BT BANRIREC A& TPP H1 418 nm 25 & 415 nm. iX
— BRI REY, T-TPP/ T H =Ty
MAAE R E M B FARETER, U QIR LE
A E RS EAE S . EIREE R MO
i E A EE T 1% = Fp O RS WREC AR 1) S5 F 1T
AR T I3 2 4 A S I 1 O TR) 1 [) 250 ) S
. A, TH-NMR (B 2(b))5 BC-NMR(HL, F 32
(s BB S5) i 2 HriE sz, =0k T-TPP
FRYIE R HANNE 5 5B R R — 2. K =
HUO IR B A S — 2 R SR (BLAICH R AL, R
AR = H O IR A . SR BCAL AT, ok
T-TPP 7 Soret 7 (415 nm) tH BLURFAE R ISCIE, Q 7

[X 45(500~700 nm) 7] M %2 E PN UG s 4RI
A5, ECE I Soret 77 T Wi I 2)) 22 414 nm,
[FIS) EH T 53 A5 R e AR S 0, Q Ay e Wiguge A
kD (WL LTS R A5 2B S6). 'TH-NMR i [ %}
bb o M R B (B 2(b)),  FL & 20 iR IR Py N—H
JR T IEAS 5 (0~-2.73) 58 & 2k, IEL T &8
R Ih S AR R AL, B B AR O
TS k.

2.2 COyPOEERHZR

ARG = A0 I IR TEC 5 40 £ e 7 D 4 A
e, AWK LN H T PO AT CO, 3L T M,
F LAB O TPPAVE AL FIVE N2 LA A TR . 4L
PERE M PO b2 . B IR BRI BEME K R & 1)
R EREE B S 3 AN A AT 52,  Likfabs
Y138 5 L 5 77 M () TH-NMR 3% [ 58 & i 53015
(LTS Re(E B ] ST).

T 5 2 52 B AL 75 PPNCI & 6 i 4L 1 g
GEZIE . £E[PO]/[A]] = 2000/1, 2 v i J& 80 °C .
CO,JE 715 MPa. R R [H] 8 h (4644 T, AN
B A 71 B A 2R 0 SR B T A B P TS (S
B3 ST, entry 1). [ e B4R & 5] N B AL
PPNCl/J5, BEFEFIERIN, POk kIR,
RS RIS T G B A E S, T AR e
B 2R IO 73RS B3R ST, entries
2~5). 418 4k 7 FH &2 BF 2 [PO]/[A]] = 5000/1, I
R FAEAR SR BT (L H 7 S RF(E B3 ST, entries
6~8). LiE S IUERETR bR, i€ PPNCI 1) SR
TN BRSO B R B 0.33 2

N RG SR PN R AR R, 4y
BITFRE T ANRRREE « NI B) R A AR B i 2R
HELns . WK 3) s, BEE &SR E S, PO
AR SRR E B S B 2 ETHEH, 7590 °C
i 591 35 B 5% 1 1E 36.0% A1 92.5%. 8 ik iR Fig ik
PEMELE 50~70 °CHLEE X [ fRFFfa e, iRt —
Wb, EPEEITAE TR, 70 °CHI198.0%
F% 22 90 °C[86.9% (1, entries 1, 3~6). iXx—Fj
GOn] JE R T il B R FA ) AR R =R
ARIK BRI (cPC)A: B IG I, AT T BOR Bk R I
EREVE R BR8N (E AT, BIMETE 50 °C4%
PR, RBRERERIEBEETI R T 95%, BRERERHEEL
TEET 80.0%; N4V AIZEK Z 8 h, PO%41L
K 13.2% 5272 18.8%, RWIREGIEF RS
£ 98.4% (%1, entries 1, 2). FiR&EHRER, =
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Fig. 3 (a) Changes in CO,/PO copolymerization selectivity
(%) and CU (%) under different reaction temperatures; (b) Plot
of the In[PO] versus reaction time showing a linear fit. The
reactions were carried out using the same feed formulation
with the sample entry 9, Table 1 in autoclave pressured with
5.0 MPa CO, for different reaction times at 80 °C. Initial
concentration [PO],=2.66 mol/L; (¢) 'H-NMR spectra of CO,/
PO copolymers under pressures of 2, 5, and 8§ MPa.

L IR S PR TR E AR 26 A R B R
StRREACTERE . 456 ROSLIR FEXT PO AL R . 2R
B I Mg e A28 DL S B IR T 5 PR S L, A
50~80 °CimZ N, RV D T EMRET

mRED EFHEA(ER L, entries 1, 3~5).

TESEFEA I, 852 RN 80 °C, HE—
L I ML RIS A HERE I R2 (R 1, entries 5+
7~9). ZERKW, N 4 h, RKERES
PR KRR TG & T3 T I8 90% LA by [ BEA[H]
KA 6h, EKEWIrTEALF]33.2 kg/mol. #—
% PO AR BN 71547 kA7 o0 A . an B 3(b) i
7~ In[PO]5 2 SIS 1] ) #h 26 72 0~8 h i [l 4 &2
MR IFILIER R, RKIFIZROCOP FH, PO
A PS5 i e S8 B ) R AR A A5 — SR R BBy 7 2
fE. b5, 5 5AN AL T 20 R A TR 5
Wy, 45 R BT, RIAERE i 46 ) H & B 2 [POY/
[Al] = 10000/1, 58 fifk IR I8 e 5% 14 S ik IR T 7 &
T REIE 21 90% LA b (HLF 3L K715 B8 S2, entries
1~6).

BT Egr#r, %L T CO, Ik Jpnf it
RN I R (R TS HEME B AR S3). 4 AR,
TE2. 5F18 MPa Jk Jyyu N, Bk IR Mg ik £ 1k
b CO, R JFH R K AV RIRER H. o0
TEME TR RGN JE R A
CO, & JJH12 MPa 271 % 5 MPa i}, & Wik
R G G & AR T 2 B, RO
96.8% W& 4 22 93.5%, ATI4EFRFE 90% LA L (H T3¢
Fr{E B £ S3, entries4, 5). 24CO, L Syt —H T
H A8 MPalhf, BRERERF THEKNIE RS
83.3% (L F X F#f5 B2 S3, entry 6). & 3(c)h A
] /7 S B =01 TH-NMR 38 6] H 2oR, Bl
H CO, B JTHER, MR BKER BR 1 "H-NMR kg
FROF TR /N, SR B B IR AR 70 THI AR 4
Ko FRRIGAE FIREE R pbAl, 4 S N 8] 46 5
B4h)5E, £ LER3IFICO,ETI(2. 5. 8§ MPa) |
HHTRASLLR, IRERS ERE s T
Y FHME R S3, entries 1~3), UEIHZE 352 ma R
FEA R EIE.

23 CO,BlFRKE(cCO)RIRERSHILS

R

&

N B G5 CO, Hs T 00 SRR e e 4% 12 A Tl
FR e o & B AR, Wit 17 0.5~10 MPa [ /&
JIREE R ALK (R 2, entries 1~8, [ 4(a)). 7
CO, [ /174 0.5 MPaltf, iZ =t LRbRES L &4
ALY BE 4 FF =118 80.5% AR IR R 65 B & &
T 56 8 4L 5 mp a4 5 TPP-ALTE #H [ 26 1 X
AR RORIR B PR R (32 2, entry 9). LIAXT LR PH,
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Table 1 Copolymerization of CO,/PO Catalyzed by T-TPPAI.
[POY/[Cat)/ P(CO,) Conv.©  Selectivity ¢ CU¢ TOF * M, ¢
Entry 2 t (h) T(°C) g
[PPNCI] ® (MPa) (%) (%) (%) (h™h (kg/mol)
1 2000/1/0.33 5 4 50 13.2 96.8 82.5 66 7.8 1.12
2 2000/1/0.33 5 8 50 18.8 98.4 80.0 47 14.5 1.07
3 2000/1/0.33 5 4 60 20.0 97.0 86.6 100 8.9 1.26
4 2000/1/0.33 5 4 70 22.1 98.0 88.6 111 14.9 1.20
5 2000/1/0.33 5 4 80 334 95.6 90.4 167 20.7 1.21
6 2000/1/0.33 5 4 90 36.0 86.9 92.5 180 19.5 1.33
7 2000/1/0.33 5 2 80 22.5 95.9 86.9 225 20.1 1.17
8 2000/1/0.33 5 6 80 49.3 95.1 90.3 164 332 1.17
9 2000/1/0.33 5 8 80 57.2 94.5 94.1 143 322 1.20

@ For entries 1-9, 2 mL of PO was used; ® [PO]/[Cat]/[PPNCI] means the feed molar ratio of PO, aluminum porphyrin units,

and PPNCI; © The Conv. of PO represents the conversion of PO, ¢ The polycarbonate selectivity represents the selectivity for

the polycarbonate over cyclic propylene carbonate (cPC); © The CU represents the content of carbonate units in the polymer;

f The TOF represents the conversion of PO to products including both the polymer and cPC per active center [Al] per hour;

¢ The molecular weight and polymer dispersity index (D) of polymers were determined by gel permeation chromatography in

THF at 40 °C, calibrated with polystyrene as standards. The calculation methods of all of the above parameters based on

"H-NMR analysis are shown in the electronic supplementary information (ESI).

Table 2 Research on copolymerization in supercritical carbon dioxide (scCO,) and low-pressure states.

Entry® [PO}/[Cat]/[PPNCI]® P(CO,) (MPa) Conv.°< (%) Selectivity ¢ (%) CU¢(%) TOF f(h™') M,* (kg/mol) D¢

1 2000/1/0.33 0.5 28.8
2 2000/1/0.33 0.8 20.5
3 2000/1/0.33 1.0 40.4
4 2000/1/0.33 3.0 524
5 2000/1/0.33 5.0 57.2
6 2000/1/0.33 7.0 57.9
7 2000/1/0.33 8.0 58.6
8 2000/1/0.33 10.0 335
9h 2000/1/1 0.5 -
10" 2000/1/1 5.0 59.9
1t 2000/1/1 8.0 49.7
12h 2000/1/1 10.0 48.3

10.0 80.5 72 3.7 1.37
48.0 91.8 51 7.6 1.13
72.4 94.7 101 24.6 1.14
92.9 96.4 131 25.7 1.12
94.5 94.1 132 28.8 1.16
94.8 93.9 145 25.8 1.17
98.1 83.3 147 30.7 1.56
96.8 83.9 84 16.8 1.13
67.1 98.9 150 19.3 1.16
68.4 96.7 124 16.4 1.32
60.6 98.2 121 17.0 1.29

2 For entries 1-12, 2 mL of PO was used. =8 h, 7=80 °C; * [PO]/[Cat]/[PPNCI] means the feed molar ratio of PO, aluminum
porphyrin units, and PPNCI; ¢ The Conv. of PO represents the conversion of PO; 4 The polycarbonate selectivity represents the

selectivity for the polycarbonate over cyclic propylene carbonate (cPC); ¢ The CU represents the content of carbonate units in

the polymer; f The TOF represents the conversion of PO to products including both the polymer and cPC per active center [Al] per

hour; ¢ The molecular weight and polymer dispersity index (D) of polymers were determined by gel permeation chromatography

in THF at 40 °C, calibrated with polystyrene as standards. The calculation methods of all of the above parameters based on
'"H-NMR analysis are shown in Fig. S7 (in ESI); " Use TPPAI catalyst. If no special instructions are provided, use T-TPPAI

catalyst.
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BRIR BRI B 1 20 A HR T 42 48.0% 5 72.4%,  BRTR
i BT Bt 0 Tl B T 2 91.8% 55 94.7%. 24 CO,

JESIAbTF 3~7 MPa I} (]2, entries 4~6), SRR
PR S R e R B T 90%. SR, 4
CO, J& /7l 7 MPaltf (8 #1110 MPa, %2, entries 7,
8), RIKIRBEEFENE BORFRAER SR, (HBRTR
P 25 5 2040 ) P& 22 83.3% #1183.9%.
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Fig. 4 (a) Polycarbonate selectivity and carbonate unit (CU)
content as a function of CO, pressure; (b) Variation of
carbonate unit content with supercritical CO, pressure at
different reaction temperatures.
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Research Article

Copolymerization of Carbon Dioxide and Propylene Oxide Catalyzed by
Tri-centered Aluminum Porphyrin Complexes

Cong-cong Zhang!, Tian-hao Qiu!, Rui Qu'2*, Yu-sheng Qin'-?*
(!School of Chemistry and Chemical Engineering, *Institute of Polymer Materials, Yantai University, Yantai 264005)

Abstract To address the growing global carbon emissions and rising plastic pollution crisis, developing efficient
catalytic systems for the ring-opening copolymerization (ROCOP) of CO, and epoxides has emerged as a critical
frontier in green polymer synthesis. Herein, we report the design and synthesis of a novel class of tri-centered
aluminum porphyrin complexes (T-TPPAI). By constructing a ligand with a rigid conjugated backbone via a one-
step acylation reaction, the synergistic effect among the active centers was significantly enhanced. This catalyst
demonstrated superior efficacy in the copolymerization of CO, and propylene oxide (PO), achieving a maximum
polymer selectivity of 98.4% and a carbonate unit content exceeding 96.4%. Systematic studies revealed a
significant dependence of catalytic performance on CO, pressure. High selectivity and high carbonate content were
obtained at moderate pressures (3—7 MPa). Notably, under supercritical CO, conditions, the enhanced synergistic
effect of active sites significantly accelerated the activation and consecutive ring-opening insertion of epoxides,
leading to an increased proportion of polyether segments and decreased carbonate unit content, while the polymer
selectivity remains high. The successful development of this high-performance multi-centered aluminum porphyrin
catalyst provides robust theoretical support for structural regulation and process optimization. Furthermore, it opens
new avenues and perspectives for the industrial synthesis pathways of green polymeric materials.
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v Efficient preparation of catalysts v High selectivity (>98%)
v Reduced usage of co-catalysts v High carbonate (CU) content (>96%)

Keywords Aluminum porphyrin complex; Synergistic catalysis; Carbon dioxide; Propylene oxide; Ring-opening
copolymerization
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