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v Reduced usage of co-catalysts
v High selectivity (>98%)
v High carbonate (CU) content (>96%)

Scheme 1 Structural diagram and performance advantages of tri-center porphyrin aluminum complex for CO,/PO copolymerization.



1366 =t

n T

¥ i 2026 4

L IE ) S AL (PPNCOAEAE T, 1% =t i ik
FRC A P HE AR AT U4k CO, 5 PO 3L R
LA SR B B T, F SR Tk I I 32 3 1P A v Tk
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© WA @ —
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AT

1.2 EIHEE R &G

LR Bl (NMR):  'H-NMR. BC-NMR
HH JEOL-400Y H A% il £ 41 8 3 A 3K, BLARAR
F A7 (CDCLy) A ¥ ), DY FY 3 1k ot (TMS) 8 A
Fr, WL 2R 43y 400 MHz. 'H-NMR V4 7] I -
CDCl; N §=7.26; BC-NMR %77l : CDCl;y N o=
77.16 ().

HE 3% (U (GPC): AL T &A1
50 A0 R R B 0E Bl WATERS 2414
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240 -] WL B (UV-Vis): MR A
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Fig. 1 The synthetic route to tri-center porphyrin aluminum complex.
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1.3.1 LAY TPP-OH 4 ik

¥ 4.4 g (36.0 mmol )X FRFEZ HIE . 10.9 mL
(108.0 mmol) 7 FH i Al 500 mL 75 /2 73 51 in A\ 3]
1000 mL f) = 1B rh, FHiE 2 130 °C, it
0.5 h. £ 10.0 mL (144.0 mmol) Ti 5l 28 1 H 4l fry ntt
ORI B = OB, W HEE
165 °C, AHEFEI 2 h, [N 5E A E AR HI 2 =
T, R 2 2 LIS, A 500 mL H
B, JRNUKFE R TR SR R B, i385 FH 500 mL
HE . 500 mL UK PER I8, WEEIEE, AN
HATBMEA TR, s TEE, S E
JBe, V(&) VCa i) = 1/1) 44k 5 5545 2
5-(4-F2 FL K HE)-10,15,20- = F FL 0 Wbk (TPP-OH),
F=EN 8%. TH-NMR % & L HL 7 S R 45 B A S2.

(b)

(2

1.3.2  =duC bk (T-TPP) & A%,

ST, ¥ 1.3 g (2.0 mmol) TPP-OH,
0.3 mL (2.4 mmol) = Z IZ % T 10 mL J&7K THF,
BT 50 mL = Hkeirh, vKKE T HRrehitt .
#0.18 g (0.67 mmol) 1,3,5-7 = HBEEIA T 5 mL
Jo/K THF, FFEEi@ s = R, ihnse e
Ja, WEBIER, WS . ek 2R %
THF, ¥ 7Y% F DCM, #5245 R 2,
FMIAIE Eh/K PR 3 0, AL, BUAHUHINA TG
K MgSO, T4, i, WA, MifER
IXBREER, BBEERORAR, BARTHFH—
TR, TS i A E AT o B (R
ZE )3 R T-TPP, F=%490%. UV-Vis it K
LB 2(a), 'H-NMR i & 1LI& 2(b).

Absorbance
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7

11.0 10.5 10.0 95 9.0 85 80 7.5 7.0 6.5 6.0 55 50 -2.5-3.0

0

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 = LR L A 20 (T-TPPAD I & ik
¥ T-TPP (0.3 mmol) & T 50 mL — [ &),
SRS min BR 2R R PRIKATES, B=0
FRIHBCE VKRGS, AN S mL oK & H e
RS R . )44 & NI 0 0.54 mL (1.08 mmol)
L HEE AR (ELAICD, 5 min J5 INHVE =G,
AR HE3 h, B R AR R AR £ 2 RN,
SR ENT (PR, VR R/ VR ) =
10/)4tifk, 554 T-TPPAL, 7* % N 91%. 'H-
NMR i & WL 2(b).
1.3.4 (L&) TPP 14 K
¥ 11.2 mL (0.16 mol)# F i A1 500 mL 74 2

A3 AN 2] 1000 mL ) = R+, FHE =
130 °C, $i$#0.5 h. 4 16.0 mL (0.16 mol) Fii 5 7%1%
FRAi R E R IS = DR, Wi e
FHEZ 165°C, AEEENR0.5 h, NAE L5, AH)
BRI VKRS, fhdE, SRR O]
VE. FHHRESRIR BRI, AR5 IV ZE 18K
Ve R IR R, [FRIR AR . ZHY
Ak — G b/ FH B E 45 RS 51 5,10,15,20-P0 %
FENRIBR(TPP). UV-Vis i I WL 2(a), 'H-NMR i
L PSR R S3.
1.3.5 1L&Y) TPPALI & ik

# TPP (0.3 mmol) & T 50 mL = &,
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AR S min R EAR R T IKAASR, KB=0 [X 15k(500~700 nm) A] W 2 | PY AN U s 4R

R B VKK, I S mL JE/K & H b
FERFEE R . MR R RN 0.18 mL (0.36 mmol)
(2 mol/L in hexane) —. Z, Z: H AL (ELAIC]), 5 min
JENFAE R, AREEEERE3 h, IR 2R KA
bR 2 RN, @EfPEELE, 2R
e/ V(R EE) = 10/1)4lifk, 5E1% A TPPAL, 7=
2991%. 'H-NMR 1% B WL 73 RF(E 2 S4.

2 HR5iH

21 BEUFNERSRIE

& JRARRFEHIE T Lewis FRYE X SR (K EE 1
FEPERD, A COo/PO FFIA L 4 < B (ROCOP)
(AR AL TS P O BTSSRI, Ve RO EE
B E A L R 2, Williams 25RO 5T
TESE, 3% 1 0 TR R B/ R A AL FRIFE COL/PO 11
ROCOP Jst I H ZR JLH B sy R f A0 1 . 2 11t
AH F A% R R LT AL 1,3,5- 28 = Ik
FAE MR O 3 A MRS [ — 5 T m] sK
L& B AL ST INTRIER,, EEFJ2 R 21
WEEH: H—J7, BRI o] 5 nh bk ok
WA R, B RS ER O BT %
FE It — 158 H Lewis BR 1% . b4k, LB ERIERR
W5 1,3,5- K =W SO R, 22— BBk eV
RIATSRAG = O nhIREC A4, 1 SRS AR K AL, 1
AT B P BR, AT AR 25 A

K UV-Vis. 'H-NMR 5 BC-NMR X fig. {4
S LA 85 M AT RAE . UV-Vis Y61l Soret 77
(A5, 7% ] LU e R bR 43— TR 74 L7 AH AR
DRR N AR 4 7] 10 &5 R R I 2 4 B AR .
Kl 2(a)ffrzs, =HrCnhBREC /A T-TPP ) Soret 7 AH
BT BN EC AR TPP H1 418 nm #2530 £ 415 nm. X
—EBIREY, T-TPP/> T rh =Anhikoc
(B FAAE B AR AR, ULBAAR QIR ER7E
A ERAA A EAE S . EIREE R MO
W E A EDE T 1% = Fh O nREC AR 1) 25 # e
M T 5 B2 4 A i T 1 v O TR B 3] 280 ) S
. A, TH-NMR (B 2(b))5 BC-NMR(H, F 3
Fi s EE S5) i 2 MriE sz, =0 Edik T-TPP
ARG NG S 5B R R — 2 K =
H MR AA 5 — 23R S AL ER(BLAICH ER Az, P
AR = H O IR S . SR ECALET, Fo A
T-TPP 7% Soret 7 (415 nm) tH BURFAE RS, Q 7

BLf5, ECA P Soret 717 I WS I % 2)) 22 414 nm,
[F IS EH T2 25 A RS AR RS I, Q Ay MR Wi g
ek /b (0L LT SRR A5 BB S6). 'TH-NMR i & %)
b 23 #7 B (B 2(b)),  BE A 40 H IR IR ER Py N—H
R T HIHFIEAS 5 (0~-2.73) 58 &= %, IESR T &R
BR R Th S IR AR O A, HH IR B AR A
TS k.

2.2 CO/POERHR

AR FE = 0 RIS IR T £ 40 A 751 1) 4 4 1
Re, AHEFCE LR H T PO A CO, B3 T i,
F DA O TPPAVEAGFRIVE N 2 LU AL 7). fiEAL
PERE M PO b2 . B IR BRI BEME S R & 7 1)
HIRIRERRE B S B 3N AT S, LR TEbR
Yoy i JL 5 P M ) TH-NMR 1% & 2 B i 5 3RS
(LT3R B ST).

T 4 2% 22 Ak ) PPNCI & 00 8 4k 1 g
QR . LE[PO]/[AL] = 2000/1, J2 v I J& 80 °C .
CO,JE 715 MPa. R BT [H] 8 h (4644 T, AR
B A TR B A R 0 SR B T 2 (UL P T SRS
B ST, entry 1). ] AR F 51 N Bh AL
PPNClJ5, FEHAENI, PO 5 RIKIRES
R RIS TH G B A E S, TR R I B
Bt A s MR8 (L 7SS B K S1, entries
2~5). 1 4k 77 F & B& 2 [PO]/[A]] = 5000/1, E
IR SR BT (L HL S FF(S B3 S1,  entries
6~8). LrA AU RETE AR, i € PPNCI ) s ¥
HnE NS G BE IR B 0.33 M

N R G G LA R A RS, oy
BUFFRE T ASRIELRE s SR 8] B Ak 771 FH = 1 56
AL WK 3) s, BEE RN ET S, PO
AL R SRR BeE B A B B B THEaSs, 190 °C
i3 531l 35 3] £ 1 H 36.0% A1 92.5%. 58 ik iR i ik
PEPELE 50~70 °CHLEE X M R FFFa e, iR —
Wb, ERPEITME TR, A 70 °CHF98.0% &
F% 22 90 °CH186.9% (% 1, entries 1, 3~6). iX—Hi
GOATAR T3 i B #) F BE AR e BRI P
RIKFR R (cPC)AE I, T 5 BUR R s
PRV BRI (E A TR, BIMETE 50 °C4&
TR, FEBRIRERIEFRIETIR T 95%, BRlREasE B
FEET 80.0%; H VM AIEK 2 8 h, PO#%1L
FHH13.2% T2 18.8%, RIKIRERIE PR3 =
%98.4% (%1, entries 1, 2). FiRZEHREY, =
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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.

LR L B I REAL R E AR 26 1 R B R
SRR RE . 236 SBLIRFEXT PO AL R . 2R
ik R M 0 11k DA S B PR M 2 R O s i R, A
50~80 °Ci VLN, REW D T EERET

IR F (R L, entries 1, 3~5).

TELCEERE b, [EE RS A 80 °C, iE—2
L NI AP SRS R RE I S2 (3R 1, entries 5+
7~9). S5 REKH, MM R4 h, RERRES
PR SRR TG & T3 T IA 90% LA by O BER[A]
SEK A 6h, KEWITEALF]33.2 kg/mol. #—
A% PO AN 1547 kAT 43 A . an B 3(b) i
7~ In[PO]S 2 B[] ) #f 26 7E 0~8 hyu [l ) 2
M RIFIMZNMER R, RIFIZROCOP JiH, PO
R PEE T e S8 ] ) AR Ak 5 6 — SRR R B)) ) 2 R
fE. b5, AR EX R AN
W, g5 LR BT, RPAERE i A ) H & FE 2 [POY/
[Al] = 10000/1, 58 filk I I8 175 58 4 A ik IR T 75 &
5 REIE 21 90% LA b (HLF 3715 838 S2, entries
1~6).

FTLL B, M BHEE T CO, L3t
RN S (FL SRR (S B3R S3). S5 R,
FE2. 5H18 MPa & J17G B N, SEHK IR BR ik % 14
BE CO, I I BTG K FEE W R s o
TEME N ERRRE JE R
CO, [k JJH 2 MPa #2714 5 MPa i), AW ik
R G oG & AR T 2 B, RO
96.8% &[4 42 93.5%, A4EFETE 90% LA (T3
Fr{Z 83 S3, entries 4, 5). 24 CO,JE fyidt—H T+
= % 8 MPa i}, ik R IR S C & B KR T 2
83.3% (HL 73 Ff(5 E & S3, entry 6). I 3(c)F A~
] 77 FE A =1 TH-NMR 3 6]t 2R, [l
H CO I JTHE R, MARARER T Y 'H-NMR R I
RO T REW IR/, SRR B PRI AR 23 T A 1
K, FIRIGAE LIRZE R pbat, 5 B i 8] 46 58
£ 4h)E, £LE3IFCO,EHQR. 5. 8 MPa) [
HATRE L, E4ERE FRME ST
Y HHE R S3, entries 1~3), W% L S50
A BRI E M.

23 CO,BlFERE(scCO)RIRERSH LS
R

N R G 5E CO, i 7750 SRR R e e % 1 B Tk
FRIE e & A, Wil 7 0.5~10 MPa [ &
JIBRBESR A SLIR (K 2, entries 1~8, [ 4(a)). 7
CO, & /7128 0.5 MPa i}, 1% = H 0o nRER L 54
AL AT it 2 15 T 80.5% I ik B T B B &5 &
T 0T HE ZH 5 o 44 77 TPP-ALZE AR [R] 2644 X
AR O R R BR G (K 2, entry 9). LIAXF LR,
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Table 1 Copolymerization of CO,/PO catalyzed by T-TPPAL
[POY/[Cat]/ P(CO,) Conv.¢  Selectivity ¢ CU¢® TOF f M, ¢
Entry ® t (h) T(°C) e
[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 80 493 95.1 90.3 164 332 1.17
9 2000/1/0.33 5 8 80 57.2 94.5 94.1 143 32.2 1.20

2 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¢(%) TOFf(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 -
10h 2000/1/1 5.0 59.9
1nh 2000/1/1 8.0 49.7
120 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.

= HUONMRES AL S AL TITEAR CO, R 145 1F T
PTG 25 A 3 3R s B A R BB T . B CO,
JESITHEZE 0.8 F111.0 MPa (£2, entries 2, 3), %
PRIR R IR TR 20 B IR T &2 48.0% 5 72.4%, BRTR
Bis B0 A B A AR T 22 91.8% 5 94.7%. 24 CO,

JE 14T 3~7 MPa It} (322, entries 4~6), UKL
PRV S R R R B S BT 90%. SR, 4
CO,JE/7i85d 7 MPaFf(8 f110 MPa, #2, entries 7,
8), RBRIREE I BORFRER SR, (HBRER
P 5 0733 4 22 83.3% A1 83.9%.
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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.

B R A N IRIREE oo S = N IRILE,
HEM H PR 5 CO, #E N B I TR (s¢CO,) % V)
. CO,MIEFZH 311 °CHI17.38 MPa, 4
SR NLGAFHB IS Z G AR, CO AR NN TAA
EJAS 22 TA] ()RR I St A4 B32), AR A S i v
o, ARSI m O S R ) AR R
B UGE TR AR RAE A . — 7T, B
AR ER T T 2 O AR FRITE SR A 5T
(IR S 55 43 OB, il 1 v M RO R
B IES, DA SE A Rt A ] 1 S (back-biting)
S R, A SR Tk R I 0k B PR IA 21 98.1% (K 2,
entry 7). 55— 5 1HI, Ao FIAE A 3 5 5
EINE T M A IE S E LT AR, T
CO, i NI # K e 5 I S8 T 300 2 7] 25 42
T, SECRREEEB L] LB, B AR R B b
5o ARG S N REZ) 10%. NIRIE IR S
M, f£60 °C TR T AF CO, B IR G L5
(T Fr5 532 S4, entries 2~6). Z5 KW, 4
CO AT BB IR LRSI, BRIR R 4E B & B4k RF
£ 80% LA b (FL+ K15 B8 S4,  entries 2~4);

M COENHIG TR )G, BRI TS 22
78.2% (WL T F# (5 B3R S4, entry 5). iZM S
80°C &1 T (M358 45 - — (K 4(b)), WESL T £
HHLC i S SR AL A4 2R R seCOL RN FIAEAE . A
Hebk scCO, H G WAL PER B F 8, RSO
TPPALMEALFIME AT IR, 7E5. 8 F110 MPa T FF
JE CO,/PO FE TSI (£ 2, entries 10~12). 45 R 1T
s AEARERIG S AR AE (S MPa) &, B PR IR B B
N 98.9%; 4 CO, ik NI FHIRFS J5 (8 #1110
MPa), BERTS 0 & B MBS, K2
IR AN SR v e R S g 3R : T RS M ] i
A P IRBRER s & & R AR Z ok
IR £ A 22 B 1) s COL MR S 587, 34— D A AE
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YEH.

1E3~8 MPa JE JJ X [ N, 50 I 1) SRk
Py 3 8 5 AR TR i 5 B 1) R R 38 s 7K ELAE X
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FEI A . 24 ) B it — 2 & 22 10 MPa ), PO
AR B PLEE R, 8 MPaltf[f58.6% %4
33.5%. 4 CO, K JFe8 Tt milt, KoK & Co,
DL SRR AELE, AR T R A AR
ke, BRART POTER PR AW INA BOKRE,
HET 53 TOF 1 PO B 4k 2R 40551,

CO, JE ST AW 77 T RIS PO AL
R RORIREE R A kR T e & A O
£ 0.5~1.0 MPafiC X [8], Bt /3y, SEAKIR
PRk PP SR oS 2 R BRI, T EH
3.7 kg/mol K IE 1 4= 24.6 kg/mol (£ 2, entries 1~
3); JEJI1E1~7 MPata [ W), PO b3, %
IR TR PR PE 5 IR IR oo & B IR E, 2T
AR E 7E 25~30 kg/mol (%2, entries 3~6); JE
=T % 10 MPa i, 32 PO 46 2 5 Tk iR s
BougERIEEmE, REMrTFERHE TRE
16.8 kg/mol (%2, entry 8).

A CERIE S, scCO, KN B4
F CO,/CHO 3t Bk 73336391, &%} CO,/PO 1 5
SL T FEAR XD AR AR, 1E COo/PO
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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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