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Abstract: Photocatalytic water splitting to produce hydrogen is one of the effective ways to achieve solar energy utilization,
in which the key point is to develop efficient and cheap photocatalysts. Conjugated microporous polymers (CMPs), allowing
the fine synthetic control over their chemical structures and electronic properties, have become a new type of photocatalysts
due to their diverse synthetic modularity. In order to investigate the effects of molecular structures on the photocatalytic
performance of CMPs, four triazine-based conjugated microporous polymers (TCMPs) were designed and synthesized by
Suzuki coupling reaction in this work, among which, TTCMP1 and TTCMP2 contain thiophene units, and TFCMP1 and
TFCMP?2 possess fluorene units. These TCMPs have high specific surface areas and appropriate optical band gaps. Through
optical analysis of these TCMPs, it is found that the structural change of functional units and the length of linkers can tune the
energy band gap, thereby influencing the hydrogen production performance of the polymers. Results show that TFCMPs

containing fluorene units show better photocatalytic hydrogen production performance. And TFCMP2 with longer linking
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units shows the highest hydrogen release rate of 244 pumol/(h-g) under visible light (A = 420 nm). This work provides a
promising strategy for exploring the relationship between the structure and performance of CMPs for photocatalytic hydrogen
evolution.

Key words: conjugated microporous polymer; photocatalysis; hydrogen evolution

BEHE NIt 2 i P A e, X T REIR A9 75 SR IEAE AW I . AR AN ol A BEUR, Ao RETR A A i A
BR, ELAE A BEVR A AT i vh 3 2 S OB T5 e, A W BE IR BT R AR I S2 B2 % ik . K FHREAE A
TE AR AR, AR, 2R, B4 R 7 MR o TEARZ K B RETT & AR T i i,
8 5 2 S A PR K K PH BB AL Dy S0 RE — Bl AR 3 T PR AR A RE 54 075U, ARk, 22 FAT R 29T
KT A= &, Hor R 2 BT 4 TR oL S A AR E AT, XA P AR R B A4, 5
TEAUCAEALRIRA L, A HLCHE R S5 R T PERE S T 0R4%, A B SCEal WOLIH PSS, PR R &Y
(CMPs) 12 S — i B AT HLOCAEAL ), AT FLASF R % | S5 ARG E M | 2 T ARURRIT AT LI I AL P 5t

= RSP RFL R A (TCMPs) [ = 1 .50 H A AR 38 14 W L 51, A3 B T D64 Ak 2o 2 v e fir B9 90,
PRI ) 12 IR T e A a3 i K i &, I AR AT — S SC 8 SCRIFAE T 45 F %) TCMPs SGAiE Ak 1 g 14 52
M (16171, 51 411, Michael P18 4138 1 Sonogashira-Hagihara {15 52 0 1 W HL - — 8 BT R FE BT B e ok
BB T —RINGHMAN ZALREY . W R, i dUE i T TR R, BB R E R A Y
A T, DT O AR R S Ak = T P . X SE R A W I T 0 5 i e p AT e, O Ak = Sl R e
725 Al 1A 5] 194 pmol/(h-g)!'8, F i, AR 7 TCMPs 143501 5| AL 7 10, 7 10 0 54, IR 1 0 3 )
I AXT R G YL R R . S5 SR, 51 AW T B0 v] DUE KRG Wi S0 i 7 54, &
L -2 X 43 B ROR,, 4R R R A i e AR, L RS 2 B, Sl 1k X 25 R I 4R, T LLECAE TCMPs
(RGaE M B, T ek HO B et e

R T it HRGE TCMPs 2548 5P BB Z 181 14 56 38, AR SCKE ELAT ' F 16 M Y W My 1 2 BT R Pd AR 1Y
Suzuki B W43 515 | A E] TCMPs Hr, [F]ET, 8 i 88 4% K il 45 T 4 i TCMPs, Frft TTCMP1 fil TTCMP2 H
A VEW 57T, TFCMP1 Fl TECMP2 B A 25 500 . i ¥R D) BE 5L 70 Y 45 14 A8 b G Ak il S 5 ), A 30
25 LT ) TCMPs HAT B4k = Stk pe, B K S o0A B TR SR Gt etk Hi,
A 25 FRIT R GE B2 BT I TFCMP2 30 B 5 9 7= A UK, 76 T WG R 77 &0 3 4244 pmol/(h-g) -

1 SSEo

1.1 FERFIR

2,5- T REWY (w=99%) . 2,7- 1R %5 (w=99%) . VU ( = HL ) 48 (w=99%) . 1,4-7K IR (M3, w=99%) .
44RO R R S (M, w=99%) | filk iR B (w=99%) : 43 #1241, |- 5 Bl 35 3 307 A B AN /] 5 04k 0 4R
(w=99%) . N, N-—F 3 H Bt i (w=99%) . = Fil B i iR (w=99% ) : 1 R Jl B} A PR A 7l 5 = S ALk (w=99%) : 1}
WwHLRHE A FRA A

2,4,6-— (5-IR-WEWy 5£-2-) -1,3,5- = (M1) [ & 1S BROCHR [20] 19 5256 5 7, 7™ % 0 88.0%. 'H-NMR
(400 MHz, CDCl3): 6 7.17 (d, 3H), 7.96 (d, 3H) . JCFR 43 #H7, TH554E: we=31.94%, wu=1.07%, wn=7.45%; S50 1A :
We=32.43%, wy=1.21%, wx=7.57%.

2,4,6- = (7-1R-255E-2-)-1,3,5- = (M2) 5 BLS BESCHR [21] SR8, 7% 0 79.6%. 'H-NMR(400 MHz,
CDCl3): §3.96 (s, 6H), 7.43 (m, 6H), 7.60 (m, 3H), 7.67 (d, 3H), 7.83 (m, 6H) . TCZE4HT, i1 AH: we=62.25%,
Wi=2.25%, wxn=5.19%; SLIAH : we=61.87%, wi=3.29%, wx=5.03%.

1.2 MK 5RAE

% 0 3 4R &% (TH-NMR) 50 M43 (35 -+ Bruker 23 7] Avance 400 MHz): A CDCl; M FII5E; 4 A 3t &

AT ({5 [E Elementer 2y 7] Vario EL) ; {8 HL A5 #0217 416 {3 (35 [F Nicolet 23 &) FTIR-560) : il i KBr [ F
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PAE, L 4 000~400 em™'; HTE 43 HT 4 (8 [ 1 323 5] TG209F 1) : FHESEE 4 40~800 °C; i+
i 38% (€ 18 FEI A ] NanoSEM450) ; ‘AW Y ( H 4% microtrac BEL /A 7 Belsorp-Max) : il i 77.3 K T A
AW B - BRI, BET b 3 T80 AR 3 A X /7 0.05~0.35 T (9 &0 WE B 33805 40 %668 ( B 4 Shimadzu
23 F) UV-3600) 5 ¢ Y6961 ( H AR Hitachi 23 5] F-7000) : # 4& 3% K 8 373 nm; H AL T AR 6l (B R A )
CHI 660E) : AW f i 5 48 L 8L (HOMO) fE 2 n] LLiE i3 /A 2 Enomo = —[Eox - E(rerer) + 4.8] e VI TH5;
AR i 48 H 7 0E (LUMO) BB 18 A X ELumo = Enomo + Eg TH3L, Hi Eoy AL HLAL, By R 062707 B
JeAEAL 2 88 (b 50 3 3R A FR 2 7] Labsolar-II AL : ¥ 20 mg 5 A ¥k K A 90 mL 2585 77K b, FmA
10 mL — ZBERAE A28 7 HE R, J A 408 1 h, ZACR 8RR, 300 WA VR OB, P A i A RS 7R
iERuNEE e Rl
13 BEYNEH

B4 TTCMPs H & BEW Ay 2R M1 4351 1 M3, M4 B4 % TECMPs /3 25 i 5K M2 43 51 Al M3,
M4 RAfiles. HEKE L& 1 s

K1 ®E% TTCMP1, TTCMP2, TFCMP1 Fll TFCMP2 YA R 28
Fig. 1 Synthetic routes of polymers TTCMP1, TTCMP2, TFCMP1 and TFCMP2
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# M1(112 mg, 0.2 mmol) . M3(50 mg, 0.3 mmol) . K,CO3(662 mg, 4.8 mmol) fil A = Fii , Flfe < B3 2=
TR Z H <, A DMF(40 mL) f125 8 17K (2.4 mL), 863 1 h J5 AP (= 2K 5685 ) 42 (12 mg, 10 umol)
B3 0.5 h, MIFRE 150 °C [ W 96 h 5 Hhug, SRR F LB oKk W, =S e, PIERVE R UINE, R GG —
oy B AR, S AR EI T 120 °C B A TR 5 B AR & TTCMP1(72 mg, =% 82.8%) .

HAL R AP 45 TTCMP1 248l . TTCMP2: # &  ACR B A, 73K 82.9%, TFCMP1: [ & #5 AHR [
7, 723 90.7%. TFCMP2: B (kAR AR, 77 2R 89.4%.

2 HR5HR

2.1 REVMEHSH

R4E%Y TTCMP1, TTCMP2, TFCMP1 Fil TFCMP2 ¥ RN IE R R, 8RR E T LR Ol ™
Ml PR . S e FR R L DO I MR A AT ALV R, S R SR KA R T R 2 R AR R AR Ak, SIE R
TCMPs HA7 K47 il As e 1 -

2L A0 b (1 2) s Br A 9 B ik (M1, M2) LR & 4 (TTCMPL, TTCMP2, TFCMP1 I TFCMP2) #£
1500~1 510, 1360~1370 cm™" F1 790~800 cm™' HJFF7E —WHEINWFRIENE . 55K M1, M2 # L, G4 TCMPs
FE£ 510 cm™! &b C—Br S A4 ARG 2%, BERH A SR R

TTCMP1 b
@ ® rempa
TTCMP2
TFCMP1
M1
M2
L 1 1 1 1 L 1 1 1 1
2 500 2 000 1500 1 000 500 2500 2 000 1500 1 000 500
Wave number / cm™! Wave number / cm™!

B2 (a)M1, TTCMP1, TTCMP2 f1(b)M2, TFCMP1, TFCMP2 FU4TAMGIE R
Fig.2 FT-IR spectra of (a) M1, TTCMP1, TTCMP2 and (b) M2, TFCMP1, TFCMP2

AR T IR 5B (K 3) 78 TTCMPI, 100

TTCMP2. TECMP1 Fil TFCMP2 Jii & J /> 10% I 114

M 614, 628, 551, 623 C, I AT R4W ¥

fE 800 U 4 M IE 5% I RR AR B RWIBEH

TCMPs #230 H RAF A HEa s b E o
W T B M ORS AR, RIAR 3, |

MURFEEI) TCMPs FLR W2 R 1y, ELAT ey :

BTG TTCMPs J2 5 %5 HEFRL 1 44 K ks (14 4(a, b)), 20l

i1 EL AT 2 2L T 9 TFCMPs A4 T6 55000 J2 A< 50 000 4 1R

Lt i "o w0
T RAE TCMPs LB 288, 72 77 K T B3 RAWINHE T

ET %%% 5 /}fk% %ﬁﬂf‘é RS it £k , 4 i TCMPs %K%‘:{i% Fig.3 TGA curves of the polymers
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E 4 (a)TTCMPI, (b)TTCMP2, (c)TFCMPI1 F1(d) TFCMP2 {414 e B &l
Fig.4 SEM images of (a) TTCMPI, (b) TTCMP2, (¢) TFCMP1 and (d) TFCMP2

TR TV BUR 25 G 00 00U 0 BE it 4 Rk o DA R0 I B SR R B b (18 5Ca) ) T DU Y, FEAIRE X
(plpo<<0.1), 4 Tl 55 Wy 1y Wi oY 2 DR - -, 300 ) 3ok 26 SR 5 1 140 EL A 405 g WD A A0 P L 65 0 5 A ARG 8 1) 1
DX, U it B R B T, JRAEAE IR, 26 B LA A0 v 77 7 R T 0R ME R L K [ B S R B Y A FL&G
¥y, dlid BET J5 A t-plot J5 k3 5l it 5345 2 4 MRS Y BET R R (Seer) « B LA (Vrow) FITLSLIK
L Vutiero) (2 1) o B4 % TTCMP1, TTCMP2, TECMP1 Il TECMP2 1) Sger 43 %) 4 364, 338, 301 m%/g Fl 347
m?¥/g. M HCER B RCFL AR BV B n] LR 3, 4 Fh SR G 00 SCFL AR BRI bE 3R T BT R A 3 . 81 5(b)
AR AR AR % v R e (NLDFT) 5 2 1Y 4 Fh RS WL K, RE WAL AR S 43 A 7E 1 nm
2 nm 247, 3F HEA DR LA, X 528 TRBH 2 25 R4 .

1000 - (a)

m— TTCMP1
o — TTCMP2
800 | A— TFCMPI1

v— TFCMP2

Quantity adsorbed / (cm3-g™1)

1 1
0 0.2 0.4 0.6 0.8 1.0 0 5 10 15 20

Relative pressure Pore diameter / nm
F5 (a) ARG N, WGkt 2k G 1 fZE bl I, 55128 5 Wy e i S il 208 GV ESF3% 100 em™/g) s (b)FLAR M1
HZk

Fig. 5 (a) Nitrogen sorption isotherms for polymers (For clarity, the isotherms are shifted vertically by 100 cm?/g relative to each other);

(b) Pore size distribution profile for polymers
®1 REWMLLE

Table 1 Porosity properties of polymers

Polymer Sper /(m*g ™) Vaticro /(cm®g ™) Vo /(cm®g ™) (p/p=0.990) Vatiero! Vot

TTCMP1 364 0.38 0.83 0.46

TTCMP2 338 0.37 1.08 0.34

TFCMP1 301 0.41 0.94 0.44

TFCMP2 347 0.38 0.78 0.49
2.3 FHN-AT AR IE RIS L K S A

M\ 4 Bl R G W 14 58 A1 - 1T DL IS 1E TT LA R, 4 R0 ERE W0 A R IBOG S R IR 9E 2 T AT LG X (& 6(a) ) .
R4E% TTCMP1, TTCMP2, TFCMP1 I TFCMP2 1M Wil iz 4 43 51 24 535, 515, 460 nm il 460 nm. 3 iz ¢
W5 SR RO 2E AT B (E) 2390 2,57, 2,64, 2.96 eV il 3.01 eV (3 2), Al UL & BEM} 1) TTCMPs 71 i Fe
AR Y5 25 9 TECMPs 5578 BG4 B

4 F RGP R DG AN B 6(b) FTs, ZEIE K R 365 nm MYGIE T, 4 R R A W34 ] WO XK &
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K6 RAEWN(a)5Ih-A] TLIRIBOGIE R (b) 9 GTHE
Fig. 6 (a) UV-Vis absorption spectra and (b) photoluminescence spectra of polymers
#2 REWwMpAtkee
Table 2  Electrochemical properties of TCMPs
Polymer Ey eV Eomo €V E, eV Eiumo eV
TTCMP1 0.78 —5.23 2.57 —2.91
TTCMP2 0.78 -5.23 2.64 —2.82
TFCMP1 0.75 -5.20 2.96 -2.50
TFCMP2 0.77 =522 3.01 -2.52

et . AW TTCMPL, TTCMP2, TECMP1 Fl TECMP2 Y fc K & 51 % K 43 %1 & 593, 578, 575 nm Al
560 nm. MRS E KA, 5 TFCMPs M [, TTCMPs 986 & S B L T 2088, 548 4h-a] Wikt
RIS ARR] o 35 B B G2 A D DR 2 W WV S sk Pl S AT, R DA R L 1 R R AT R T P T 2 A
NTTTE 153+ N HLAT 3 4%

2.4 BLALEIEEESAR 20 10
30 3 H A 2E AR A R A W B 1 R e i

Ze(CV IhZ) WK 7 PR, 322 45 71X 4 #f TCMPs 15% 1075

A ALHLAL, LUMO BEZR . LBl HOMO REZ . <

B4 TTCMP1, TTCMP2 . TECMP1 #1 TECMP2 [ g 10x10°

LUMO REZSY 1 -2.91, —2.82. —2.50 eV Fl-2.52 ¢V, S

FF 4 TCMPs ) LUMO fit 263 5 F Ha0/H, 19 6 5t 05107

HE(—4.5eV), K 4 F R G REHL AL R 92 1 31 0

WIE LSS Y e - .
2.5 AT SeAELIK S BN o4 0 02 04 06 08 1.0 12 14 16

Potential / V
B 7 REVIIEIR R I

Fig. 7 Cyclic voltammograms of polymers

T 2 % A W) 2 FL T BB R 25 PR R 1 A AL
P AT TR LA, 4 FR R S B B
& TRIAURN 4538 B 11 BEATY [R] B A . LUMO BEZ, H Ik
AT LA HAE e R 0 Tk A0 7 S B 4 Fl TCMPs 43 B4 BBk v, DL = CBEERAE 23 7R, 78
AT UL (A>420 nm) (9 BES T #2250 6 h, BEFE 1 h ik SO A5 kil 7= & i . TTCMPL #£ 7] WG R B8 6 h
JE AR SR A, T HAR B TCMPs #5254 =& 30% . Hrf, TTCMP2, TFCMP1 fil TFECMP2 1 7= & 5%
ZA R 113, 106 pmol/(h-g) A1 244 pmol/(h-g) (& 8(a)) . 43 %5 HItH) TFCMP1 il TECMP2 Lt & 47 MEW; H1
JGHY TTCMP1 Fl TTCMP2 ELA T4 i A Ak = S o T R AT BB 2 7 25 B o0 i TFCMPL Fll TECMP2 B A
55 A Ak 43 i oK 5 A DT IR Y g T (] B FT LUMO fig 9 {8 (—2.50, —2.52 eV) . [A] B}, TFCMP1 1 TFCMP2
LUMO RBZ A S HA N AR LAY (4.5 eV) Z B Y 22 (H 5K, 530 TFCMPs 16 7= &0 #4240k 8h 71
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R, T 5 A 7 U . TFCMP2 (147 S8 85 T TFCMPL AR B AR, 7T REJE DY oy Ho™ SRR Z ) 2%
ik 2l 3 MR [ B P b IR 3R A S R 52 o Jir

AP B — 2L KT AT WG 7= E8CR B 19 TECMP2 (B ERPERE, W& 8(b) iR, £85d 3 ¥k (18 h)
ARG, R W ATI ORISR A A 7 U A%, I I AT B8 RO ER P RE

30 - (a) 30 (b)
m— TTCMPI
55 e— TTCMP2 . .
A— TFCMPI 5r .
v— TFCMP2 ., -
= 20+ —= n
S S 20f -
g g .
= 15} v =
e . ¢ E
[Sa] 10- 3 =) [ | [ |
= N = 10 + L]
L
5t v .
A . 5L = []
I o
OF = = = = = =
1 1 1 1 1 ) " 1 1 " 1 1 " 1 )
1 2 3 4 5 6 0 3 6 9 12 15 18
t/h t/h

E 8 (a) REMMDLMEIAK S i S 5 I 195 FR (A>420 nm); (b) TECMP2 HfEHRER
Fig. 8 (a) Time course of H, evolution from water by the TCMPs under visible light irradiation (1>420 nm); (b) Cycling test using TFCMP2

[F s, ASPRAZH I T 4 Fh TCMPs B9 L i B (1] 9(a) ) Fnzg it B4 (B 9(b) ), 7] L 3] TFCMP2 H
A BRI GR TR EE, BB e m i LB, Horh, TFCMP2 B S/ MY AS BT, WAL +-25 7%
X )43 B RCR B i, X5 4 Ff TCMPs |19 7= S0 — 3.

4x1078r (a) — TTCMPI 8x106 - (b) 2x103
— TTCMP2
— TFCMP1 G
—— < 5
3x1078F TFCMP2 6106 - N 10
<
5 0 0.5x105 105
5 2x10°8f 4x106 |- z7/Q
Q
3
=
=%
108 2x106 F m— TTCMP1
e— TTCMP2
a— TFCMP1
v— TFCMP2

1 1 1 J
2x100 3x106 4x100 5%106
Z'Q

1
0 106

Ko RaWi(a) R 25 (b) Rk H BT

Fig. 9 (a) Photocurrent response curves and (b) EIS Nyquist plots of polymers
:l: N
3 zn 11'%

(1)l Pd Ak Y Suzuki 838 5N il #5 & BEMY BT 1% TTCMP1 Al TTCMP2 Fl & %5 $ 56 Y TFCMP1 Fl
TFCMP2 iX 4 Ff =R LB LR 51 .

(2)FEPE K 420 nm L) A9 A] WOGRESE R, B TTCMP1 A B4 7= 4 g 1141, TTCMP2, TFCMP1 1 TFCMP2
Bya] LU AR A BT SRR 0 113, 106, 244 pmol/(h-g). T8 i 3 45 B85 W i Ak 2 45 kg ] LA 5
AE [ B, DT I 5 FEG A A K i Yy = M g
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