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Abstract

Much research effort has been devoted to the field of renewable energy. Recently,
photo-induced hydrogen evolution catalyzed by conjugated polymers has attracted
research attention. On account of fact that hydrogen is considered a clean energy source,
it can not only be applied to the fuel cell, but also be used as industrial materials. Herein,
naphthalene diimide (NDI) was polymerized with various electron donors, such as
biphenyl, bithiophene, and ethynylbenzene, respectively, through Stille or Sonorgashira
coupling to furnish P1 to P5. Furthermore, fluorene was also utilized in the
polymerization to afford P6 and SPF. All polymers were found to be active in the photo-
induced hydrogen evolution reaction. P2 exhibited a highest hydrogen evolution rate
(HER) of 1.70 umol g ' h™! among these photocatalysts. P6 and SPF were functionalized
with hydrophilic moieties to give P7 and SPF1, resulting in higher HERs. Moreover,
synthesized polymers were blend with inorganic photocatalysts and improved HERs were
observed. Last but not least, a mixture subsequent to the hydrogen evolution reaction was
analyzed by mass spectrometry, revealing the possible working principles for the photo-

induced hydrogen evolution.

Keyword: renewable energy; photo-induced hydrogen evolution; polymer;
photocatalyst; naphthalene diimide.

doi:10.6342/NTU201902451



2-3NDI ji72 2. & = % éf#;ﬁ,’:i .................................................................................. 34
2-4NDIl jim2d $p 2 TR Z ~ SUFFE A & 2TF W B 45
2-5 FIUOTENE & SL20 B A T oottt sttt e e sbe et 52
26 F WM E A2 RS LS 55

R AR TR e a Y Ly Ry 58

B 2B oottt 65
E R e OO 65

4-3 ETEIY B T 2T B oo bbbttt 67

I S 68

doi:10.6342/NTU201902451



B P 4
B 1k i ok B B2 K g5 TR-(a) ek FRRL T T I X Rk T

RMELEFZFF G O)FEF AR R TRETE S E R (OR

Fars A4 T4 2k (dRKEAFT BHIEE TG o e 2
2 B RFIEATE TR 2 FEA T o 3
3 B KRB FRE L R AL E S FEE B o oo 4

B 4 C-rich g-C3Ny & =2 /5% % ’f#éu\ # 57 % Bl(Reproduced from Ref. 12 with

permission from the Royal Society of Chemistry.) 12 o ......c.ccocovovvvieieieiirnnn 9
B 5 PC,E, PFO, PFBT fr g-CsNg 4 B2 (a)% * 7 5 ket o 38 o (b)it Ff A

o (c)k it A & »xF (3 A >420 nm, 10 vol% TEOA 3 ;% & 7 v 1 wt%

i & B)e(d)7? k&R T 2 IRE F & 5 (Apparent quantum
yield, AQY) %! - (Reproduced from Ref. 21 with permission from the Wiley
ONlNeg LADTaTY.) c.oooieiiiciieeee s 14

Bl 6 (a)Lotsch % Ochsenfeld ¥ + & =2 7 I § #(No-N3)COF 4 - (b)= o
4 (dihedral angle)z_ -+ & B] 2° - (Reproduced from Ref. 23 with permission
from the Nature CommUNICAtIONS. ) .....cccuerriiiiiieiiieiiesie e 18

B 7 Cooper % 4 %%’é iy L2 F L X2 CTF1-4%7 o (Reproduced
from Ref. 27 with permission from the ScienceDirect.) ........ccccovviiiiiiiinnnnn. 19

B 8 Millen % < & &2 ANWI1-4 %42 k& {2 5 2 o (Reproduced from Ref.
29 with permission from the Royal Society of Chemistry.) ........c.cccocvvrvenenne. 21

Bl 9 VH-MON z_ & 2 2 j& 3 - (Reproduced from Ref. 30 with permission from
the Royal Society of Chemistry.)........ccovviiiiiiiiiiiiiiice e 21

Bl 10 Wang % % & = 2 Benzothiadiazole % 7% 33 o (Reproduced from Ref.
33 with permission from the Wiley Online Library.) ........ccccocooviiiiiiiiinnnn, 24

B 11 Cooper % 4 & & 2 1546 CP-CMP £ ff4. - (& & % %: 100 mg % ff 4%
AV}

doi:10.6342/NTU201902451



F H = 5 H H OH

H H #H H

& 5>t 20 vol % Diethylamine/water ;3% > * A > 420 nm * & 6 h.)
34 (Reproduced from Ref. 34 with permission from the ACS Publications.) ...25
12 Cooper % * & =& 2 kfF4- 54 * o (Reproduced from Ref. 35 with
permission from the Wiley Online Library.) .........ccccvviiiiiiiiiiiciiiiecn 27

13 Tian ¥ * & & 2 Pdots PFBT %457 & ] °° - (Reproduced from Ref. 36

with permission from the Wiley Online Library.) ........cccooceeiviiiiininiincnnen, 28
14 % ped @r g &2 NDL kSR A dode ib 2% o 32
15 2 ped 914 &2 NDI & SRS $o 2 BHER 5 o s 32
16 TZ R F B2 A250 0 oo 33
17 P1 2- BC B & NMR (600 MHZ) © ...oovvvriicceeieieeceecee e, 38
18 P2 2. 3C B f& NMR (600 MHZ) © ...ooveveriiicreieiiieeeeiee e, 39
19 P3 2_ 3C Ff& NMR (600 MHZ) © ...oovvvrricceeieieececeee e, 39

20 P4 ~ NDIButyl 2 compound 4 2 'H NMR (400 MHz - d-chloroform) -

......................................................................................................................... 43
23P6 2 P7 2. '"HNMR (400 MHz » d-chloroform) © ........c.ccceeveerevererennennne, 45
24 P1-P3 % F B3N B TR T © s 46
25 P4-P7 % /b ¥ R EBAT R o e 46

26 P1-P6 A & »x o ¥ 5mg i 453 25 mLTEA ¢ MeOH : Water =
1D 112 feiai TR P HIRIBELRIAT © e, 47
27 Cooper ™ ] Fbb (2. 7 i > 3 = o iRkl Gz & & s A B e
(Reproduced from Ref. 32 with permission from the Nature Communications.)

\Y

doi:10.6342/NTU201902451



28 P2 PTG 0 B L MRE RO G2 B3R T 2 A & e

(ENLry 1-3) o oo e 50
29P2* TEA 2 -RiRFeia i ™ 2 &2 & 25 (Entry 4) o v 50

Bl 305mgP2 & w5t (2)=2 2 s 7 i E k(1) (B)= ¢ FRveE oRk(12)

ZURATTR IR © coooeeeesesee e seee e e 51

31 SPF 2 SPF1 2 BT o i 53

Bl 32(2B)A & F Juw SPF1 £ = ¢ fifies -k 2 iR 4ci3 it o (& B)SPF1 & &

3 N E A o IR 54
B 33 P6 ~ SPF % & 8+ (TiOs = SrTiO3-Rh)Z 2 42 %3 o ooooooorereerrenenn 56

34 E%_P6 ik & (0.025mgmL)4r » 7 F 3k B TiO2(0.025 ~ 0.05 ~ 0.075 mg
ML) Z0 K IREE K G HE 0 e 56
35 B2 P6 ik & (0.025 mgmL ")4r » # F 3k & SrTiOs-Rh(0.05 ~ 0.10 ~ 0.15
mgmL )2 IR B K AL ZH o e, 57

36 RIGAEILZ = 0 MRE R BT EL © s 59

Bl 37 SkBR(AE B EEHpe 2 Xelamp £k)F s 2 = ¢ =¥

38 12 PPP 5 (4> iRfo3 ik (TEA: MeOH : water=1:1: 1) £
(A~ B EiHEpe2 Xe-lamp)F s 2 FHEL o i, 60

39 P4-P7 ~ SPF 2 SPF1 2. HOMO ~ LUMO i [ 4~ % (P4 2 P5 P~ % f#

%+ chloroform & z_ oligomer i {7 Bl E ) © oo 63
Bl 40 NDIButyl 2z 'HNMR (400 MHz, d-chloroform) © ...........cccceeevuevevecrrnnnns 88
41 NDIButyl 2. *C NMR (100 MHz, d-chloroform) © ..........ccccceevuevevereunee. 88

42 1,4-bis((trimethylsilyl)ethynyl)benzene 2. 'H NMR (400 MHz, d-

ChIOTOTOTIN) © .uviiiiiii e 89

doi:10.6342/NTU201902451



Bl 43 1,4-bis((trimethylsilyl)ethynyl)benzene 2. 'C NMR (125 MHz, d-

ChIOTOTOTII) © .uviiiiiii it e e e 89
Bl 44 Compound 1 z- 'H NMR (400 MHz, d-chloroform) © ...........cee.corrivennins 90
Bl 45 Compound 1 2. *C NMR (100 MHz, d-chloroform) © ..........ccccecevvveeuevnans 90

Bl 46 1,3,5-tri((trimethylsilyl)ethynyl)benzene 2. 'H NMR (400 MHz, d-
ChIOTOTOTII) © .uviiiiiic i 91

Bl 47 1,3,5-tri((trimethylsilyl)ethynyl)benzene 2. '*C NMR (100 MHz, d-

ChIOTOTOTII) © .vviiiiiic i 91
Bl 48 Compound 2 2. "H NMR (400 MHz, d-chloroform) © .........c.ccccecevrveerevnans 92
Bl 49 Compound 2 2. *C NMR (100 MHz, d-chloroform) © .........ccccceceveveerrunans 92

B 50 1,2,4,5-tetrakis((trimethylsilyl)ethynyl)benzene 2. 'H NMR (400 MHz, d-
ChIOTOTOTII) © .vviiiiiic e 93

Bl 51 1,2,4,5-tetrakis((trimethylsilyl)ethynyl)benzene 2. '*C NMR (125 MHz, d-

ChIOTOTOTII) © ..ot 93
Bl 52 Compound 3 2. "H NMR (400 MHz, d-chloroform) © .........c.ccccecevvveerennans 94
B 53 Compound 3 2. *C NMR (100 MHz, d-chloroform) © .........ccccceceveveeerunnns 94
Bl 54 Compound 4 2. "H NMR (400 MHz, d-chloroform) © ...........ccccecevvvrerevnans 95
B 55 Compound 4 2. *C NMR (100 MHz, d-chloroform) © .........cccccecevevevernnnnns 95
B 56 Compound 5 2. "H NMR (400 MHz, d-chloroform) © ..........ccccceceveveereunnans 96
Bl 57 Compound 5 2. *C NMR (100 MHz, d-chloroform) © .........cccccecevevecerunnnns 96
Bl 58 2,7-dibromo-9,9-bis(6-bromohexyl)fluorene 2. 'H NMR (400 MHz, d-

ChIOTOTOTII) © ..ot 97
B 59 2,7-dibromo-9,9-bis(6-bromohexyl)fluorene 2. '3C NMR (100 MHz, d-
ChIOTOTOTII) © ..ot 97
B 60 Compound 6 2. 'H NMR (400 MHz, d-chloroform) © .........ccccececevvveeuernans 98

VIl

doi:10.6342/NTU201902451



¥ 5 ® ¥ 5 3 F$F 5 H F F§ H F F H FH F F H OF F H

61 Compound 6 2. '*C NMR (100 MHz, d-chloroform) © ..........ccco.coverererran. 98

62 P6 2. 'HNMR (400 MHz, d-chloroform) © ........ccccccecerveeveeineenesiureineerananns 99
63 P7 2z 'HNMR (400 MHz, d-chloroform) © ........cccceceeveveeerueusiinevisenseioninns 99
64 SPF 2. '"H NMR (400 MHz, d-chloroform) © ........c.ccceevvereverrvreerererennnn. 100
65 SPF1 2z 'H NMR (400 MHZ, D20) © ..ovvveirireiiieieineieieissseseieseisnsennes 100
66 P1 ‘= #F B2 (infrared SPECtrtim) © ...occovvviiiiieieiee e 101
67 P2 iz #b k¥ (infrared SPECtrim) © ....occoovviiiiiiiiiee e 101
68 P3 iz #} B 2¥ (infrared SPECtrim) o ...occoovviiiininiiere e 102
69 P4 = ¢t k¥ (infrared SPECtrim) © ....occooiiiiiiiiiiee e 102
70 PS5 iz #b B2 (infrared SPECtrtim) o .oovvviviiiieieieiee e 103
TIPPP B F B335 s dT R T © i 103
72 P4-P7 ~ SPF 2 SPF1 2 B T 17 © coiiviieccccieccse e 104
T3PL i E A2 3T B © oo 105
TAP2 i E 2 3T 0t 105
TSP3 FE 2 FTB] © oo 106
TOPA FiE 2 FT Bl © ooviiiiceee e e 106
TTPS i E 2 3T B © oo 107
TEPO HiE A FT Bl © tovviiieieeee e 107
TOPT FE 2 FT B © oo 108
80 SPF 1 & 4" 3T Bl © covoveie e 108
81 SPF1 #t & £ 7Bl © oiiiiiii ettt 109

83 A vk LI A2 L AER AR 300 W Xelamp T 2 F F A & o 110

VI

doi:10.6342/NTU201902451



L H R Z BRI 0 e 4
7 2gCiNg 2 $HE AR REHE R Co i, 5
7 3(a) KHES A 25 F2EFRE2FR (D) RAF I SES LT
BAPETF2FF2EFmE2F T o 8
BT 4 éjgugiag-C3N4 j»‘l#%i%/}—i,f‘f—;—%#o ................................................. 11
Blm 5 BHMRT ¥4 5 2 F BT 100 e 11
BT 6 PAN G#AILE T3 e E R 2 K ¥ B H o i, 13
Bl 7TFPT-COF 2 F B /22 B4 o oo 16

Bt 8 Thomas 4 £ X2LB A= § TSy B FRE2Z2F B2 F R

B A o i 18
Bl77 9 E0SIN-Y 2 N719 BZHE © oo 22

B+ 10 stz CP-CMP i % (Reproduced from Ref. 34 with permission from

the ACS Publications.) © ......cccoiiiiiiiieie e 25
Bt 11 % 4 &2 PFTFQ-PtPYy % PFTFQ-Ptg ZHE o v, 29

Bl 12 Xu % 4 £ &2 PTEPB 2 PTEB %1 * - (Reproduced from Ref. 43

with permission from the Wiley Online Library.) ........ccccooviiiniiiiiniiinnne 35
Bld 13 M2 L HRREAF 2 EFEH o 36
Bl77 14 Compound 1-3 2. & 2 © i 37
BT IS PLI-P3 2o & 5% 0 o 37

Bl 16 § f & & & (Ullmann reaction)z. & %%&fﬁi P3 L2272 ¥4 ;—Eﬁ °

......................................................................................................................... 40
Bl 17 Compound 4,5 2. & 5 o Lo 41
Bl 18 P4 2 P5 12 Stille coupling F & 2. F JER 1T © vovvvvveee e, 41
Bl 19 Compound 6 2. & 55 ..o e 43

doi:10.6342/NTU201902451



Bl T

BBl

|

~

=

T

=

\

20 P6 14 Suzuki-Miyaura reaction B & Z_ F JERIZ © covvvereiinneiinn e 43

A B A T USSR Ao 44

22SPF 2 SPF1 2. F JE 4% /5 © v i 52

23 RVypm/z=118.12 2 201.23 #dp 4 112 7 it éf{& ......................... 60

24 FEPIZ IR F JEZ T AU E] 0 s 61

25PPP >t A & F B2 F ac F BT o v 61
X

doi:10.6342/NTU201902451



1% %@
1-1 B 2§

1-1-1 kit & 3 2 # F

LR AR ERASC B RrgF L E i higd > v p gl
AL R ¢ NRAREHE A L B R LV Ve B AR bR A T E
AR o BE g2 vk s b T bl bl B AR 0 R F S E R R S A
G HARFEAL S F R ARG AL deF F A o p s A
WLEFZ2EAREEHBREE F R RELRAr - Tt FREERE %
LI SN RN A I i £ RN S A S R < DEAE - (R & | N=Shal 2
RERFRDF S R L R LA P ERAF 2T AR B X By

B R A F el 1 3E %ﬁﬂ;‘j?ﬁﬁvg ko BB M dor KRB
fe T 7 (silicon solar cell) ~ A i 48 = 5 & T % (CdTe solar cell) ~ S 4F g # ~ o ax &
# (CIGS solar cell) ~ % #La7it = I s¢ T # (dye-sensitized solar cell) ~ 7 # = Fic ©
7 (organic solar cell) ~ 4T 4x 7 = 5 &c T # (perovskite solar cell) ~ & + 8L+ 5 ac T
(quantumdot solar cell) & 7 fr ek T 3 file > AR 7 < FF L3RS
EREER LT ",f”l B BRI TRt T - T AR RE @S TR

RN S URIERIEE T E S TS LR ¥ RN EE AR RN«

i

EEI LR TN E SRR BRI R S FE R R
MTeE A RAL TR BRAF-K P ERvFIRRY L QAPBEALLF

EEF M BARAL SN RENEANR P A E AR N

ey
=
p-t
=&
o~
[}
pa
=

BEFMDZE MR ANNTEFHFRFS LA iR

doi:10.6342/NTU201902451



Chem1cal Fuels

% Industrial Materials
CO + 2H; —— CH;0H
N, + 2H; —= NH3
Water cycle
© Oatom
- H atom
Photo-induced =

water splitting Fuel cell

(d)
o G (c)

@ O
o ©
Bl 1kt kAR K ETR-(a) ik 417 % T o I R ARk L TR

Photocatalyst

RS s (D)R-a F 25 F R ELE AL ERE S OBERE AL
LA E k()RR EEIY 2ORARE T
Fir L FRAfERE o T/ gk 2 R kE o F R 2 kY
BrHERASZUG PR AE B A& A o Ao §F VA KR
U~ Friv 4R s Friv g2 d 2 H i i (band gap)di < (Ao B 2)t s & i ko sk
FRZAEA N Rt kAR F o Ra Kk E2Z R ER L 2
kit BehE A2 T TR g E Az 22 Ftdeie it TRk
2_f B OREFRBN KRR X G ﬁﬁzéiﬁffiﬁﬂéﬁ‘f% AR o AR B AR R
FAREL R ORES TR AR FELR C BET AT SRR
BRI HA T IET LR AR B R R 2R EEMAR o B NET
ERF L LA B A aAp gy R FR Lt RRFD FRARE

R F B H G g s S A 2 B A3 3 K 3Rk (polymer dots) T 3 B Sk i e

b1

(w
b
=
=
=1
¥
-
"
i
A
L\
[

Foocd o dnrf hd AT AL B S

Ao L ATELRB R R PR LR

doi:10.6342/NTU201902451



Energy Level (in vacuum)
-3.00

-3.63 -3.53
-3.92

&

[l

o
T

A mm H*/H, (—4.44 eV)

o

=l

o
T

[ omemmee o -t 0,/H,0 (-5.67 eV)

Energy level (eV)
>
g

-

[l

[
T

703 -6.88

-8.00 *

Bl 2 mSLIPLtE 2 iE 22 s o

S

1-1-2 Sk igis & 3 2 iE it

K- DI RS 3 5B F x4~ + #u (highest occupied molecular orbital >
HOMO)2. % + € s 3 s M A & 45~ + s (lowest unoccupied molecular orbital >
LUMO) » e 2 2 + £ d 42 LUMO ## 2 k> g k¥ enF3 78R F
A& Fod RIFRE-REFE M F RS F F 0 15 E 397 0 7 sk il ok
Mg n o2 = AR pbis 2 3 (DELUMO 3 g+ vl R § 444 eV
(2)EHOMO % 3t kh§ v F =-567eV> (Q)H i T % *11.23eV e #%a » ¥ 2

33 BHAY AP AHOMO 305676V 2 i it o Flut & S e i & A4FH
A ne o d WA ELRARRLEF KRR FR) § RS R E kD
FOUR R R R BRMEFEFAELF B RIT Y ek A
(sacrificial reagent) i* 5 B R ) » e & F LR fPHRE TR R - FMREHIT A L

Fd S A% R & L micBr 1o

doi:10.6342/NTU201902451



Vacuum level

LUMO
g4 ey —— Y
2H* +2e¢ > H,
® Electron
.......... Aftel‘ excitaﬁon
B, B, = (=444 = (=5.67) = 1.23 eV
.L_ -5.67 eV
| 2H,0 > O, +4H" + 4e~
: »
oy
HOMO
Photocatalyst

Bl 3 &k Ris s kT T AP o
M7 | L

OH
T ;
~_No~ ~ N~ HO/\/N\/\OH Na,S/NaSO;
Diethylamine Triethylamine Triethanolamine
(DEA) (TEA) (TEOA)

0
HO)H 0 HO

0]
Ho\[(\N/\/N\)J\OH Ho\)\gzz;o
© kﬂ/OH HO OH
(@]

Ethylenediaminetetraacetic acid Ascrobic acid
(EDTA) (AA)

%rt,‘ﬁ—,i BORAF e BT R B i ek o d YRR R B R R R ¥
AT LI ER Rl A e 0 FIt R PR R R ARG ALE VK

ﬁﬂﬁ@&ﬂmiiﬂé’mw»ﬁﬂ”ﬁd B A g2-k 2 79 & (contact angle)

Kipfe o ¥ AT F R FHAEF BRI Rl T 32T FVY a2 L %
EompPREr G BRENHP NIF AL L (bulk recombination) 75

AR AT FESZ B P4 2§ 5L (surface recombination) - £ 3 & 1807

4

doi:10.6342/NTU201902451



R g ks RPN AT o d R R 0 & RORH RS TEE 0 SR

MEF TR B ET HWE A » £ i &|(cocatalyst) 3 4e T+ T F A HLS 4rda £
Bk £B% 7S ALH AT RERE o FL T LR RAEF S
FRERABEEZ N Bk BARAAIT I TR ES > TS

1-2-1 § fpt

LG - A RT B ERIT T ez & B 1 tri-s-triazine(# A heptazine
% cyamelurine) 5 z # 2 £ ¥ ~ (building block » 4§l 2) > ** 1989 #4d Liu {r
Cohen 1395 f-SisN4 enfu M 4 » * C F3 Si> BIZHm 1 9p5 7 FCNa(TF 1 AR)
i fo H 1993 & A & Yo @ ety F RS F 53§ - A (graphitic
carbon nitride > g-C3N4) { 3142 % 5 & HELE F1H ¥ A Frenit B 5L M (energy gap)

(intercalation) » F]pt A fig * »v sk it ~ LA Y 2 R

=t
!
—=
ﬁ
1%
)
e
R
vq.
o
«-gif_
T
e

CESEY PRERESS 2 P AR R0 T SE SR ¥ A

AN AN N
I\I)*N N|)§N I\IJ*N N
r\IJ\N)*N I\{J\N*\N r\{)\N)*N r\ikN
N N//I\N/ N N/)\N//I\ N/J\N/)\N“" NJ\N*N

Y, Jl\ /)\ /)\ )l\ /J\ /J\ JI\ /)\ — J\ /)\ — o~ tri-s-triazine unit

P

*+ 2009 # > Antonietti & 4 & = 7 7 & A § Y- 23 & F (2-dimensional

polymer > Bl5+ 2)%» %= ¢ fi "&(triethanolamine) {¥ % WER 2 KB REEY A4

doi:10.6342/NTU201902451



2% 5132 40umol g 'h! (Bntry 1, & DHE»2F 3 4 dbe s BiTi i

R T PR A A & o BEARE S A (VAT T Ak (visible light) ¥ ¥ #
R RS RN A Ry A bR R 2k

Hod) .__,] Se3wt% 2 A BIFL EBILETED 107 umol g 'h! s HE S

~

AF*H501%Entry2, £ 1)oQu £A7EITT h3 £5B R Sg-CNy 3 F

43 (atomically thin mesoporous g-C3N4 nanomesh)’ » & % g-C3Ny 2 o 34 2§ #i

A

ek m ffo Fla AT HTF BE R A RN 4 2 F I F B} (reaction active

sites) » fd £ 43420 nm kBT 0 H A 4 2% ¥ if 8510 umol g ' h! (Entry 3,

Zhang & * i ) fir 3k (microwire) 5% H e g- CiNG® i@ B g (4Fenis il + 1

CEMTIRRALBE > A Z e ERIEEA S T~ 1 wt% M &R
FL £ iRz ™ 8 445k 5 1688 umolg 'h ™! (Entry4, % 1) ¥ %63
FRRBWFENZ PR HAZ RERTMEEE -GN R H A2 R ERARS
it 59 @ g-C3Ny B IidF g & »c o Schlenker & A BJr2 it B 2% eh 58 gg? o-
CsNy® > {9 54 5% § 1 # (exfoliated CsNa)#r g-C3Ny B 4f (bulk)dn > %155 § 1+ a4 &
L2 A X EAFERaRBATE PARERM gCNy it 22 93 B30 HE
A g-C3Ng 2 A & 22 » R4BHE2 225 9 5 10.58 umol g "h !(Entry 5, % 1)

T'F—‘F? ¥ 3% i ) B fs %k 3 ik (femtosecond transient absorption spectroscopy) 4 7

A
-

J..
ﬂn\;

7§ 1Bk g (quench)d Bt g-CsNy A2 24 2 ¢ F > IF—‘F%;Z;:; e, S
AL/ RPN EAE AT § A 2 2 B sl (cooperative effect)  d Bl ik
kA4 LT FIEBRIATF CAEFTAL o g b 3WW L BB A G

»2 & ¥ i 5] 3810 umol g ' ht (Entry 6, % 1) - et b Yu # 4 & A d g-CiNy

¥ 3810, § 3 gh(quantum dot) 3 2% ] chE EAER T o B ¢ A K hdki ok 24
d 3§ + '35 is(quantum confinement effect) » € + BLerk T F # 7 I 20 < o+

(large particle) &t B4 L E 48 o g-C3Ny £ + 2L¥ w2 4T iT &= * & (near-infrared ray) ¥ 3%
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Ve Bk s @ kA fe e < 2t 600 nm z 4 £ o 0F —‘ﬁﬂ’* TR B E 4 Y 600 nm
-\/ﬁ»-ﬁ\sﬁiﬁa’u\’ﬁ 9]‘ ’E_"_“"——\!'—-\gC3N4L_ /}i-ﬁ,\ ;E}:?:_

Z_

V“iﬂ

F ¥ F 378 umol gt ht 2 & & s o @ ik & %30 420 nmo 2 g T e
FALF Bod 2N B3 Bh2 K4t A2 o-CaNy Bt § F L ok i 48 a4
(light-harvesting capability) » F]p* B J#i i+ ch 4 & »cF 2757umolg 'ht» Az ¢

VRIE SR AEA A e T wi% 2 g RE BT (Bntry7, % 1)
%2 1 2 k432 gCNs A & F R

Entry  Photocatalyst Cocatalyst SED HER QY

(umol g™ h™) (%)

1° g-C3Ny no TEOA  1-40 n/a®
26 g-C3Ny 3wt% Pt TEOA 107 0.1°
37 g-C3N4 nanomesh 3wt% Pt TEOA 8510 5.1°
48 g-C3N4 microwire I wt% Pt TEOA 1688 8.834
5° exfoliated C3N4 No TEOA  10.58 n/a
6’ 3wt% Pt TEOA 3810 n/a
710 g-CsNgquantum dot 1 wt% Pt  TEA 2757 n/a

“n/a: not applicable, ® Quantum yield (A= 420-460 nm). ¢ Apparent quantum yield (A= 420 nm).
¢ Quantum yield (A>380 nm).

SED: sacrificial electron donor, HER: hydrogen evolution rate, QY: quantum yield,

TEOA: triethanolamine, TEA: triethylamine.

B R R AL gONs 7 F 53 R RS gONs RBLF -
Lifshitz ~ Lee 2 Kang % A > 2015 #3& ) > s34 4 B P Bk 425 4

25 Ferg i £(1.23eVo Bl 3a)yi ¥ - ok i 5 #EF k(1.78eV > B+ 3b)z

HFRE) R B EE R BLIEFILMB A LEE TS BT

Fr KRk Ror B kL= R F g Rk B 5o Bl kA & oy

PEREAAAET kLY EF kI ARAZT Fo VBT kL AT A H
7
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REFPE-A 2 B PEE CNg £ 5 2 “f » F]t Lifshitz % A ® %7 s 3 K 2
(carbon nanodot) %2 C3N4 £1% 5t 4F & 44 (nanocomposite)'! » §1* C3Ny & 7 % it
BokBizAd 2 d F AR kRN BREFRCET ks fEAL S 5ok
£ A3 420nm R 0 R KAT A MR R F B & BS Re Ay T . F
e Rk lf2sa 5234 HAz»nxH5 105 pumol g 'h™! (Entry 1, % 2)
A% ¥ 5 513umolg 'h! (Bntryl, % 2) & 5 2§ F 6% 95 202> 223234
2G| 2ApE BT Ak E 420nm Z BT R F A X7 i 16% A £ 5 580nm
FE G A SR G 6.3% > H = H v &3k 55 (solar energy conversion efficiency) ¥ i
2% Bt kA BRI g ARefE > G <3 400nm R RTT 0 TR A7
1 200 =% o
Br 3(a) KA EFAF F25F B2 2F () KAF 25 Hd
LAXTFEFF2 22

» 4-electron process » 2-electron process

2H,0 + 4h* > 0, + 4H" 2H,O + 2h* = H,0, + 2H*
H,0, % H,0+3 0,

2H*+2¢ > H,

4H* + 4e > 2H,

2H,0 + hv = 2H, + 0,

. . H,0+hv> H,+-0,
Potential required > 1.23 eV z

Potential required > 1.78 eV

# 16 Weng {r Kang # 159 i g-CsNg ¥ 75 v & (atomic palladium) £ & & +
FERBEHT GRAMMIT IR RHc A BT AT T F e e B2 F
CRA &S G L4 pmol gt h s HAFBR RS T R H R B %4y g 4o 0.1 Wt%
2y BB REE LR R AR AR B 28 £ 05 wi% 2 3wt% Rl
FRLFGEBEEAPNRD  FREF M G 01 W% & 2 BT &
W2 A &F v E3 728 umol gt h (Entry 2, £ 2) 0 iFE I T it F R R

. . 9 7‘1 E— = H., ” 'g: ‘g' ¥4 (29
(electrochemical impedance spectroscopy * EIS)iB| & H k T /i 2 /i o 7 7 i 45 [E 3=

(interfacial charge transfer impedance) » 7= 17 3| &2 gz fp S je R 4p 2 2. & % » /,T 4 0.1

8
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Wt% 4 £ B2 KPR ERBEF 2 LT RE RN A e i RAFE T 2T
A bl BT FEFES R HERA G2 A4 202018 # Yi B 4d = B
% *%(melamine) % 7 2k i I #4 (methyl cyclodextrin) & = d1 82 7 & #28 9 g-C3Ny
(C-rich g-C3N4)'? » M Bl 5 — 47 B A1F 88> *F Bl 5 sl Tk 2 B HE(4c B 4)it 5 el
REe+RFHAH MERFI FTEFF RAT T EFTIL > Az o iyRiEs
BEA OB T T H AL oK 5 125 umol g h (Entry 3, & 2) 0 A iciEie
£ BengCNaen20.5 8 0 5 f 4 3wtz 40 & 5 Liv & > RIA & e v iE 3]
4268 pmol g™'h™' » £ 420 nm 2 L £ P& T I8 FE & 2 F 7 i 7] 6.8% (Entry 4, #

2) °

Methyl-cyclodextrin ;01 nitride [, Carbonring  ENNGRNGOOR rcr

layer mcarbon nitride
moepen
EEERE®®C Sub-outer

550 °C mcarbon dopant
i layer

~= N\ @®:Hydrothermal o df° Polymerization JOOIIIIIOBA
D:hy 47w "!\QS». Pty Outmost
Y05 20NN rbon ring
iydrogen | AfoR Trrrrrrns | loyer

bonding ~ € highwaf'g&"ﬂ

Gradient carbon layer model

Melamine

Bl 4 Crichg-CsNy £ > 5% SHEs # 5+ % Bl(Reproduced from Ref. 12 with
permission from the Royal Society of Chemistry.) '?

FRBMFE EAEHL RS AT AR 0 @GNy 2R )
£ FiR % % ¥ (polymer heterojunction photocatalysts) » 4% 4% & * 3t % B it T
2.7 iF ¥4 poly(3-hexylthiophene) (P3HT » B+ 4) it M5 5 1.9eV 1 2.1eV>
35 2 e 22 g CiNaiR 432 #7 ) o Yan % 4 #-g-C3Ny £ 3 wt% P3HT
RUR B K D 3 NagS/NapSOs 7 $R - e 247 » 40L& < 3¢ 400nm 2
PestT A & e 5 4 pmol gt bl (Entry 5o & 2)> 3B A 2 gCNy &

P3HT Bul$fmie > hder 1wt% 2404 F16 > B2 742 5 1866 umol g 'h™!
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(Entry 6 > % 2)» 5347 % P3HT *% g-CiNg 2 F21 58> (T 56 % 5o kL3 g
(photoluminescence spectroscopy > PL)# 3.4c » P3HT {$ > =3t 453 nm * % g-C3Ny4
THRFEFE LT PRETE 4p IR 7 4 (charge transfer) § & 4 & g-C3Ny
2 P3HT B > 2 R mEHARLE T R AT+ 8Tk d7fEscs > Fla 3 fI3v 4 4
F ot b ikt g ? FRIRIBE 5 O PIHT A § Ay o S H gk
¢ A 2 FRIR % (aggregate effect) » @ PIHT s>t i3 e 4 5 > iem R k2 F 4
R HTT i o Peng % A4 % g-CsNy iR 4% P3HT ehk 5o kA7 4 b M4 A
g2z 8, ¢ % ascorbic acid (AA) -~ triethanolamine (TEOA) ~ Na;S/NaxSO3
% ethylenediaminetetraacetic acid (EDTA)=h# * (B H4cBlm 1) A £ <3 500
nm SFERT oL Twt% 44 R B R AR }F%#‘f’-ﬂ e AW G 81.2
10.4~5.7~4.4mmol g 'h™!(iz 5 3 AA~TEOA~Na,S/Na,SO; 2 EDTA)- 2 ¢ ascorbic
acid z_ 7T % &4+ » T%J};f:}ft 4} ascrobic acid 7 #& 2 A& & 2 F ¥ a & pH BTN A
By r s emiphl T RNAT 25 2R RT L ED Fqp b o gt vhom

% IR ascorbic acid 2. BB 2 A & »cF T I ApRE > B¢ * 7 ascorbic acid 4F{r

kipiis o A FHA T 3045mmolg 'h! (BEntry7 > % 2)» ® 4 420nm #
£ e ¥ EF] 77.4% ¢t IRE 3 & 5 (apparent quantum yield, AQY) > E 5 7

ERFPHDELMY -

10
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B7 4 % et 22 g CoNy iR 2§ 4 5 B -

poly(3-hexylthiophene)  polypyrrole  polyacrylonitrile poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
P3HT PPy PAN PEDOT-PSS

C10H21 .S
L e
CgHi7 CgHy7 CgH17 CgHi7 CgH17 CgHy7
9 9-dioctylfluorene  poly(N-decanyl-2,7-carbazole-alt-dioctylfluorene) poly(dioctylfluorene-alt-benzothiadiazole)
PFO PCzF PFBT

f P3HT ¢ ® etk (polypyrrole, PPy  Blom 4)fFth 2 S HET 2 X H 3~ 5>

e E 5 223 24eV o #2013 £4d Chen & 4 #-H &7 g-C3Ny iR & 1% 5 £ fff s

(s

FAE2ZAMT B BEFRMAB 15 wt% 2 PPy 47 # g-CiNy 2 & 4 *cS # £

1.43 = ’%ﬁ:jt4c3wt%iéé;%ﬁ£aﬂ'lv A & paF B4 493 B > E 3] 154 umol g7
h!'(Entry 8 » % 2)» pt hsigr 2 4 v‘)l%iﬁx o Afe3t4e » PPy {57 R 4¢ »
WEBTTRETAEEF R ARAEF R - S RELe g T RN F e~ B
2 PPy & P3HT #plF € F15 AR % FRA & »cF 7 %> }gk %-F);IE‘-:"‘:J%

3

§O g R F A e M R FR KRR R TG 2 RS A kehf I F T
R R FHALFY X AFMF F 25 &I BET ¥4 (o-tolidine) § &
WHELEAAF L FE BB E RSB REFTRF SEHETIHEY F 5
FAEFE BBl S rm )BT iEE L4 2 0F a0 ¥ Lifshitz & A R4

BEF B2 R REEARTE > s P RN M F BT A A0 A B RS s

i 1 o
Flm 5 BT FEF L F B
HsC H3C HaC 2+
2 H*
HaN NH, ———HN NH—— |[HN NH;
CHs Blue color '3 Yellow color CH3
11
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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS - Bl -+ 4)
5%~ F+2RE% PEDOT - 2§84~ F 0 5 L5 THH » ¥4
BH At TL TR ER VPSS LokiAMZBEAT  BAIFEE D
84 & P28 (sulfonyl group)*t ¢t iR & $= ¢ L3 F 3 it (deprotonation) > F| & &+ § T

@m PEDOT R[4+ & T j7 > d 0t T 7 & et 7 i@ PEDOT:PSS # 44R 5 -
BB A TR B 22 ET o Zhong F AR B A F g
C3N4/PEDOT:PSS 25 & sk jf 4% 18 » & +> PEDOT:PSS % -ki3 14> % % ¢ PEDOT:PSS
54t g-C3Ng > g-C3No/PEDOT:PSS =R & 4 3 2L 12 ¢ = fig(ethylene glycol) &k £ A
| P giEL 2 AJ2 iV % PEDOT 2 #3142 2 s 5g 184 » 2wit%
cHPEDOT:PSS {4 » # & & »x% ¥ 327 umol g h™' (Entry 9 » % 2) > p' 2 5 A4
PEDOT:PSS ez w &2t » 2@ PEDOT 42 F @224 3 § P 284
B 1F 5 B R F = (reduction active site) » 7 R i$ = g-C3Ny v Jgz_ § b » F|pt
T 5 A% PEDOT >yt k sz 58 14k 53 % & 3# § (photoluminescence) i {7
Arf\%‘r”;}IFw‘] ted% 52 PEDOTV R L /e L B & F T % Fm B4 & »of 2 &>
fider i 52 PEDOT Pl § B0 £ it A 2 # i R AT % A0 i b §

2. PEDOT - it & # 5% 2. & & »= - Polyacrylonitrile (PAN » B+ 4) 8 & % >
600 °C s ¢ % % i (graphitization) » % % i* 9 PAN(g-PAN) ¢ & e 7 & ek 7
%t (layer sheet > B7F 6) > Chen % 4 & & g-C3N#/g-PAN a0if &4 205 3 4 & &
(nanosheet) s g-PAN ¥ ¥ 5 3 @ el i 38 g-CsNo/g-PAN h e > A 7
dv £ @i A E g-PAN 2z g-CsNg A & 25 5 0.7umolg 'h™'» iR 3% Swit% 2 g-PAN
Ad2xF v g CiNgy B 944 29 3 1umolg'h!y 1 Fre 1L5wi% 40 £

L@AHP AL FHD 5282 A% 5 37umolg ! h!(Entry 10, £ 2) -

12
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W% 6 PAN /G R {5 #57) & ehf Bk 2 i 2 420 o

Polyfluorene #& 7 £ & * & F & + = [§ & % # (polymer solar cells)~ 7 % %
= &% (organic light-emitting diodes » OLED) ~ 7 #3-3x % § 1 (organic field-effect
transistors » OFET) & & fAk & ~ 22 438> FIZ H B 5 A%z ki 2 2 T+ T F
BExF > P P LAT 2 FERELUMO > 444 eV £ 5 175 A 3 R4z B
4 5 F] P Shen & A & =1 = 8% F chpolyfluorene 4 %] & 9,9-dioctylfluorene(PFO)~
poly(N-decanyl-2,7-carbazole-alt-9,9-dioctylfluorene)(PCzF) 23 poly(9,9-
dioctylfluorene-alt-benzothiadiazole) (PFBT) (Bl 7+ 4) » & #-1s 7 22 g-C3Ny 4 %] (T/]
Bk s I Fan (7% 4 hf[ e T 3 A3 FOEJ 2 g-CNy 2 4
HAEE S 2 MEES AFREN L 2 (Entry 11-13) - e 2§ 8 L & gfp 2
Ml s > PFO #PCZF 2 s K a F > ¥ 527 eV 2PCF B¢ 2 7 carbazole
P g > HLUMO ¢ #PFO % ¥ 4 » Fla # £ 3 4 o 2 5 4 PCF HLUMO
i1~ g-CiNy thi 4 > 5 4o s A B > Tt =440 nm P » g-CsNa/PFO
bR+ A F 516% (Bntry 11 > 4 2) » g-C3N4/PCZFR| ¥ 3 4¢ 3 27% (Entry 12 »
% 2) ¥ - 25 > PFBT #73 ¥ 4&% = + (electron-accepting):Fibenzothiadiazole £
B > @ By B MR 22 eV 2 M a § RS B i gk i g Ay 4 (light
harvesting ability) > & **# f]#* 2 & g’% Bl =~ > F]m g-C3N4/PFBT 1A & »c
(Entry 13> % 2)® **g-C3N4/PFO % g-C3N4/PCzF > ot ¢k fE ] 57 = 48 L ff 45> 7

13
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FAET2 BT AKAF o CsNyJPFBT ¥ 2 &

(\x

HBLE G A F KA 560nm o R kg 2 PBEF A K
2) #g-CsNy/PFO £116% 2 g-CsNy/PCZE £127% % » 4
LUMO #i% » & #ih 1% g-CsNs #PFBT ¥ e A 42 T ik # o
a b -2.04LUMO
% 154 —]
z
:: g 4 = —
g > -054
'sé 15 20 25° 30 35 40 § 0.0 ersanernancmmanasnasenensnnsaeoransavopessmnansns H/Hz)
8 hv/eV ] il
2 & " Yeowo
=1 § ...... :._.._._..._.9.2!!!?9
—— PFBT e 1859
300 400 500 600 700 800 204  Loe PO pERT m

Wavelength / nm

;.

Zf

GERTERIEE TR N

5 13% (Entry 130 £

Pl H & F] &3 PFBT

"o X =
o3 C X 2 d
< 700 &
e (e
£ 600 < 201
. )
9 500 °
®© S 154
.S 400+ S
2 3004 & 10-
> =
@ 2004 -
& c 5l
4 o
o 100 4 g

Q
s 1l g ]
-

PF derivatives/g-CaN4

mm 9-C3N,
. PFO/CN
=== r
s

PFBT/CN

g-C;N, PFO/CN ) PFBT/CN 400 420 440 460 480 500 520 540 560 580

Wavelength / nm

Bl 5 PCF, PFO, PFBT 4 g-CsNy & 62 ()% 7 L % fzii 3 o (b)i pE A 7 -
()£ MLt & & 225 (37 1>420 nm, 10 vol% TEOA 7% i & 7 4c 1 wt% bo & B2 Tk
B)o(d)* it & RET 2 ¢k IE 3+ & & (Apparent quantum yield, AQY) 2! -

(Reproduced from Ref. 21 with permission from the Wiley Online Library.)

14
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2 2 3032 gCNyRB 2z L2 3 F Ring

Entry  Photocatalyst Cocatalyst SED HER QY
(umol g "h™) " (%)
1 CsNu/carbon nanodot no TEOA 105 16%"
OER =51.3
22 g-C3Nu/atomic Pd Pd TEOA 728 n/a*
312 carbon rich g-CsNs  No TEOA 125.1 n/a
412 3wt% Pt  TEOA 4268 6.8%"
513 g-C3N4/P3HT no Na,S/Na,SOs 4 n/a
6" 1 wt% Pt NaxS/Na;SO3 1866 2.9%°
714 g-C3N4/P3HT 1wt% Pt AA 304500 77%"
815 g-C3N4/PPy 3wt% Pt no 154 n/a
918 g-CsN4/PEDOT-PSS 1 wt% Pt  TEA 327 n/a
10%  g-C3N4/g-PAN 1.5wt% Pt TEOA 37 n/a
112 g-C3N4/PFO 1 wt% Pt  TEOA 513.4 16%°
122! g-C3N4/PCZF 1 wt% Pt  TEOA 628.3 27%°
132! g-CsN4/PFBT 1 wt% Pt  TEOA 722.3 13%¢

an/a: not applicable. ® Apparent quantum yield (A= 420 nm). ¢ Apparent quantum yield (A= 440 nm).

4 Apparent quantum yield (A= 500 nm).

SED: sacrificial electron donor, HER: hydrogen evolution rate, QY: quantum yield,

TEOA: triethanolamine, AA: ascrobic acid.

15
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1-2-2 £ % 5 #1232 (Covalent organic framework > COF)

£ RE R BN AR A B I R L AG A
¥ A2 34k * o] (pore size) > b 78 Sdic s B 4p 81t A (heterogeneous catalysis) 2.

A

o

T AR AT YT GG 2 PR TR P
EREF T PR LG FAEA I (robustness) i@ S AT E S ST EF 2
/2% o Lotsch % Stegbauer % 4 4| * &8 v % % d& & J&(Schiff base reaction) & &
FoBNTALARAMEPZ LRI TAREFALF B2 BT BIEERE
= > 12 hydrazone 1% % i 4% A @) & & &) TFPT-COF? > # St 4c@lr 7 77 » 2 %
fﬁfﬂ% B adFz v koo f 1603m?g ! H it M 5 2.8eV> A & k¥ i | 230 umol

h'g™ teridh &R TR £ A FUR L 4 (sodium ascorbate) i 5 4 4 A 2 i i

ay

T F Mz ARG ERERRT E ] 1970 pmol g'h! “h3mEF FF5vE 22%
(Entry 1,% 3) -

Bl 7 TFPT-COF 2 F fpik in% B -

HO %\

SN
HN O
\/O
N| SN o/\
~
/@)\ N)\©\ (0] NH
HC CHO =N
1,3,5-tris-(4-formyl-phenyl)triazine acetic acid
(TFPT)
+
NHz
\/O

o™

Noy
H H
07 NH OY©/g )ok/©((“~

N
|
NH, oo NH oj . o U,
2,5-diethoxy-terephthalohydrazide TFPT-COF

(DETH)

16
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Lotsch % Ochsenfeld % 4 12 azine 2 A B & 4 - a2 COF .f%ﬁ 23,
¥ d 2 frt )2 hydrazine fr triphenylarylaldehydes & = 215 7 F¢ § #(No-N3)&
*ﬁ({ir?} 0)' F %M TN FF B4 € ¢+ - 5 & (dihedral angle)s T *5 o L G {2
gy REZ SR e RATFLES AT RFTEER > Noo
Ni » N2 v N3-COFs 2z & & »c % & %] 5 23~ 90 ~ 438 4 1703 umol g' h™'(Entry 2,
% 3)ed Lotsch ¥ A2 37 EF N e 2§ RF7 20k 2 A3 2 =

LN Lxli]fsv‘},; F 5 0= }—I%(trlazule) ﬁ’;_\ K -'Urv\‘ I'E@"mhi o2 x;z:f;l": o

B oA 1 a400°C R & MY TR BT AN A G 2 =

R
)
S
|+
e
~=i
[
—b
|
Sy
)
N
)
X
=1
F‘_*
A\
=
e

BT TR AT LR F BAL R A
PEREIANEFRRI PR LB AR T 2T B2 kT o fra R
RFFeFERAZEF 0 FINABBRERR S YL RE AP
A2 F et Lotsch 34 P gmiid MEERE LR R
M2 B RGBO0CC)EFF 5o &2 M= F = k2 MBS (oligomer)? » >t iE i T ot
Bz AFPERF S > 2 RE RPN AL T FF L1076 umol g Th 2 kg o A

ZU R RIVEIZ 22 wt%2 g R VT > TR F] 55%2 hRE F A 5

F_*

400nm 2z & B s+ (Entry3, & 3)c Hig k= § 2k iT5 2L 4 > Thomas %
AL A4t ¥ F = § (1 4-dicyanobenzene)iE (7% 2 0 IR E T K A S 2L
#s 3] (amorphous)z. = § = Hw Bjd~ 0 £ 37 400°C Fpii s CHELBRBET FF R
PR TSR F e h B B F 2 RAF (R 80 B h R
F J& 10 4~ 482 CTF-1-10 min B % 8 2 & & »c¥ 1072 umol g ' h™! » % 450 nm
b

%1%ﬁfﬂ%§4§$éawmmwa%3y%ﬂ*$mﬁﬁéﬁr&£%

MEPRREE MM Rn EF BEARN TS R En ERAE G KT

2
"

o
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Dihedral
angle

p
Ny-COF : X =Y =Z = G-H i n u/©/l
N-COF:X=Y=C-H;Z=N [~ @ﬂ
‘y

N,-COF : X=C-H;Y=Z=N )i
N;-COF :X=Y=Z=N g

Bl 6 (a)Lotsch % Ochsenfeld ¥ 4 & =2 % I § #(No-N3)COF %4 - (b)= & %
(dihedral angle)z. 7= %, B 2° - (Reproduced from Ref. 23 with permission from the

Nature Communications.)
B+ 8Thomas ¥ % & XL A= F -~ Fw Sy L F BEZF - k2 F i

=

EN

SN N=(

N O N

N N

NC CN

Quﬂ .
N_N = =N N=(
N N . N
X ’NFQ_(N 4

: B S
A e ﬂ ﬂ ﬁCNNCQ o WO
I S N Wi
A T
Weaaeh WO e

Cooper % 4 %‘g d 4k % & & J&(Suzuki Miyaura coupling) % & ig-it 2. = B & &
Ms(trimerization) & = M43 * b FH#2 = § S R A AF BHho® 7T o
i NEF F BB R R R ARSI RE L BT A PR G
LA L AFEF(293eV-285eV)z Bt I B L2 A (295eV -2.48¢eV) | »
7 % I ¥ B2 CTF-1~ CTF-2 4vCTF-3 fjk £ 4 *0420nm 2 % BT A § 2
A 235umolg 'h ™~ 296 pmol g 'h™! ~ 45 umol g ' h™' @ CTF-4p| & ;# # & (Entry
5, % 3)» iz o ERLERBAT I3 wt%2 4 & B TEL R A > 29 uCTF-

18
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24 BB LA G nd 0 A420 nm 2 b ENE T A L 16% 0 E 0L B KRk
731526 pmolg h'z & & »c% > 5 ¢ f’k‘dﬂ“ﬂ? W A2t B 4 p|CTF-4% = ¢ 32
BAET R AL Lo BB REF N 0 RE V(TS P2 TR CTR-4 R

ffg A2 24 umol g 'hlz & & 22k » 2 atptsppd Hi A ikt EW

h\
=

# = > CTF-2¥ #% 2 1358 umol g 'h ! (Entry 6, % 3) - A5 ™ # R b RjEor & &

Z AP AR B BF AN AN A A S P T AP LR o

<N=\
\
N /
n
CF3SOH ™ M=y
NC~<(: :)}CN —— N >—€< >>—<\ N
b 50°Corrt =N n N-—/_/_
Monomers: Polymers:
n=1, M1 n=1, CTF-1
n=2, M2 o n=2, CTF-2
n=3, M3 N=— n=3, CTF-3
n=4, M4 <\ N n=4, CTF-4
N—7

Nq'
& N
Br N
n
=N [PA(PPhy),] N Ne=y
N, Br +M6-M§ —————————~ . y N
N KCOy. =N n N—7
H,O/DMF, 150 °C '
M5 Polymers:
n=2, CTF-2 Suzuki
n=3, CTF-3 Suzuki
N n n=4, CTF-4 Suzuki
Br < -
N
N—7
o_ 0
B -

S
X SIp:
= B
/@)\NJ\Q “01 \OH
O
o"B B o’B“o

M6 M7 L]
B 7 Cooper % 4 %ﬁ d A 82 R F R & = 2 CTF1-4Y - (Reproduced from
Ref. 27 with permission from the ScienceDirect.)
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Li ¥ < rutriazine ¢ benzothiadiazole(BT) # thiophene(Th) & = 1= # 3
% = % = J1=% (covalent triazine framework » CTF)® > 4 %] 5 CTF-BT » CTF-Thifr
CTF-BT/Th- 2 ¢ BT/Th %72 % 52 BT 2 Th ;R ¥ 4cCTF-BT/Th-17
% £BT/Th=1>CTF-BT 2 CTF-Th # 4 »c%¥ % A 521.8~1.1mmolg 'h!> & CTF-
BT/Th BT £Th iR 65 10 IPF A2 ¢ el PR 2 3wit% 22 HE
LT TP A BE66mmol g 'hlz & 4% » ¥ £ 5420 nm PP 54T ¢F 3R

23 A5 573% (Entry 7, # 3) 15 )% %54k kiE 4 O CTE-BT/Th-15 &

FARFRRFTTRLILEE T ;ﬁd P R 247 (time resolved)z. sk 3% 3% 5k Sk 2 5 ip)
BRI GEREE > @0 2ATABSAp 2 2% FBT/Th= 1054 £ 2 T ir 5 5P

o gt ob (F % 7 5 8 7 1§ e 4 3 # (electrochemical impedance spectroscopy » EIS)
BIECTE-BT/Th 5 ) 2 o T im & A T o

Miillen % % #-1,3,5-tris(4-aminophenyl)benzene £ 7 F 1% 4 fig(aromatic
aldehyde) i& {7 45 & % & (polycondensation) & = — k 7| chpoly(azomethine) 3 & 4
(e 8)° - 3 ¥ ANW2E 115 % 2 A & »c % (Entry8, % 3) > o ANWAZ & & »
FioL o TFFNT 0 F5E & & 2 7 e (torsion angle) » ANWA f Iy ¥z [8) 22 28
22 BABEFG Q302 g b o pRE B AT A TR ERT FLBER ¥
Flpt R ANWAZ Z & »cd KT o Lee % Son # 4 i@ * Knoevenagel condensation
Eadiy P T F AR AR TT B2 fidt G 18k S (visible light harvesting
microporous organic networks » VH-MON » §] 9)% > # ¢ rutriphenyl amine i* 5 & %
<+ 2L @ > cyanomethylene i 5+ % &+ A ® » £ #VH-MON £ TiOz-Pt T/ 333 =
K A & »cF ¥ 21250 pmol g Y (Entry 9, % 3) 3 & F T 357 £ 5|5%>

ok B <3420 nm 2 BB s 0 B - HenE Ap R H ) 2 F 4ok drEosin-Y

2 NTL9(E e M 9) » MR & A F 4 M BT i shfg L -
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CHO
QHC
O 2 CHO
T
OHC
® : :

CHO

I wo
I s O
QHC

4

Network Composition Apa/nm £ 9%ev PPNy Hy M umol

ANWI1 1 2 522 2.38 3.36 6.0
ANW2 1 + 3 504 2.46 3.26 26.7
ANW3 1+ 4 591 2.10 2.87 24.6
ANW4 1+ 5 632 1.96 2.73 2.8

“ Calculated from the absorption edge. * Obtained from geometry-
optimized DFT calculations (B3LYP, 6-31 1G**).

B 8 Millen % % & &2 ANWI1-4 1% % & 7 2 o (Reproduced from Ref. 29
with permission from the Royal Society of Chemistry.)

+ NG NaOH
OO ——

Knoevenagel
CHO Condensation

Visible-Light Harvesting
' Microporous Organic Network
3 (VH-MON)

Q LI R,

W) DFT-optimized
) CN structure

O =
N (2

@ NC O-0 SNN

, o

Bl 9 VH-MON 2. & = i j= % o (Reproduced from Ref. 30 with permission from the
Royal Society of Chemistry.)
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Bl 9 Eosin-Y 2 N719 Z4g o

N
TBA
Eosin'Y
L3 E AR AL e .
Entry  Photocatalyst Cocatalyst ~ SED HER QY

(umol g™" h™) (%)

122 TFPT-COF Pt TEOA 1970 2.2
223 N3—COFs 8wt% Pt TEOA 1703 0.44¢
32 Triazine oligomer 2.2 wt% Pt  TEOA 1076 5.5¢
42 CTF-1 10 min Pt TEOA 1072 6.4°
527 CTF-2 3 wt% Pt TEOA 296 1.6°
67 CTF-2 3 wt% Pt MeOH/TEA 358 n/a®
728 CTF-BT/Th-1 3 wt% Pt no 6600 7.3°
82° ANW?2 3 wt% Pt TEOA 70(A> 300 nm) n/a
930 VH-MON TiO,-Pt TEOA 1250 5

an/a: not applicable. ® Apparent quantum yield (A= 420 nm). © Apparent quantum yield (A= 450 nm).
4 Apparent quantum yield (A= 400 nm).

SED : sacrificial electron donor, HER : hydrogen evolution rate, QY : quantum yield (A> 420 nm),
TEOA : triethanolamine, DEA: diethylamine, TEA: triethylamine.
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1-2-3 3 & &+

1985 & % - @ k® ** A % 2 % 4 5 poly(p-phenylene)’! 3 £ % 2

;T s G- zodi(diethylamine) & = ¢ *(triethylamine) » 4% 3it 2 2 5 3 umol g!

lﬂb

Wl chd 5 BB 5 A% 13 0.1%(Entryl: 4 4)» &7 g A5 4 2018 & &
Cooper i1 fg¢ 32, CUEMAEZ Z e R T EER R (ELAA 0 At 2 420 nm
AEBHTRMAL 64pmol g ' hiahE § o HE 3 A FHA T 04%(Entry 2> %
4) > et & & 2 F ARG /M o

¥ T #k = vk (benzothiadiazole » BT) % % * ** £ FiR43 ¢ i T+ X2 ¥ =~
(electron acceptor unit) » = S F B T A & B2 H B F A 3 (7RP o Zhang %
Wang # + #-benzothiadiazole &7 5 B F T BH & + - B2 AP F A FET 2

AR ERECR 10 TR )R 0 T 8 A D s R et BRI 2 kR i

#oo T dp 0 B-BT-1,3,5 2 s fe gt Bk & dp il & Bl i B8 - X F R
A F b A F AR AR B ES O MR HT T SR RPERTILAS 2R

BHEREFERES Lo o 2 TS BBT1I4 RE T RT G 2 Sk

El

e

=

b

Gs FIP BRItz R HF > &8 @ B-BT-1,4 7 fdF2 & &z

is»

7| 240 pmol g ' h7'(Entry 3 > & 4) > r1 = o pRARGRBAZFT o e 3wtk
240 EpIFR R > AF T H gL BE D] 2320 umol g hTT s HIRE S A &
401%(Entry4 > % 4)> @ = @2 & & 5 4 %o & B-BT-1,3,5 & mAp
¥ikz A4 »cd 400 umol g 'h'(Entry5 5 % 4) > A MEF R IA b AL g R A

EoRF T FERPIA R FIS RS R R RS B SRR e ey

B i 4 A B L A4 Pd s Rh 2 Pto ok (35 Ptac = 5 Rho
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B-BT-1,2,4

B-BT-1,3,5 B-BT-1,2,4,5

B-BT-0.05: m/n=0.95/0.05
B-BT-0.10: m/n=0.90/0.10
B-BT-0.30: m/n=0.70/0.30
B-BT-0.50: m/n=0.50/0.50
B-BT-0.70: m/n=0.70/0.30

Bl 10 Wang % 4 & = 2. Benzothiadiazole i 7|5 # * - (Reproduced from Ref. 33
with permission from the Wiley Online Library.)

A2

Cooper % * ;ﬁ d 2% #1,4-benzene diboronic acid ~ 1,2,4,5-tetrabromobenzene ~
1,3,6,8-tetraboronic pinacol ester of pyrene % 1,3,6,8-tetrabromopyrene =t & » & =
1548 st £ $= % 4+ (microporous conjugated polymers) CP-CMP (4B 11)% >
$-15 fACP-CMP % » + § Fit Rk F it ff - j81.94 2295eV - (F4305 §
pyrene th= i3 4epF - CP-CMP @ sk ik i (cyclic structure) 2 & 4 (strain) ¢ “E
Z KA Bz €T F A o Byt I5fACP-CMP 27 2 & F s AT ¢h kR
TR BRI R E N @ T LR RRT > @ 7 A~ FECh e g R R
CP-CMP v &7 A& 4 & B 4B 11977 4 6 & i 5 #:172.33eV pF>CP-CMP10
E & 2eF v E P g 174 umolg 'h ! (Entry 6 » % 4) - THRE T RE N
3t2.33eV pF(WCP-CMP11~15) > R m e % & T ¢ TR F * T F EA s 4
£ i I (Kinetic barrier)» € 3 % > & dﬂz A AL F o d 3w ESCP-CMP ¢ i¢
* 34 (palladium > Pd)# & & > 7% § Pd(0.42 wt%) ¥ ic € 1T 5 A & F Behs
L &> 57 #u;rtfgfgs? e f’rg;;;’# ¥ - % ;f]z%cPd 2. K £330k £ 2CP-CMP>

DA EF Y FAF AP RN AL e g &2 0 4R 5L CP-

ixx

CMP #7i&-%> J& 5 & ;% & + & fiegi(transmission electron microscope » TEM)4p

RRF A BT AT E A K IRL A CP-CMP > B 20T 3 Tk $2
24
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2

A LT OBE g s o g o n——-ﬁ 7r 4

T

4+ 2. CP-CMP16~18- 4p #. 3t CP-CMP10 2
B ko st 2 CP-CMP § # E# 2w jc > @ CP-CMP1~15% #F £ - + % 2*
%% A AP B2 T M HCP-CMPL7 4 3 (de@l+ 10)#F 13m2glz vt &6 4

Fre oI 8 s CP-CMP 4p iz & &

54 ymol g 'h™! (Entry 7 » % 4) >

@ P& NCP-CMP ehi & & & & »2f T2 5 PRI ehp B o ¥ o e 18 - R en
> 1 T4k Nature BTS2 345 0 325 Cooper % A & VB2 = 2 14 B
(soft materials) 5 fLit & sk K B f2F B> T BRI F LR A F 3L AR s

A opncnl §ap total H, evolved  H, evolution rate

copolymer  (nm)“ (eV (umol)* “(umol h™)* SAggr (m*g™)?

X1 + y2 + z3 + aa %— chcmpi g5 CP-CMPI 445 2.95 5 1.0 £0.1 597
H,0/DMF CP-CMP2 465 2.69 8 1.4 +0.1 682
CP-CMP3 474 2.61 11 1.8 £02 710
CP-CMP4 483 2.54 14 24 +0.1 684
>?LO O,g< CP-CMPS 498 253 17 30402 734
— o-B Beg Br Br CP-CMP6 512 2.50 15 2.6 +02 726
o 5 O O CP-CMP7 517 247 17 29402 839

© I:[ “ “ CP-CMP8 523 242 35 60+06 1056
how; L B o ‘ o O CP-CMP9 528 238 69 109 + 0.1 762
>§(§ Bb Br B CP-CMPI0 534 233 100 17.4 + 09 995
CP-CMPI1 535 224 1 20402 770
1 CP-CMP12 547 2.10 8 14402 957

CP-CMPI3  $58 2.07 6 1.0 £0.1 1710

CP-CMP14 566 1.96 <05 <0.1 1525

CP-CMPIS 588 1.94 <1 02 +<0.1 1218

@ 11 Cooper % 4 & =2 1548 CP-CMP £ jf 4 o (A & 1% i%:100 mg & ff 4l 5
*+ 20 vol % Diethylamine/water ;% /% > ** A>420nm ¥ & 6 h.)*(Reproduced from
Ref. 34 with permission from the ACS Publications.)

B+ 10 342z CP-CMP i *(Reproduced from Ref. 34 with permission from the
ACS Publications.) °
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IR A Il N TR el S g A = £ L S

A
A
=
-5t
o
ol
“
ﬁJ

BoRzZ B Ee o Tt AE 2%F 0@ Eéﬁ?—"ﬁa‘%:’:ﬁﬁf_*ﬁ Pz e d
oo H - :%;?ﬁd v b £ 75 Al (co-solvent) » 4o % o 1 H i 2ok 2 B 4 485 H| 3

Bp s R B A F AR P 2 A4 e Cooper E A WA = o diE L R A T
e TORRRAG R AR BT kAL kYA L 2 Y o A poly(p-phenylene)
B4 0 Cooper % 4 & & 1 MK 2 SMI-SM5 4k 7|(BH4rBl 12 977 )" g F ¥
BBH o AERF A ERAP AL I NEFEFEERM S AT PR
FAKPREI BRI TR AIARIFI REFT I 2B R BT AT R B

¢ %~ (fluorene) & ~ & & ) FSM1-FSM3 » i B 4T a > 5 JI3 T w2 & 8

o RPREFEFEFEAMERA RS A I I EIHEL AP BET 0
BHZ TR BTN §HAL T F L ARM o £ F fluorene H At H % 2

o &R P2-PT 2 F 43 2 AR AT G APITLS B 9 E & 2.72-2.86

eV BRI HUEF 2L F > FAF 2 KB EA TS FRERFRS H Y R Y
P7 2 A4 2% 3680 umol g 'h!' Bl BB 2 2% » HemEF 4577327

2.7%(Entry8 > 4 4) > £ 420nm £ 2 B ST o 2t 2018 # Cooper % 4 af i £ %
2FF &S A PI0 BHEGe R 12)7 0 H 2 & e E 5] 3260 umol g Th! o H ik g
F A FEF) 11.6% (Entry 9 £ 4) 4 % 420 nm 2 BT - ZF73 P72 P10
AR AL T LT F o TTH AT B K vh VOB IR 45A% 355nm 2 sk
Foi 65 100 ps =% 630 nm ¢ J1 IR - SofTE o (E K f in G MY IMEE L & 1Y 3 (polaron)
2T A RFEATAS 2B JTEL @ PT & PIOS L% PR & T

FRIE LT gkt FFF LB R 2 EPHLF oo gt P10 k2 B
iﬁ@ﬁ%%ﬁ%ﬁﬁw’ﬁ%Pm?@ESAﬁ%$6’5%Pm&ﬁﬂf

C3Ny i Sueb BB 2 P38 F 2 5 11.6% ©
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OO > ~~F

n=0SM1 3SM4 Ry/Ry = FSM1
1SM2 4 SM5 R1-H/R2-Ph FSM2
2 SM3 Ry/R; = Ph FSM3
O\/O
X \S/
X= C(CH3)2 P2 N-CH3 P5 P10

CH, P3 S P6
N-H P4 SO, P7

Bl 12 Cooper & % & = 2 %4554 » o (Reproduced from Ref. 35 with permission
from the Wiley Online Library.)

B EBA S T - S RRIEEY eF A HEEEEF A 2 AR
(polymer dots » Pdots) » & 4+ 2 F3phF B3 R (DT EEH H 5 oz > 5\
EEES QY RBARDLITAFENT R LA Q)T AN R
PR R 2 SR (A AR IR L B A 6 (5)d R e £ R R
TFafgfpd hEEBikPiEFBE  SE pRBPELEFNLAEFTT S
(tunneling) ~ ¥ % (hopping) & o A= F A + 2 K 3dac 53 7 »cde 2 R4k ¥ 2
AT FPREERB TR B 2a IR E T2 P hoTian ¥ 4 & % PS-
PEG-COOH ¥ PFBT iRfr#l v} Pdots’® > #-3 3 » F F P32 hr & v
(tetrahydrofuran » THF)® » £ -t JR{eia iR if » -k ® Bl » g § 2 FR T E74F
MR - 254k THE § 3 8> — 2 5 @485 4527195 o> 5] PS-
PEG-COOH & § #.-k2 F it & » @& 2 ¢ 2) & dopie®e (micelles) 2 5 H 3 #gin -k {22
PFBT ¢ % ke p » A= Pdots » F k%% % % A= Pdots 2. PFBT #p#ia>t THF
B Bt 20nm e BT L RRE 2 FHER 4 o % Pdots X I LLL
* A E R RERNAF2 A § S 83mmolg 'hT! o f ascrobicacid i 3 3k 4]
2 FRT > T A 445nm 2 kR ETT F 0.5%2 HME 3 A Z (Entry100 & 4)>
PR TRAAR G P R T ASE - R A G F B TALEE R EFE 2 RR
B g AT 0 F# Pdots # 2 PFBT wijciv® £ £ATH T Lok flr - iFy
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5 A5 Pdots 22 PFBT 7§ 4rpt BEE k<> % 10° 2 % > £ 2; = Pdots 2. PFBT
RFE A8 A RS R 2 G o APFOY R A A2 B T TR

9

a

2o g e flEs o b T R A R ERHT A2 TE S & F o
Bi-pkT 2481513 PREZ 4§ A2 > FIY K Pdots ¢ £ S € ATR 7))
Btz R EpR LT FF 28R XS d B £ 575 (dynamic light scattering »
DLS)z % > 3 3 Pdots crux ¢ £ 'Cil € AT 7|2 2 o~ S JE A BB E 2 4T 30
nm ¥ £ % 60nm> I ;ﬁd B Ak % h ¥ R ex Tk 3 L Pdots i 10 A 452 KRS
% 400nm E ¥ 4 - B o 0F Jﬁa‘% PR 2 MIT B A 4 ek 203 K3

AAp Bl > r iz DLS 22 %% orhpt2 b o d A A & AR ARE Y Vg

=5

it ERHARE T AR RE KA

bt
3

A

=,

j‘l‘?ﬁﬁ g
TEIBE F 2T g FRI0% AL o
<Y
ooy 00

CgHy7 CgHiz X \/\)ROMOH

PFBT o

PS-PEG-COOH

(1) THE/H,0

(2) Purge with Ar
ultrasonication

E/V NHE

LUMO
-1.0V

=024V = H*/ H,

Bl 13 Tian * % £ = 2 Pdots PFBT 17 & B *  (Reproduced from Ref. 36 with
permission from the Wiley Online Library.)

Chou A & 24 fluorene 47|23 A F » 2 > H s 2 JF*H% ERECOLE- &'

#% (photodepostion) 2. = 3% 7 e 4o & B & Y& > Chou % 4 EHERLEANF

W SRR NI fﬁﬁ%fﬁln\ Ll % PFTFQ-PtPy 2 PFTFQ-Ptlg (4rBl+ 11 #f

7)7 s # 8 4c PS-PEG-COOH )% § A+ % f 32 £ fh4 » o 5 /6 %143 4p
28
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2R H K 5 2.01eV-2.03eVo # A § sk 74 4p 5 2 2k A u] 5 PETFQ-PtPy15
2 10.2mmol g 'h™' 2 PFTFQ-Ptlg15 2 9.3 mmol g ' h™'(Entry 11 % 12 % 4) &
SIS nm 2 kBT N A K 5 040%% 042% » kv BSR4

>

722 4% 15mol% PtPy 22 PFTFQ > 4pdiet & f 4&4pik 22 PFTFQ-PtPy15 5 437

- Lz AagrxF546mmolgth! s e mEIRApE F 2 A § F o

Bom 11 %+ &2 PFTFQ-PtPy 2 PFTFQ-Ptlq 4 -
PFTFQ-PtPyX

CBH130005H13

7N
N N

x=0.05,0.150r0.25
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L4 FAG RN AL F REE
Entry  Photocatalyst Cocatalyst SED HER QY

(umol g 'h™) (%)

13! poly(p-phenylene) no DEA 3 <0.1
232 poly(p-phenylene) no MeOH/TEA 64 0.4
333 B-BT-1,4 no TEOA 240 n/a
433 3wt% Pt  TEOA 2320 4.01
533 B-BT-1,3,5 3wt% Pt  TEOA 400

63 CP-CMP10 1o DEA 174 n/a
734 CP-CMP17 no DEA 54 n/a
83 P7 no TEA 3680 2.7°
932 P10 no TEA 3260 11.6°
10 Pdots PFBT no AA 8300 0.5°
1137 PFTFQ-PtPy15 Pt DEA 10200 0.40¢
1237 PFTFQ-Ptlg15 Pt DEA 9300 0.424

“n/a: not applicable. ® Apparent quantum yield (A= 420 nm). ¢ Apparent quantum yield (A= 445 nm).
4 Apparent quantum yield (A= 515 nm).
SED: sacrificial electron donor, HER: hydrogen evolution rate, QY: quantum yield (A> 420 nm).
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0~
e

P E R TERNL G AR R ES S s 2 B SR W7
FAERBA G2 5F o Fppow ik R E T 2 KPR O R

3 HTE WA S B i R 0 4o polyfluorene ~ benzothiadiazole ~ P3HT % - @ %
B I fig"=(naphthalene diimide > NDI) 7= % 4% Jis * *t 5 #3-2x T f % (organic field
effect transistor - OFET) > 2009 # % A4 7] % ** Nature #f #]d Antonio & 4 1
P(NDI20OD-T2) i % &% + il if (n-channel) @ = 3 4% & %% & %% (organic thin film
transistor > OTFT)*® » ¥ 5 B> % F ~ wEr ~ 3 5~ R E S NI A

THFEBFF T <3 0lem’ V!

-~

(\x,

B2 R AR R2ZEF TR BRI b

T EFTRO08Sem? Vs P HF BRI S X107 BIAEF AT 4oL 4
WEMEREZTEF - "f ptz ¢t s NDI » % % 3t % & F 5 it T (polymer
solar cells » PSCs)4g % 3° > Samson % %X &£ £ % 4~ 3 2 PNDIBS i3 %3 <%
(electron acceptor) ¥ 22 PBDB-T ¥ 5z ¥ + # 48 (electron donor)fe %> & 3R 1) 9.4% 2
it B # 3 »2 % (power conversion efficiency) » & i % & 18.32mAcm 2 7 E IR 4p

F B2 Tk o Fmfed NDI 47442 HOMO 2 LUMO A % 4o
Bl 14> SHdc®l 15 907 M BB SR AR 200 A TFEE R 2 E K Ap
F&‘Séff’%ﬂ‘g—ﬁ‘}‘l’**’:“é_iilﬂ T R HmT Y PENDI S AL HE S H T
A ’%ﬁﬂ BARR I AHEFREALN ARG TRITAL AT 2 H
v &) fluorene A 4722 NDI e frig 7> % F g 4+ 57 B8
GioRARF e A BERPH L AR 2B P EHA T RF LR RS d s
’f?%@ff}%@%‘*ﬁ*’?éi*ifﬁipi CRCU R R R Tt ey Yo A
HEEHM2Z FLEEHFA DY R B ELPFTREB P L4 AR E 8 2
oA F s e
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-4.00

-5.00

Energy level (eV)

-6.00

-7.00

PNDI2OD-T2

Energy Level (in vacuum)

-5.82
PNDIBS

-3.95

NDI-T-FBT

-4.05

-4.04

-6.52
PNDI-T

-4.06

-6.26
PNDI-2T

B 14 éjglev‘ sr 8 2 NDI s 7| B S $rac P A 384

CIKJHZ1

P(NDI2OD-T2)

or
NDI-2T

CaHﬁ\H

o]
CBH17\‘)

CioH24

CgHi7

C10H21

NDI-3T

PNDIBS

-4.08

-6.22

IR HYH, (<444 eV)
- ----W- 0,/H,0 (-5.67¢eV)

PNDI-3T

Bl 15 < e #54 & 2 NDL s IR & # 2 B4R 5 o

32
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AEF R AL 2 G §F B F A K47 E E R E (gas chromatography-
thermal conductivity detector » GC-TCD)i& {7 4 45 » 47 » ¢ drjk & 2 8 1 § # %
KiEF R R YL E RS 3BT A LA FREFRLF 0 RAR
B Rem#y > BREY -2 5B -ERL T EZ 25°C 298 K>

dogr o 0.5mL 2 BB S(# % 2 BB S L 03%2 § R EF) MITHREFEF ¥

Ak 0.061 pmol(4c B 16 #757) » ¥ GC-TCD #|iF & f A o A2+ » 2.4 7
FREITHE o Y EN e FEE ﬂﬁxwww»\’l§é§?%i%%*%“
GC-TCD #tip| 1@ 2_ & 5{« 7]%'47\047];;3% F "“"Eﬁ?f‘ﬁl\ » WR A A2 4 X AHEco

Bl 16 L f 48 4250
TF=£K=]&QS*Oﬂoyﬂﬂ01=6J*104==61*10Qymol
RT 0.082*298
P : B #jPressure (atm)
© #2Volume (L) - &AL 488845 20.3%
n : 2 H2 Mole (mol)
R : 3248 7,88 % #= 0.082(L atm mol "1 K-1)

<

T : 7% & Temperature (K)

2-2 ¥ B R %

1,{217“ N ERLE B BRI U -~ T ZAR & SRS E AR Z %:}»}_@J

= ¢ (tricthylamine > TEA)# = ¢ fg %«(tricthanolamine » TEOA) (®# F 2. & & P&

#

‘F_*

°om

)

(e 5) FHRZESEFRA FHZBRELRLIBHT Y €422 Eikd F

FAEHE AT FHRY TR 2 REL T LEERE S T kL BRRE
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eSS T Bk A SRS RF R A REL T R AL ARG SRl
LR S H20D 600 % ALNEHET LY 2 ERF BB TG
SR B R TR S

305 A RRfeRRLF B AL Bl

Solution H, (umol 4h™t) with filter H, (umol 4h™1) without filter
TEA+MeOH-+water 0.00928 5.95

(1:1:1)

MeOH-+water (1:2) 0.01800 0.39

TEA+water (1:2) 0.00231 2.55

TEOA+water (1:2) 0.00338 0.48

MeOH 0.00385 1.05

TEA 0.00694 2.35

Water 0.20

Bk AR 25 mL o AR 4 P4 2 300 W Xe Lamp &k iRGE {7 A & iRl3# o

2-3NDI w2 2. & = 2 SHET

m

itz A3 e fFiEdBar, ord N2 RfFiE 2 & LUMO > —4.44 ¢V %
HOMO <—5.67¢eV 2 it FFig & > Flptatpbpm g @ A dd 22 & & NDI % sz - % 7))
Ao HY o T R BRSO XV RE BT kT o 3 AR E R B
APEPEEF AT = PN A2 FTRIT L IR (crosslinker) k &2 NDI i {7
R & o & H[PiE 1,3,5-triethylnylbenzene (compound 2)¥ 1,2,4,5-tetracthynylbenzene

(compound3) & = di kg » + P2 % P3*7f§%%’é EXARILFATETRARA

B R BRAHA T LS L P s d S NDI 2 mAE S E o Rl

-

= »

CEB PR RS 2 S (2 MR steric effect) » Flut i ¥ B oW @ Srik

B ®pi 4z NDIButyl” 22 = & F k2 WMBHETF A~ F 2R E > Vb g
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NDI ¢ 1,4-diethynylbenzne (compound 1)k & = {25 & + P1 &R KL ¥ 3

M S EAH IR T 13T oA PE T RPN AZFREELS
P H B R TG 8 Lotsch 2 Ochsenfeld #74& = 2. NO-N3 % $o(B] 6)7 sk ff 4
i RBLTa s AT F@B I RE FIV BRRFL AL wF Pl
Zhang % Wang % 4 #7& =2 B-BT-1,3,5 (] 10)7"3% 5 T o 42 P I8 &£ & 7]
FREAZLGOCFRBBT-1A4 L ¥ F st fhe 2 F 2 I R Z P e
FhEHed B-BT-1,3,5 ¢ @R % FIREE BRI rE 2 T g (AL vh
Xu AR @ % 242 FR2 “*fﬁb = 11 PTEPB % PTEB 7 #5 % 3 fﬁ(%{rb’%‘]
FOI2)P o TR E R B T RMFAL E F 2 5§ 0 A B2 Ad pxF 5 218 umol
g'h?z 102umolg'h™s @ A4 2 § F83 264 4% 823730112 4420
nm z K PREtT INEF A F L 103%% 76% ApE B EAE F BTG S

ZoB PR RSy ;ﬁ:écﬁa};ﬁﬁm? R T kR AL L F R G

T
N

PTEPB 2 PTEB 2 s 384 i3 f ¢ 304 b kg g 3 % Bk R ™ 2 3 on
T3 06% £ 7 LA FRLE > Fl AP RIS ¥ 4% %2 NDI B2 3 4

FAFHN o et EaED{HF 2L AL 2% o

Bl 12Xu % 4« £ =2 PTEPB % PTEB % ﬁ # o (Reproduced from Ref. 43 with
permission from the Wiley Online Library.)
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% PI-P3 SR AR T A N0 SIS A S PA-P6 2 kT

BN

WA 130 F LSNP RS F G L R 2P AR

&+ F & 4ed ¥ (biphenyl) ~ fEkr> (bithiophene) ~ » (fluorene) ¥ » & H

(w,

HHAR LT 2 PP
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BB RRMEF A PL &R P2 & P30 g AKT G A RGP R
FREHEE = 7 Ao AR % (trimethylsilylacetylene) L & 7 % - =X F]SE 8 & & &
(Sonorgashira coupling)#-= 442>t F R F > B30 MIEBE TR FL HRE o Bz 7 A
FoRE e 28R AR 225 1-3(3cBlr 14) Bt £ #5 7 pAP Al 2
A% 1-3 &2 NDIButyl i£{7 % - X PFEEME F oA BT 2 k2 g o5

PI-P3 > 4clr 13 %7 » BAF 2 it died 9 L TRSE RALT @~ 1

J

&

2 DR RER R AR B o d A S LB AT AR T R A

dow dvkvm s F P F TRES %fﬁij‘; iz R N ERA N R R B

HELe 7 PC FEPE £ 3R & (PC solid state NMR) %

i+

¢k Sk 3 1% (infrared

spectroscopy * IR) » H Rl# % % % & 2 H BI3T 5 w T35S o
B+ 14 Compound 1-3 2. & = o
Pd(PPh3),Cl,
cul ™8 P
/@Br H——TMS = NaOH /©//
Br iisopropy! an.1|ne // DCM, MeOH 4
50 °C, overnight T™S r.t., overnight 1
63% 41%
MS
Pd(PPhs),Cl; I I
Br Cul
H ™S NaOH
B — -
Triethylamine
Br Br ' Y o SN DCM, MeF)H & X
65 °C, 16 hr T™S TMS r.t., overnight 2
T7% 82%
Pd(PPh3),Cl,
cul T™MS . P TMS “ P
Br Br H ™S oS NaOH X =
Br Br ||s§)pr0py ar.nlne = = DCM, MeQH & SN
50 °C, overnight ™S TMS r.t., overnight 3
A7% 80%
Bl 15P1-P3 2z & = o
Pd(PPh3)4
Cul
Triethylamine
NDIButyl + Compound1,2,3 P1, P2, P3
Toluene

100 °C, 4 days
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HPL 2 P2 2 Ffi PC NMR B3 (4B 17~ B 18)7 5 & &+ % 100 ppm
2B 242 MEL S T MR IR ¢ 2200 cm ! R L BT 42 5 b0 P R PR
B 1705 cm ™ 2 B B4R S NDI 2o 45l > 4 7 = 42 54 & 38 NDI
+oo Ay P3 2 PCNMR Rl (H 19)% IR @ §i2F 4 L= 4k s 4
FoHEL A A LA NDL 2 Bip b o 4Rl P3 hg & ¢ = 422 NDI 2
Sonogashira coupling F Bl £ » Bem K2 0™ g i (7 7 H 6 R 4k 1T S R
Wz L F o 40§ f & F & (Ullmann reaction) > € & @ B e R £ 5 B A2
NDI ~+ #2488 F s 215 73R A4 Fltfndr P32 B 3 2850 0 -
Bdasrin & # 2 B a7 i A4cBT 16 “TE T2 B> PR RE PC
NMR Bl i 5 2404 5 7]2 NDI 350> ¥ 2% IR Bt » £ A$mF =
GE2 B da ¥ P3 2 B4k 5 NDI &2 NDI R £ 2 A 4 o

Pl

T T T T T T T T T T T T T T
240 220 200 180 160 140 120 100 80 60 40 20 0 -20  ppm

Bl 17 P1 2. 13C # i NMR (600 MHz) -
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= * @ 3]
Q= <
P2 3 g 8 8 3 8 & § 3R
~ =1

e e ¢ e 8 s & 8 &8¢
1
I
i 1

|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
* 1
* 1

* *

| i I T T . T T I " T i T T I T I T T ' T ' T T T v I T I
240 220 200 180 160 140 120 100 80 60 40 20 0 -20  ppm
B 18 P2 2 3C B i NMR (600 MHz) ¢

P3

162.16

— 126.39
= 40.31
29.96

— L
— 2.9

¢ b ® ), @ B & aF € o & % -7 % [ % % o & g & 1 & -+ |
240 220 200 180 160 140 120 100 80 60 40 20 0 -20  ppm

B 19 P3 2 13C B NMR (600 MHz) -
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W+ 16 & & & & (Ullmann reaction)2. & 4% P3 F '8 & 22 ¥ it B

Cu(0)
I
(hCu—1 A

—~ - Single electron transfer

T Cu(0) 0“"N"T0 \__, (1) Cu-Br
Oxidative i
addition

0, N o . 0 .
Cr Ullmann reaction "C““
: mechanism

L}
\ /
\ ) ﬁ\
\ Reductive H/ Oxidative H/
(DCu-X = 2 elimination o addition
o Br o g
\ an 5 e
;\ \‘\_\ C )
r

\ N |

P4 2 P5 2z £ = » 7 L H_ K- 4.4-dibromobiphenyl fr 2,2'-bithiophene & —78 °C

H

z
o

T 12 p-butyllithium i {73 3 £ metal-halo exchange & » £ #= » trimethyltinchloride
B A BB FR e £ 2 compound 4, 50 {8 F ¥ compound 4, 5 &
NDIButyl i%iF Stille coupling £ 7R & F BFI| P4 2 PSe F =2 P4 2

PS PP @ikt A ABMNTAE T 22 FFREFERNEE 1B ME
JeB-3 B2 FM KR T A S PR AT RE S TR R TR R R B
FREEH T Rk E FRRE 22 RIE 0 TR IE S A 1T R(gel permeation
chromatography » GPC)i& {7 4 45 » g% 4cd 6 77 » jiddp ™ g I A+ E40 5

o FEBR Fl G Bl E GPCPF A THF i 33> ARm d Bk W5 300 3 4
+ ¥ 33 THE Flpt R D) s + ) 223 ¢ ’“f#iw’k’ L P RBP4 2

P5 & & 2 A4 it NMR 2 82 (4-F 20 - Bl 21) > 5 R FIRE s 2 2B

B ¥ ApETH 42 Compound4,5 F P A = 450 B HRRIE Y 73 & NDI 2 5t
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% 7 1% 1§ Stille coupling #&# } #- Compound 4,5 #>* NDIButyl } - a7 5

&4 P4 A PSSR -
B+ 17 Compound 4,5 2. & = -

Br

Br l

1. n-BulLi, -78 °C
2.Trimethyltinchloride, -78 °C

r.t., overnight

1. n-Buli, -78 °C
2.Trimethyltinchloride, -78 °C

r.t., overnight

Bl 18 P4 2 PS5 12 Stille coupling F & 2. F ik [T o

PdCl,(PPhs),
NDIButyl + Compound 4,5
Toluene
90 °C, 4 days
[P4_chloroform layer
r-..—.
O O O o
% o5 @ a
N T ’|‘ b J
I
AM A M -
T T : — — T T T
0 95 9.0 8.5 7.5 4.5 4.0 35 0.5 0.0 -
INDIButyl f1 (pm)
e
o
) 8
T !
" | [~ v
oo 487 R ER
) T V'S
B ] 8 8 s
T T T T |y T T T
00 95 90 85 4.5 4.0 3.5 X ] 10 0.5 0.0 0
Trimethyltinbisphenyl f1 (ppm) ~
o
S

|
I‘O "
\Sn

7.57 @
—7.26

——1.53

1 7.?{’::"_7

0 95 90 85

~a 800

T T

45 40 33

05 00 0

B 20 P4 ~ NDIButyl 2 compound 4 2. '"HNMR (400 MHz  d-chloroform) e
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[P5_Chloroform layer
- oo v
= 8w
N N
NN
’ wvien ol v O
UL it B )]
—_———_e s
. SR
Aaadaa |
CR |
T35S '
@ i lq I
- o S | o =
.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 50 45 40 35 3.0 25 20 L5 1.0 0.5 0.0 (
NDIButyl {1 (ppm)
o N_0 @
\\I LN &
s S
B I ‘ N o w !
o7 NS0 o - l‘r2 3
<+ < < - —
Y T %
4 .\ N
.0) 95 9.0 85 8.0 1.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 L5 10 0.5 0.0 -
Compoun 5 {1 (ppm) -
-0 0 W i
| aaadd —
~ 5. Sn. ~ r;\j; o !
NS — -
\Sn'J:S Ao
“\
L
— AL
T T T T T T . T T T T T " T " T T : : .
.0 9.5 9.0 8.5 8.0 15 7.0 6.5 6.0 55 5.0 4.5 4.0 35 30 25 20 L5 1.0 0.5 0.0 -
{1 (pom)

%] 21 P5 -~ NDIButyl 2 compound 5 2 '"H NMR (400 MHz - d-chloroform) e
B 6 P6 H_d 2 7-dibromofluorene 3 A24-3 » G sk PR E TH I (58 1,6-

¢ A\

AtN

-

dibromohexane * &5 = 2,7-dibromo-9,9-bis(6-bromohexyl)fluorene » % y* 4.
iP4ex 10 F & #2 1,6-dibromohexane K:i& {7 F Ji » 4ok B4R S P2 B R ALK
oo FIa Ry NPT - RZAP R R B R A A AL
2,7-dibromo-9,9-bis(6-bromohexyl)fluorene fé > £ fds & 2 B T i Bt F ik
4 A5 compound 6 ° B {$ 14 Suzukicoupling Adk 2 BB TRTREA S P6 o b

BAFEDEL FAF RPN AL d g 2 fluorene F 4T Rk 2

BB T PO T B R A A vk R F VR ERA 0 ¢ hitFE SR

PEATE B A R RARE DA IRILG AL A Y c BHETL AT LR NMR

ki (7 0 KB 22 22 'HNMR Bl ¥ 5 4 P6 23152 7 NDIButyl 2 compound 6

Ts\L

2 FRHE S T T L %7 fluorene 2 RS S 4 & XA NDIZ HA P oo pLoh > P6 2
GPC & Blicd 6 K& P F 'JF]: I H L3 FpiR P4 % P5 2L 2 L 1 ) U I T

BAFZAMERAM  FRELSZ POV L RENE PP > ¥ 40 THF fie

doi:10.6342/NTU201902451



B GPC #h&-PFF7m iy L4F 3 f2 5 Apg2. T P4 2 PS5 d 305 RUAR FIU B R R R
A wTHF ¢ &5 30 e o333 F R 2 GPC #icim ] o
B+ 19 Compound 6 2. & =

Bispinacolatodiboron

1,6-dibromohexane PdCl,(dppf)
TBAB, KOHag) B O B __CGHCOOK
Br O.O Br 80°C, 45 mins r .O ' dry dioxane,
53% 80°C, 12h
79%
Br Br
Bl 20 P6 ' Suzuki-Miyaura reaction % _& 2. F & T o
Pd(PPh3),
K2CO3(aq)
NDIButyl + Compound 6 > P6
THF, Toluene
reflux 48h

P6_chloroform layer

-—8.81 @
®

.
%—4 2@
3320

—17.95
275
“\7.43

T T T T T T T T T T T T T T

095 9.0 85 8.0 15 7.0 6.5 6.0 55 50 45 4.0 35 30 25
NDIButyl {1 (ppm)
)
o
o _N._o II\
Br |
. °
Br (=4
(=] N O
IO & Sa
| < < <
i | ~
1 b
0 95 9.0 85 8.0 75 7.0 6.5 6.0 55 50 45 4.0 35 3.0 25
Compound 6 f1 (ppm)

.0 9.5 9.0 85 8.0 15 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0
{1 (ppm)

B 22 P6 ~ NDIButyl 2 compound 6 2. '"HNMR (400 MHz » d-chloroform) e
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# 6P4-P6 2z GPC ¥ % o

Polymer Mn My Mw/Mn
P4 676 885 1.31
P5 976 1179 1.21
P6 5268 11518 2.19

PP ER L AT ERRZE A A IR ) 0 R R A SR
PES IR RRETHRL AL 2 F D TR AP A PO B AFRAPE A o
= 1 P7 22 P6 i {7 fi o #-P6 £ trimethylamine ** 40°C T :2{7 F BT ¥ 7 3
k% 2. P7 > d 3% trimethylamine ** % /& 7 5 § %8 > F]#* 7 & 2 trimethylamine %
BRETCEBARY P AP EHERAO LRERTBFZ LN R R FFRELE
Iz & TR RG22 GRS 0 BARA S kAR R A S TR R
AR E R o ¢ F] 23 22 P72 P6NMR Bl ¥ L2 3.07 ppm i - P AR 2
MEL JBETS I RIPT A ATE S 2R R EUSHET ERIZ E RF A
(N-CHs) » ¥ AF it A3 T foipi » FIL LT PT S H A& o BEBA P & &
TH#NDI ;i 7]2 % 4~ P1-P7> H¢ P2 2 e ipdf » @ P3 3 2L R LArpi & 2 2
B A ENDLp L2 R T A AL B R PLA PAPT ¥ 5 AL
BAF O B? PTX LRBREZ AT o MEHAL Y AR TR AL

Bl 21 P72 F BRI -

Trimethylamine

THF
Br 40 °C, overnight
55%
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P6
d-chloroform
v O v D
e R )
- -
(O NN
o1 1
“
= Qo . T
\ NG 5 \ U
L r‘ II 1 \ ﬁ U\ I '
” ‘ | { V M\/ \
1.0 95 9.0 8.5 8.0 7.5 70 65 6.0 55 5.0 4.5 4.0 35 30 25 20 1.5 1.0 05 0.0 -
P7 11} (ppm) -
d-methanol c o
o on
\I/
ol Oy O v D
ol o0~ =t NO
o - - -
% o o YNNI
i s b | M rl
| \
y ', SN VAVVAVING

f:7"6(]
;——‘
_

r | T ! : | ' ' | . ! r | . | T ' : : ' v |
1.0 9.5 9.0 85 8.0 15 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 20 1.5 L0 0.5 0.0 -0
I1 (ppm)

%l 23P6 2 P7 z 'HNMR (400 MHz - d-chloroform) -
2-ANDI f72 $2 Gk~ i PEE A § 2SR

KO PRl PLP3 B ILIER 4 BT 2 ¢ 2 FR o 2% PL-P3 2 B {iaia
TR ARIESIRFEE R Y A - BR R AR N AR
2o Gz o @ AU R F BN ek 3 iR (diffuse reflectance spectroscopy) k & 7 B

F o Ak (B 24)2 & % 7 5 P2 300-350 nm st P AR F 2 e 0 5 O

“E\ “\

HERATE S > a PI-P3 &V AL R F BERApE 2Lt B A Acd
TETT B R A G TR PR RApRA B F L2 B A LA AR R
%o 2 FIPL-P3 §i3 >t 3 183 & 0 w2 0 Ak k% 20 2 HOMO % LUMO
2 B o PA-PO B3R F 2 AT A PT LY i3 2R 8 H Rt X > 4o
254757 2 B P PS BB A2 BT o § o5 T fRPAPT 2 i FEA T > AP
BEHRKRZERE  BFLAIEF TR %’%’ﬁ“ B F k42, LUMO > ¥ d vt
LB 0 M 3 E F HOMO » 7 (8 5| P4-P7 i [¥4cd 7 #757 o

S 22t H

= R N

é..
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10 P1
—P2
—P3
0.8
@
o
S 064
£
(@]
[72])
S 044
0.2
0.0

I I I I I I I I
100 200 300 400 500 600 700 800 900 1000
Wavelength (nm)

B 24 P1-P3 5 7 %30 e Jo k3§ o

Absorbance

I I I I T
300 400 500 600 700 800 900
Wavelength (nm)

hasy

AR E RERA LTI A FVRRAL G

)
]
grq.

Y
=
[l

AT

Hfmé\'g\;ﬂ"é}?“l ¥ @& % 2% & + poly-p-phenylene (PPP)i% 3 ¥} P&
2t F%"La‘(‘ﬁ‘?z\ 7)‘:_3_; s TR 2 BRI R OZER T ;uJbE:Q]tl\_#BM7 A

g (e ki odumolgthty dod 42 A iefih= @ T4 F 2 KA
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F & # P1-P6 4t < B B2 R T T R KA 0 XUz
LR GIERPER TN TEFTAL 2T B Rdod T 0 % PL-P6 1E 3
kffiz A4 %% U P2EREAE2Z A4 rF i EF 1.70umolg thts @ s
BRHY P42 P64t X i TERIABHIRE 2 A & g o FN PR
ok 2 R BN iE2 AT 0 FH2 %% > Cooper »>t & = CP-CMP i 7 &
P RT M R NRE P TR L EREEF Y A
4 & i H(Kinetic barrier)» €3 % - LA B FE T £ S A

Wp o 2 GUBRGG eI A E e vp a2 0h NDI k2 kAR R e ez

A & £ o 37 w22 NDI 2 LUMO i< 4p B o

3.5x10% | —a— P1

—o—P2
2
3.0x1072 P3
2.5x107% 1 v— P4
—+—P5
S 20x10”H | —«—P6
£
2 15x107 1
T
1.0x107
5.0x10° 4
0.0
-5.0x10° . . T T T
0 1 2 3 4
Time (h)

B 26 P1-P6 A & »x5 o #-5mg k45>t 25 mLTEA : MeOH : Water=1 :

Lilz@fepin o £ HIR* B EmIAT -
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:a
NM—

LT the? LA R A E e R

Photocatalyst ~ Energy gap HOMO LUMO H,(umol 4h™?) HER

(eV) (umol g ' h™?h)
PPP 2.74 n/a n/a 1.87 93.32
P1 1.41 n/a n/a 0.0123 0.61%
P2 1.42 n/a n/a 0.034 1.70%
P3 1.31 n/a n/a 0.0052 0.26%
P4 2.39 —6.33 -3.94 0.0124 0.61%
P5 1.72 —5.76 —-4.04  0.0051 0.25%
Po6 2.19 —5.98 -3.79 0.013 0.63%
n/a®
P7 2.20 —6.09 -3.89 0.0056 0.28°

n/a : not applicable.

2 5 mg of photocatalyst was suspended in a mixture (25 mL) of triethylamine, methanol, and water (1:1:1),
and illuminated by 300 W Xe-lamp with solar simulated filter.

® 5 mg of photocatalyst was suspended in a mixture (25 mL) of triethanolamine and water (1:2) and

illuminated by 300 W Xe-lamp with solar simulated filter.

BOPT A KB B A G TR kB 2 o FORELE BRAD £ 5T 5
FAERKMEARAZALB UPOITEHBELNPZERETEFTE T EPT RO
FREEFMPO Lz iR RERZ BB TR AL T BRIFIZ 4 §F 0 11 PT
s kAT 2 %% 7Ed 028 umol gt hte syt = ki A4 F o
TR RABE AL > FuER IR A T F G T o

LA AR AREALF RS AP A ek B 2 P2 L kY
B AR RARTEAAT PR ok 8 rF o HP 25 A R b2 B
Ak & (Entry 1-3) ~ 7 i 4 233 A (Entry 4) ~ 7 I 3k 23] (Entry 5)% 7 7 4o 3 44
(Entry6)2_ i 2 < j& Entry 1-3 S % B r " FHRAEA " b A g A 4 pnF g 0 X

&b I & fe i@ > >+ Cooper 2 = ]I?v ¢oor 18 B Ap 2 I % > Cooper 14
48
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benzothiophene-5,5-dioxane % i 48 & £ F &4 C1 2 C2%% e H 11 = & ¥ 7 fi ~
kzoB ek Y Ay TEAY 6% 30 20% P A & »ad i - & o (4o Bl 27)-
FLTF % e XA R(ENtry )T F A L 2xF G P EEH A KA K- BB FET
B L (Bl 20 557) 0 BRAAPE LR HRR T E AR £
BTokEE TEAK 2 33 A LfJE e~ F X TEAR Y »a 273457 &
FITEARE g A2 pd o dotpd BRI LR F RIS FI7 i 2%
BadF 243 g it en LA E kR HE cEntry5 5@
ZURALEPEML AL FRAT G LTS 2 L RS kdr2 4R

P F T FIRGEIRSRE AR ZREF G e H ALK (4Bl 30) 82T A 3 i

NN

A2 FREAHE R E LI AEZEZ LR T RER2ZR{OB R D R
FALF Jpeom AR SedkiB 2 Entry6 » 3 kIR T8 (72 A 4 & Entry5 5 4p

2R F R WP A h Y L BEAE ERE 0 LT P22 RIPHT i

Rk 2 B R AR gTF 2 R BEE R B Rk

6
i C1 O\gfo
|
Jeel ooy . OO0
—_ u ||
Tg- . o C1
34 " 0.0
s S
5
O 34 u [ ] ® " i
o ° co
Fal L n | .
°
® 2
2 E
g 1 . ™ "
w
i ®
04 | |
T 7 T y T s T LA |
0 10 20 30 40 50

Volume TEA (%)

B 27 Cooper 11 Bl Rt b2 FF 0 A= o gkt bl A E v A R 2

(Reproduced from Ref. 32 with permission from the Nature Communications.)
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0.035

0.030 ~

0.025

0.005 A

0.000

-0.005

0 1 2
Time (h)

w -
N

(&

Bl 28 P23 H &7 FELt G| > 3 ACZ o WRE ROt G2 R foid iR T 2 A & s (Entry
1-3) o

0.30 {| —=— Entry 4\ - -

0.25

0.20

0.15

H, (umol)

0.10

0.05

0.00 ]

0 1 2
Time (h)

w -
N

Bl 29 P2 ** TEA % kiR {oip i ™ 2 A & »c % (Entry 4) -
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Bl 305 mgP2 » B F3 ()= 2%~ ag % K(1:1:]) > (%)= ¢ =t K(1:2)2
MBI o

2 8N AR R RLAGRFTERLL -

Entry Solution H, (umol 4h™Y) HER
(umol g”' h™")
1 TEA(33%) + MeOH (33%) + water (33%) 0.034 1.70
2 TEA(20%) + McOH (33%) + water (47%) 0.032 1.60
3 TEA(10%) + McOH (33%) + water (57%) 0.017 0.86
4 TEA (33%) + water (67%) 0.270 13.48
5 TEOA (33%) + water (67%) 0.023 113
6 Water 0.025 1.25

5 mg of P2 was suspended in a mixture (25 mL) and illuminated by 300 W Xe-lamp with solar simulated
filter.
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2-5 Fluorene % 3tz 3 & 3

JENDI i hA & >3 3 L2 2% » Japd 3% NDI & 5 # 4% fn-
type 2z L g8 > H LUMO iF 33k proton reduction sy 4 $33 o F]pb 20 9 ¥ 2%
£ H s iz § & F 4ok (fluorene) k2 NDI 2 & st # > & = ) SPF 12
fluorene % 1 4Rz B kBT AT FHRZPIF X RRESDERAPT A2
SPF1 s ki k& FRIHF > F BEHE & S4BT 22 9775 o 10 27-
dibromofluorene i* 3 4= 45 F > & @ i & = 2.,7-dibromo-9,9-bis(6-
bromohexyl)fluorene 2. = ;\4pFe > fdg IR H T 3 (£ ¥ 1,6-dibromohexane & &
A= 2,7-dibromo-9,9-bis(6-bromohexyl)fluorene’ 7 7% fef2fig % dk 4Tk 5 ¢ 114 &
it & & 24 -] PFie 7 Suzuki coupling » 4c » TBAB {4 £ & & 24 -] pF+ {8 SPF »
B {6 7 trimethylamine #-% =2 8B~ & Ji 5 7 -k ;% 9 SPF1 »

Bl 22SPF 2 SPF1 2 F Lt % R /5

1. Bispinacolato diboron
Pd,(dba);
HPCy;BF,, CsF

O o, R O
Br . Br 80 °C, 45 mins Br . Br n

53%

1,6-dibromohexane

2. TBAB
Toluene, 80 °C, 24h
57%

Br Br Br SPF Br

Trimethylamine

- =

THF
40 °C, overnight
75%

—N _ _ N-—
/ \ Br Br /\
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PP ek F T Faop A g A F A B2 i M0 % SPF A3 & 727 Rl

£ > # onset 3t 412nm S E 7 FH K 3.00eV 0 SPF1 B3 f&3-k¢ i
#H onset 3t 430nm it MK 5 2.90eV > T EE TR KL ZRFE LUMO» ¥
IR EH G PE o4 9 97 0 4>t NDI Lk st & 2. LUMO - Fluorene % 51 & 4~

{ %2 LUMO sl Aot BfopR(FMpL =% P [R2 k)
AT A A £ RF IR SPF »xF 5 0.72umol g h™ o @ riokp2 = o pR RS R4
FHE A& xF 5 007umol g thls ik Flo ik k4R F R4 6 2 B 8A &
KPP BT - Ak RAPF A8 SPF1 VLRI A & »cF § P REHS - E 71
121umol g ' h 18 4 AR kAP TR A2 178 > L XHPE RAPFT R AT HD
A& o R SPFL »r 2 & iEA2? B3R € AL P RELTS k4o 32 42

ﬂ?ﬁé%4%%%iﬁﬁgﬁﬁﬁ’#ﬁiﬁ%%ﬁi?iaiﬁﬁﬁﬁﬁé

Lipoek i Bk o

—— SPF
—— SPF1

1.0 4

0.8 4

0.6

Absorbance

0.4 4

0.2 1

0.0

I T T T |
300 400 500 600 700 800 900
Wavelength (nm)

B 31 SPF % SPF1 z w5z kg o
53

doi:10.6342/NTU201902451



B 32(=B)A & F iz SPF1 22 = ¢ fg =% -R2 B4v3% ° (+ B)SPF1 A & &
TR EEAA 4 LI G o
# 9Fluorene 4 7| A4 2 s FE % A 3 »xF FL L -

Photocatalyst Energy gap HOMO LUMO H:(umol 4h'!) HER

(eV) (umol g h™)
SPF 3.00 —6.48  —3.48  0.014 0.72
0.0014 0.07°
SPF1 2.90 —6.32  —-3.42  0.024 1.21°

* 5 mg of photocatalyst was suspended in a mixture (25 mL) of triethylamine, methanol, water (1:1:1), and
illuminated by 300 W Xe-lamp with solar simulated filter.
5 mg of photocatalyst was suspended in a mixture (25 mL) of triethanolamine and water (1:2) and

illuminated by 300 W Xe-lamp with solar simulated filter.
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PR ERBHELZRE L

AR g N 2 G RIS R P EAEERE IR e |
Gl bR R 2B T AT RTINS EA KRB AL

oo A P67 TiO2 2 SITiOs-Rh & #87 bk ff4ie (7248 » £ % P62 i 7] 5
PUR AT R R G R A Y o FI IR B A R Ao BB A &
AP AT T a5 SO B (4] 33) 0 A SPF K AW R MG gAY o &
fOH ST AR 2 S LR O] (o] 33) Flpt AP IRLE Y P6 kiE (T
BB PR FREF AL 100 RBF K NP o BIRIELEEH o A R

ZUeRZRFIA A POT AR R 2 L RE PR R P i 2 P6 2 Mo
M AGE R 2 TIOy (75 L4 2 & »xF 5 727 umol g ' ht s 22 10 wt% 2
P6 &7 RBsHAd»akyakaa g E5 1413 umol g h'l» @ SrTiOs-Rh
Pl % 1.5 % > &5 0.86 umol g ! h o ¥ ¢b a4 i 7 12 photoluminescence ¢ £ 3
Lo Aple kR 2 P6 & 3% 4e» 2 kR 2 TiO2 & #_SrTiOz-Rh > A 320 nm
2 kg T AR D208 R BB 34 % Bl 35 47om 0 230 505nm 2 P6 A sk BL
MEE SRR RLE R R e NIRRT % 0 (N & PO AR 52 S T AL EUR B

AU RS T ERY RN K55 o P AF 2L AL FHR P62 C

friez B P T APREALZ (L 7)) FIRSAB (A2 AT I HRA DA A HF
K W iTE BTAL o A ER R T %"ﬁé P6 w5k jogf 18 B-peF @R

IRBEMELFAT  FARAT Y LR UBPRLH BB AL T o
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— SrTiO,-Rh
1.0 4 .
—TiO,
—P6
0.8 —— SPF

0.6

0.4 —

Absorbance

0.2 1

0.0 +

I I [ I
300 400 500 600 700 800
Wavelength (nm)

B 33 P6 - SPF % & {8+ £(TiO, 4= SrTiOs-Rh)2 v% fz % 3§ o

15 —P6
—— P6+TiO, (0.1 mg)
—— P6+TiO, (0.2 mg)
12 | —— P6+TiO, (0.3 mg)
m
Q.
o
> 9°r
>
[
9
c 6
|
o
3 -
0
1 1 1 1 1
400 500 600 700 800 900

Wavelength (nm)

Bl 34 FZ_P6 k& (0.025 mgmL )4 » % f kA& TiO2 (0.025 ~ 0.05 ~ 0.075 mg
mL ")z sk 5o sk gy 3
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— P8

4 —— P6+SrTiO,-Rh (0.2 mg)
—— P6+SrTiO,-Rh (0.4 mg)
—— PB+SITiO,-Rh (0.6 mg)

PL intensity (cps)

400 500 600 700 800 900

Wavelength (nm)

Bl 35 %P6 ik & (0.025 mg mL )4 » 4 ik & SrTiO3-Rh(0.05 ~ 0.10 ~ 0.15 mg

mL )2 kK5 ki o

2010 R4 4 2 A § e A

Energy gap HOMO LUMO H» HER

(eV) (umol 4h™Y)  (umol g ' h™)
TiO, 3.22 0.145 7.27%
10 wt% P6/TiO2 blend blend Blend  0.283 14.13¢
SrTiO3-Rh 1.49 0.012 0.59?%
10 wt% P6/SrTiO3-Rh  blend blend blend 0.017 0.86%

® 5 mg of photocatalyst was suspended in a mixture (25 mL) of triethanolamine and water (1:2) and

illuminated by 300 W Xe-lamp with solar simulated filter.
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2-7 i FH KT LR F

AETHRERALF B2 A PREEFRERBENF B2 Afoid k3
GRS TR REFA @ THRZATIET AR RY ¢ RE Uik
FRZHESNE 4o NMR 7 B Rtk Sk R 9 2 mgmL ™t @ sojgkidgeey i

§R 3] 1010 M 2 c B B Sk B 0 2R m A w SR AT T IMEP RS

PUFHREFAITL SRS cHFAPEY A4 P AL PPP TS AL
MMz RS PERECRREAFY 11 DR R A Fbopbi KRR T RS
A& F o T kRS R AR FRIE S TSR R AR T2 2
LR AR SR KRB TR 0 e B F RS2 2 o R R ke F R
BROERBMNALER IRz 20 MmE ST HRE FHRESFR  HBREY m/z
=102.13 2 355 = ¢ g3 it i3 2 (Ar] 36) B ERRIS2Z = ¢ wE 7 PPP
2R iR e ¥ e It m/z=118.12 % 201.23 fi# B (4B 37 2 B 38)
FPRIAZ RV AR ELAALF B P APRGE m/z= 11812 2 201.23 2 j7
Frd v w2 SHwllor 230 S FRT R F LN okl 2 F O RBHT iAo B]
24z ey A EAREREFS AL pd AX ZET F(eql) H Y =2 xp
d RBREFTIESE2TF pd A2 FI(eql) Rm-BaFpd Ay
R A - RP-FF kA2 "FTHroa5 pd AV B REFRTF
Me(eqd) o > pd A A - BB R B L AT T e ot )
pd Ko Hgzembaampd APV 2a 5 pd AT V- Zeikgplp
d AR 2 Al &% A2(4Bl7 24) T 5 H K P ATELPID 2 m/z=118.12 2 201.23
WEL e fF BB HRE > Z o R FRMA L EE TR E S AL o RS
At PR TP B R (F 5)o ¥ b » KFFH(PPP)E 0 BT AL i (7 4Bl
252 F o HAvz empd kR > FISERA & aF 248 o ¥ ¢ PPP
B E Mz o Rk TV g N AR R 2 £ 0 PPP 2 TR ELY miz=
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7 F1 5 & PPP 2 Bz 75 52 ko Fp

,
%4

Relative Abundance

80

S —

120 140 160 180 200 220
m/z

100

Bl 36 A g2z =

SRES SRR A

Relative Abundance
o
(=]
1

102.13
z=1
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102.13

Relative Abundance
(4]
o

118.12
5 83.06 =
=1 z=1
0
80 100 120

140
miz

201.23
z=1

160 180 200 220

B 38 * PPP 5 kg4t R {cia % ? (TEA : MeOH : water=1:1: )R k(A

&S B RS2 Xe-lamp)F &
Bl 23 1345 m/z=118.12 2 201.23 #ic#h & o)

o
~ N~
H
Chemical Formula: CgHgN*
Exact Mass: 102.1277
Molecular Weight: 102.1974
m/z: 102.1278 (100.0%), 103.1311 (6.5%)

.
@
h
Chemical Formula: C5HogNo*
Exact Mass: 201.2325

Molecular Weight: 201.3715

m/z: 201.2326 (100.0%), 202.2359 (13.0%)

1%
o 2o
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’Fﬁ;‘g‘ B %1{ °

S
OH

@
H
Chemical Formula: CgH,gNO™
Exact Mass: 118.1226
Molecular Weight: 118.1968

m/z: 118.1227 (100.0%), 119.1260 (6.5%)
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Blom 24 dap|= o "Rk E B2V a4 o

( light (

—_—

rNW m rNJ’j + e

“
o ]

=z

N S self recombination

A 6~ N
) ) )
A1
\ . \(OH
~_ Nj + H-O. (T)b ~_N 7 hydroxylation
A2

Bl7F 25PPP* A & & B2 ¥ il F is4] o

(

@ light C n f W n . rNH
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£33 2%

A &l 74 NDIL k7|2 24807 fluorene 7 1 RE2 F A+ o H PR
2. P4-P7~SPF 2 SPF1 ¥ {1 % o K% % 2 sfek @ @ it pF > 4oB 39 2 £
11 #57% » ¥ % . NDI % 7| & 4~ 4p §& fluorene A& 4 F # 1 2. LUMO ¥ it Ff 7" ] o
¥- 262732 PI-P3 R 588 F 538 2 Soo kR H o (R 11) 0 J&
SACEH T HF RS ZBRESF T RRPERE G ARG LR @i E A
F AR RGP AP RETL SR AL TR AL BRArk
11> 2 P2 BIREF 2 A4 % 1.70 pmol g' h™t > 287 4p g4t BB fe PPP 2 »c 5 1%
7 TR P B e 18 o) 0 7t 2 88 NDI 2. LUMO & # i 4p B > F]pt & = 12 fluorene
5142 SPF k53 & NDI 472 24 v 75t LUMO B = » & 3 2%

Fo o o ¥ bR kAR i A2 P72 SPRL 2 A & s + AT KT

P oRARE AT G R AL S 0 FP AT RN AL F @?ﬁﬁm
SEE Bk 2 d 2 LUMO 2 232 3 P s 5 & S Y

’ﬁ’:’ﬁ—:ﬁjE o pb o} ,i\.,]aﬂ"r*é”é;]z,_ ﬁﬁrg A bt’_ﬂiﬁﬁvlcﬁgiﬁ—xiﬁ,ﬂ# ﬁﬁ Lj\i‘gﬁz

KT S B 0 R S R L e b k2 B B AR 157 21

2 A & AE o B fs AN ,]ae;;z,_gi,;7\;)@@,,;'/@&@—“&“ Bl B I = T VPR sk (s
TR kR e Rk P R o P VA EEF D AE A oA fpd

K
RekF a4 neimdazr e
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Energy Level (in vacuum)

-3.00 sas -
—_ - -3.79
> woo | 394 404 -3.89
T; T Iy e ---H'/H, (—4.44 V)
W
gB-S.OO -
i
g F--—-- iy i Al -T-- "Oz/HzO (75.67 eV)
= 6.00 F -5.76
598 09
i -6.33 643 O

-7.00
B 39 P4-P7 ~ SPF 2 SPF1 2. HOMO ~ LUMO it F¢ & # (P4 2 P5 B~ p 3 f&3%

chloroform % z_ oligomer i& {7 @] &) °
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2011 e o oeri r KR4 A 4 i I A

Photocatalyst Energy gap HOMO LUMO H,(umol 4h™?) HER
(eV) (umol g7 h™)
PPP 2.74 n/a n/a 1.87 93.3%
P1 1.41 n/a n/a 0.0123 0.61%
P2 1.42 n/a n/a 0.034 1.70°
P3 1.31 n/a n/a 0.0052 0.26°
P4 2.39 —6.33 -3.94 0.0124 0.61%
P5 1.72 —5.76 —4.04 0.0051 0.25%
P6 2.19 -598 -3.79 0.013 0.63*
n/a®
P7 2.20 —6.09 —-3.89 0.0056 0.28°
SPF 3.00 —6.48 —-348 0.014 0.72°
0.0014 0.07°
SPF1 2.90 —6.32 —3.42 0.024 1.21°
TiO, 3.22 0.145 7.27°
10% P6/TiO: blend blend  Blend 0.283 14.13°
SrTiOs-Rh 1.49 0.012 0.59°
10% P6/SrTiOs-Rh  blend blend  blend  0.017 0.86°

5 mg of photocatalyst was suspended in a mixture (25 mL) of triethylamine, methanol, and water (1:1:1),

and illuminated by 300 W Xe-lamp with solar simulated filter.

® 5 mg of photocatalyst was suspended in a mixture (25 mL) of triethanolamine and water (1:2) and

illuminated by 300 W Xe-lamp with solar simulated filter.
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$4F =%

41 BE

Bk i chZE Rkak WPk g Aldrich ~ Acros ~ Merck ~ Nova 2 & cfig &

‘%ﬁ‘s

% A

afs’

o PR L EEAL S TR o @k Frke s 2§ 9

\'rh‘\,

S
R

bl d o

N

B ¥ ”}SF?\I'

e

PR AL T f Bk e B R A 4k 0 % Merck 27
DQ30 KB KB o AL RHE Y & FEER S 03%L § 99.7%F F 2

Rfog B

ar
g

TR MR ZARF WK TP .

4-2 R EHKRE

FREARY 5T FL P ER LA F LN 2 Bl oo B2 LR A

TSR L FRRY T REE A o
4-2-1 28+ ¥k 3% ik (Nuclear Magnetic Resonance * NMR)

'"HNMR -~ BC NMR # * Bruker AVIII HD 400 NMR % Bruker AVIII-500 MHz FT-
NMR ¥+ 3e ke 7R 8 > B =8 % = % ppm > d-chloroform(CDCl3) 14 6 =
7.26 ppm > methanol-ds ™2 6=3.31 ppm > D20 ™2 6=4.79 ppm ¥ 5 p R4 > L
g s & HE (singlet) 0 d % = £ %% (doublet) > t £ = & 4 (triplet) > dd
i 4 g = & 4 (doublet doublet) » m ©* % % & & (multiplet) - F i C NMR %] 2

#LEF € REY o+ BRUKER AVII 600 WB SSNMR $1# £ #& hi& (75| £ o
4-2-2 ¥ ik (Mass Spectrometry * MS)

Rt A S F s A LB R EERD FRALELPRETRRIAS  BARER R
I2 T FE AR PR 2. = ¢ d%(triethylamine » TEA)HE 8 % 538 700 $F o 4% 532 P 5 A %
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FELREP &% TIREMFHZ T H RESDP > B A5 5 Thermo 2 2 <

UltiMate 3000 -

Y
7

4-2-3 5% % % & 17 &R (Gel Permeation Chromatography > GPC)

“T4 ¥ 33w & w4 (tetrahydrofuran » THF)2 & 4 F 40 P4-P6 > % % @] 5 % 4 f
P 3 BRRRFH&FEGERE 0 TR KA YD JASCO 27 0 Flii
% % Jordi DVB mixed-bed columns (250x10 mm; if * #F & » + »+ £ 1x10° 7
1x10" gmol ™) » i# 3% 5 THF ™ 1.0mlmin 1z jfig & 40°C = 12 UV-Vis i& {7

RIE -
4-2-4 § #p K 17 &R (Gas Chromatography > GC)

& * 415 ¢ Rk +7 CHINA CHROMOTOGRAPHY GC 2000 - i ¢ * molecular
sieve SA H. v 41 > 45 fe £ F 0 /R % (thermal conductivity detector » TCD) » 12 & #

TR RF M FHER A AS0°C REGRBaF L e0°CTRE -
4-2-5 % ¢hamr e Bk Sk 2 R (UV-Vis Spectroscopy » UV)

BB e k¥ R BEPET JASCO 2 7 » A5 V-650 - P4-P6 £ SPF % i3 f3+
Fr0 RERE 0 VTR A2 PT AR AR 278 £ 0 SPF1 )% 3
ok B TRE o &k B3N k3 ik (Diffuse Reflectance Spectroscopy » DRS) » & #*
cA R F N E I ferr dobw Rk k¥ ik 0 B Alsl s CARY 300nc » #EAff A

HREFTRE o
4-2-6 & 3z sk k2§ ik (Photoluminescence » PL)

G F A P R R R 2 R R kS &k 0 4505 HITACHI
f-4500 > P6 #% 5 ¢ F %k & 3 0.025mgmL™ > TiO2 2 JE & 4~ %] 5 0.025 ~ 0.050
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0.075mgmL™t > ;23 SrTiOs-Rh 2 jk & 4 & 5 0.05~0.1~0.15mgmL? » gk

£ 320 nm (P6 2 % is vk e £1) ko B L 330 nm T 900 nm ¢
4-2-7 %= ¢t k2% ik (Infrared spectroscopy * IR)

#- 1 mg P1-P5 &2 100 mg 2. KBr i & & M AT &6 77 B ot b & {5 BR 4z @ *

PerkinElmer = & 2_ Spectrum Two FT-IR Spectrometer i& {7 ;p| & o
4-2-8 # & & 7 ik (Thermogravimetric analysis » TGA)

d TA & E3/5 Q50 i (7:p|# » #Smg 2 # & P1-P7 -~ SPF 2 SPF1 - A § 7 %
BT A A4 10°C 2% 110°C #1044 £ u&E A4 10°C 2 % 800 °C

FRE2AE BRIEABALS T BB ILLT -
4-2-8 P57 K% i&(Cyclic voltammetry » CV)

i * CH instruments electrochemical analyzer - CH614D & {7 | & » I 12 Ag/AgCl
T5L %Y T4 PtiTi#e34 % P4-P7~SPF 2 SPF1 " 3mgmL 12 kR
drop cast >t 1 it F H&_+ - F 12 tetrabutylammonium hexafluorophosphate

(TBAPFs » 0.1 M)z acetonitrile /3 /% & T f#/% & 7R & » ¥ 1 ferrocene 1F 5 1% 2
(ferrocene 22 HOMO % -48eV > BEZHBET) #pF2 i £HFRAET e

ferrocene Z_ i E‘: 3@‘ f:r €’L qé-; %‘F" LU MO (LUMO = _(l:jredonset - l:jferr()cer‘leonset + 48 eV)) °

4-3 kit 2 E2R5%

LR AFNE S LB T B EE UK WRAMBE AT

o
I
W

A
Sk
(
0

R2NE

Py

LEB @ PPP 2 PI-PS2 53R %A > FIMfcf 7% 2 F4
[t 0 R UFHFES ml RS RE SR VIR 3,5 P6
ISR 8 R 2 B A4S F AR - 07 (R UK S AR R 0 kB
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A1 s k- * ; P7 -~ SPF - SPF1 El“f—i ARG ERY AT F R A
W s#-Smg 2 RFERE 25mL 2 RfeR R He P # A FR{eR

R - FANIZ U MR G R T ARG KRR T b~k R L]
2GR S ¥ - A2 T R RS SRR T e AR 1220 Bl o
itz SO0mL FEH Y LRI REEFTAL F 0 F R AR IS R IR
RAr M F R EMARFABRT S A4 T AriEF f:}s 15 min » & ",ff; Tt ¥
FREEFF AL ERY UBTERFEHIHE KR F A5 66984-300XF-R1
Xenon light source(300 W Ozone Free, F/1 Plano-Convex) » ¥ &5& i~ | F¥ ¢ 1 f
BEPE05SmL F B FHMEFFAAEITZRIE > TREL FATZHA G H
BELETAHE F2RR T4 2-18) 0 A a2 PR Br AL 2§ F 8

L SRR EAR R - el

n ng * = = ng * 50 HER —1000 ! 200 !
= —_— = =N, * ¥ = =M, * * =

g SV s 9 m ot 4 4

n, * Molar of hydrogen in gas (mol) HER : Hydrogen evolution rate (mol ¢! h™!)

n, : Molar of hydrogen measured from GC (mol) m : Amount of photocatalyst (mg)
V, + Gas Volume (mL) t * Hydrogen evolution time (h)
V, - Sampling gas volume (mL)

FBERBEFHELAB

4 P6 (1 me)2 & #(1mL)AR® » A 54 » 5% i 4(10 mg » TiO; 2
SrTiOs-Rh) » £ M- e i AL 5 A RF 60 » 45 > T3l 12 ] & id 1 ie Sk 45
23 E e 3 A B3 10 wt% P6/TiO2 2 10 wt% P6/SrTiOsz-Rh 2_ 7 4% £ ff

o
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4-5 & =

NDIButyl 2z & =

(o] 0] 0] (o]
OO Br  p-Butylamine OO Br
—_——
Br Acetic acid, 100°C Br
0”0 "o 17% o NH\O
NDIButyl

To a mixture of 2,6-dibromo-1,4,5,8-naphthalenetetracarboxylicaciddianhydride (2 g,
4.70 mmol) and acetic acid (80 mL), 1-butylamine (0.85 g, 11.74 mmol) was added.
Then the mixture was stirred for 12 hours at 100 °C under nitrogen atmosphere. After
cooling to room temperature, the precipitate was collected by filtration and washed with
water and hexane, sequentially. Recrystallization from chloroform furnished NDIButyl
as a yellow solid (0.43 g, 17%). "H NMR (400 MHz, CDCI3): 6 9.00 (s, 2H), 4.20 (t, J
=7.6 Hz, 4H), 1.77-1.69 (m, 4H), 1.51-1.42 (m, 4H), 0.99 (t, /= 7.6 Hz, 6H);

3C NMR (100 MHz, CDCI3): § 160.78, 160.74, 139.07, 128.33, 127.73, 125.35,
124.08, 41.38, 29.94, 20.34, 13.77.

1,4-bis((trimethylsilyl)ethynyl)benzene 2. & =

Pd(PPhs),Cl,

cul
=
H—=——TMS =

/©/BI" —
Diisopropylamine
Br propy: //

50 °C, overnight ™S
63%

TMS

To a mixture of 1,4-dibromobenzene (2.0 g, 8.48 mmol), trimethylsilylacetylene (2.5 g,
25.5 mmol), PdCI>(PPh3)2 (179 mg, 0.26 mmol), and Cul (81 mg, 0.43 mmol) was added
diisopropyl amine (50 mL). The reaction mixture was heated for 16 hours at 50 °C under

nitrogen atmosphere. The mixture was cooled to room temperature and evaporated under
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vacuum. The residue was dissolved in diethyl ether, washed with saturated NH4Claq), and
dried over MgSOs. The organic phase was collected and purified by column
chromatography  (silica  gel, hexane, Ry = 04) to give  1/4-
bis(trimethylsilylethynyl)benzene as a white solid (1.45 g, 63%)."H NMR (400 MHz,
CDCls): 6 7.39 (s, 4H), 0.24 (s, 18H); 3C NMR (100 MHz, CDCls): § 131.89, 123.28,
104.70, 96.45, 0.05.
1,4-diethynylbenzene (compound 1)2_ & =
" NaOH /©///
™S ?E“:;ziiz:t Z 1

41%

AN

To a dichloromethane (15 mL) solution of 1,4-bis(trimethylsilylethynyl)benzene (1.40 g,
5.18 mmol) were added NaOH (0.83 g, 20.8 mmol) and methanol (15 mL). The reaction
mixture was stirred overnight at room temperature under nitrogen atmosphere, evaporated
under vacuum, and extracted with dichloromethane. The organic phase was washed with
saturated NH4Cl and brine sequentially and evaporated. The residue was recrystallized by
methanol and chloroform to give 1,4-diethynylbenzene as a white solid (0.27 g, 41%).
"H NMR (400 MHz, CDCls): 6 7.44 (s, 4H), 3.17 (s, 2H); *C NMR (100 MHz, CDCls):
0132.16, 122.70, 83.17, 79.21.

1,3,5-tri((trimethylsilyl)ethynyl)benzene 2. & =

MS
Pd(PPh3),Cl, ‘ |
Br Cul
H——TMS
—_————— -
Triethylamine
Br Br Y = _
65 °C, 16 hr TMS TMS

7%

To a mixture of 1,3,5-tribromobenzene (1.0 g, 3.18 mmol), trimethylsilylacetylene (1.25

g, 12.7 mmol), PACl>(PPh3)> (67 mg, 0.10 mmol), and Cul (18 mg, 0.09 mmol) was added
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triethylamine (17.5 mL). The reaction mixture was heated for 16 hours at 65 °C under
nitrogen atmosphere, cooled to room temperature, and evaporated under vacuum. The
residue was dissolved in ethyl acetate, washed with dilute hydrochloric acid and water
sequentially, and dried over MgSQOs, The organic phase was collected, purified by column
chromatography (silica gel, hexane, Ry = 0.5), and recrystallized by methanol to afford
1,3,5-tris(trimethylsilylethynyl)benzene as a yellow solid (0.90 g, 77%).'"H NMR (400
MHz, CDCl3): 6 7.49 (s, 3H), 0.23 (s, 27H); '3C NMR (100 MHz, CDCl3): 6 135.07,
123.79, 103.30, 95.75, -0.03.

1,3,5-triethynylbenzene (compound 2)2. & =

MS
NaOH
- —_—————— -
é 3\\ DCM, MeOH // \':\
™S TMS r.t., overnight

82%

To a dichloromethane (10 mL) solution of 1,3,5-tri(trimethylsilylethynyl)benzene (0.87
g, 2.37 mmol) were added NaOH (0.57 g, 14.3 mmol) and methanol (8 mL). The reaction
mixture was stirred overnight at room temperature under nitrogen atmosphere, evaporated
under vacuum, and extracted with dichloromethane. The organic phase was washed with
brine and evaporated. The residue was recrystallized by methanol and chloroform to give
1,3,5-triethynylbenzene as a white solid (0.29 g, 81%).'"H NMR (400 MHz, CDCl3): 6
7.57 (s, 3H), 3.10 (s, 3H); '*C NMR (100 MHz, CDCl5): § 135.79, 123.09, 81.75, 78.82.
1,2,4,5-tetrakis((trimethylsilyl)ethynyl)benzene 2. & =

Pd(PPhj3),Cl,

Cul T™S - e TMS
Br. Br H——=——TMS N =
X -
Diisopropylamine
Br Br propy Vi =
50 °C, overnight ™S TMS

47%

To a mixture of 1,2,4,5-tetrabromobenzene (2.0 g, 5.08 mmol), trimethylsilylacetylene
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(3.0 g, 30.4 mmol), PdCl>(PPh3)2 (90 mg, 0.128 mmol), and Cul (13 mg, 0.068 mmol)
was added diisopropyl amine (50 mL) and tetrahydrofuran (20 mL). The reaction mixture
was heated to 50 °C, stirred overnight under nitrogen atmosphere, cooled to room
temperature, and evaporated under vacuum. The residue was dissolved in diethyl ether,
washed with dilute hydrochloric acid and water sequentially, and dried over MgSQOs. The
organic phase was collected and purified by column chromatography (silica gel, hexane,
Rr=0.3) to furnish 1,2,4,5-tetrakis((trimethylsilyl)ethynyl)benzene as a white solid (1.1
g, 47%)."H NMR (400 MHz, CDCl3): § 7.56 (s, 2H), 0.25 (s, 36H); 3*C NMR (125 MHz,
CDCl3): 0 136.15, 125.45, 102.12, 101.00, 0.04.

1,2,4,5-tetraethynylbenzene (compound 3)2_ & =

™S S P TMS
N NaOH X Z
_—
Z DCM, MeOH
= = ' = _
™S ™S r.t., overnight

80%

To a dichloromethane (30 mL) solution of 1,2,4,5-tetrakis(trimethylsilylethynyl)benzene
(1.1 g, 2.38 mmol) were added NaOH (0.95 g, 23.8 mmol) and methanol (15 mL). The
mixture was stirred at room temperature overnight under nitrogen atmosphere, evaporated
under vacuum, and extracted with dichloromethane. The organic phase was washed with
saturated NH4Claq) and water sequentially and evaporated. The residue was recrystallized
by methanol and chloroform to produce 1,2,4,5-tetracthynylbenzene as a white solid (0.33
g, 80%)."H NMR (400 MHz, CDCls): 6 7.64 (s, 2H), 3.42 (s, 4H); *C NMR (100 MHz,

CDCl): 6 136.67, 125.38, 83.59, 80.60.
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4,4'-bis(trimethylstannyl)biphenyl (compound 4)z_ & =

1. p-BuLi, -78 °C I

Br sn
O 2.Trimethyltinchloride, -78 °C =~
THF
Br r.t., overnight ~
g _sn

48%

To an anhydrous tetrahydrofuran (10 mL) solution of 4,4'-dibromobiphenyl (0.5 g, 1.60
mmol) at =78 °C, n-BuLi (1.4 M, 2.86 mL, 4.00 mmol) was added dropwise. The reaction
mixture was stirred for 3 hours at —78 °C under nitrogen atmosphere. Subsequently,
trimethyltinchloride (1 M, 4.01 mL, 4.01 mmol) was added dropwise while the
temperature was maintained at —78 °C. The mixture was warmed to room temperature
and stirred overnight at 50 °C. To quench the reaction, MeOH was added. After removal
of solvent, the residue was dissolved in dichloromethane, washed with water and brine
sequentially, and recrystallized by ethanol to afford 4,4'-bis(trimethylstannyl)biphenyl as
a white solid (0.37 g, 48%)."H NMR (400 MHz, CDCls): 6 7.58 (s, 8H), 0.32 (s, 18H);
3C NMR (100 MHz, CDCl3): 6 141.31, 141.28, 136.42, 126.91, —9.38.

5,5'-bis(trimethylstannyl)bithiophene (compound 5)z_ & =

1. n-BulLi, -78 °C \
S 2.Trimethyltinchloride, -78 °C s SN
| N N | » | ) N\ |
s THF “sn S

r.t., overnight
37%

n-Butyllithium (3.75 mL, 6.00 mmol, 1.6 M in hexane) was added dropwise into an
anhydrous solution of 2,2’-bithiophene (0.4 g, 2.40 mmol) in THF (24 mL) at —78 °C.
After the mixture was stirred for 1 hour, it was gradually warmed to 0 “C. Trimethyltin
chloride (5.80 mL, 5.80 mmol, 1.0 M in THF) was then added. The reaction mixture was
slowly warmed to room temperature, stirred overnight, quenched by water, and extracted

with ethyl acetate. The organic layer was collected, washed with water and brine, dried
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over MgSOQy, filtrated, and evaporated under reduced pressure. Column chromatography
(neutral aluminium oxide, pentane, Ry= 0.7) and further purification by recrystallization
from ethanol gave 5,5’-bis(trimethylstannyl)-2,2’-bithiophene as transparent crystal (0.44
g, 37%). '"H NMR (400 MHz, CDCl3): 6 7.27 (d, J = 3.4 Hz, 2H), 7.08 (d, J = 3.4 Hz,
2H), 0.38 (s, 18H); '*C NMR (100 MHz, CDCls): 6 143.18, 137.21, 136.00, 125.00, —8.08.

2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene 2. & =
1,6-dibromohexane
KOH, TBAB Br 0 O Br
Br Br >
H,O
80 °C, 45 min
53%

Br Br

An aqueous (100 mL) solution of KOH (50 g, 891.3 mmol) was heated to 80 °C. 2,7-
dibromofluorene (1.62 g, 5.0 mmol), 1,6-dibromohexane (12.2 g, 50 mmol), and
tetrabutylammonium bromide (0.16 g 0.49 mmol) were added. The reaction mixture was
stirred for 45 min, cooled to room temperature, evaporated under vacuum, and extracted
with dichloromethane. The organic layer was collected, washed with dilute hydrochloric
acid (100 mL), water (100 mL) and brine (100 mL) sequentially, and dried over MgSQOs.
After removal of solvent, the residue was heated at 70 °C under 0.03 mbar to remove
excess 1,6-dibromohexane and purified by column chromatography (silica gel,
chloroform : hexane =1 : 9) to give 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene as
a white solid (1.72 g, 53%)."H NMR (400 MHz, CDCls): 6 7.53 (d, J = 8.0 Hz, 2H), 7.46
(dd,J=1.7,8.0 Hz, 2H), 7.44 (d, J= 1.7 Hz, 2H), 3.29 (t,J= 6.8 Hz, 4H), 1.95-1.91 (m,
4H), 1.71-1.64 (m, 4H), 1.24-1.12 (m, 4H), 1.10-1.05 (m, 4H), 0.63-0.56 (m, 4H);

3C NMR (100 MHz, CDCl3): § 152.32, 139.22, 130.49, 126.24, 121.72, 121.38, 55.71,

40.19, 34.00, 32.76, 29.10, 27.90, 23.61.

74

doi:10.6342/NTU201902451



Compound 6 2. & =

Bis(pinacolato)diboron
PdCly(dppf)

UGS S j S e t

Anhydrous dioxane
80°C,12h

79%

Br Br Br

A mixture of 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene (0.2 g, 0.31 mmol),
bis(pinacolato)diboron (0.24 g, 0.95 mmol), PdCl>(dppf) (15 mg, 0.02 mmol), potassium
acetate (0.23 g, 2.34 mmol), and anhydrous dioxane (6 mL) was degassed for 15 min,
heated at 80 °C under nitrogen atmosphere for 12 hours, cooled to room temperature,
evaporated under vacuum, and extracted with dichloromethane. The collected organic
phase was washed with water and brine sequentially, and purified by column
chromatography (silica gel, dichloromethane : hexane = 1 : 2) to furnish 2,2'-(9,9-bis(6-
bromohexyl)-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) as a
white solid (0.18 g, 79%). 'H NMR (400 MHz, CDCls): § 7.81 (d, J = 7.7 Hz, 2H), 7.73
(s, 2H), 7.72 (d, J = 7.7 Hz, 2H), 3.25 (t, J = 6.9 Hz, 4H), 2.03-1.99 (m, 4H), 1.65-1.58
(m, 4H), 1.39 (s, 24H), 1.19-1.11 (m, 4H), 1.07-1.00 (m, 4H), 0.58-0.51 (m, 4H);

3C NMR (100 MHz, CDCls): 6 = 150.24, 144.06, 133.96, 130.14, 128.93, 119.63, 83.93,
55.21, 40.07, 34.10, 32.81, 29.11, 27.88, 25.11, 23.53.

Poly-p-phenylene (PPP) 2_ & =

1. Mg, reflux 1 h
2.(1,3-dppp)NiCl,

THF
reflux, 24 h PPP

71%

To a mixture of magnesium (0.31 g, 12.8 mmol), one piece of iodine, and anhydrous THF

(2.0 mL), was added an anhydrous tetrahydrofuran (10.0 mL) solution of 1,4-

dibromobenzene (3.00 g, 12.7 mmol) dropwise. The reaction mixture was refluxed for 1
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hour under nitrogen atmosphere. An anhydrous THF (3.0 mL) solution of (1,3-
dppp)NiCl> (55.2 mg, 0.10 mmol) was introduced. The refluxing was continued for
further 24 hours. The mixture was cooled to room temperature and quenched with acetone
and filtered. The precipitate was collected, washed with dilute hydrochloric acid (1M),
water, methanol, and tetrahydrofuran, and soxhleted with methanol, hexane, and
chloroform sequentially to give PPP as an insoluble yellow solid. (689 mg, 71%).
General procedure for Sonorgashira coupling reaction (P1-P3 2. & =)

Pd(PPhs),

Cul
Triethylamine

Toluene
100 °C, 4 days

A
A\

PA(PPh
N (PPhg),

o 0 cul
Br Triethylamine
OO + Toluene
Br
100 °C, 4 days
o] NH\O 2

AN
/:/

79%

NDIButyl

Pd(PPh3),
Cul

A Z Triethylamine

P S Toluene

7 N 100 °C, 4 days
3 22%

To a mixture of NDIButyl (100 mg, 0.19 mmol), compound 1 (2, or 3), Pd(PPh3)4, Cul,
and toluene (5 mL), was added triethylamine (2.5 mL). The reaction mixture was purged
with nitrogen for 15 min, heated for 4 days at 100 °C under nitrogen atmosphere, cooled
to room temperature, and evaporated under vacuum. The residue was reprecipitated in
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methanol and soxhleted with methanol, hexane, and chloroform sequentially, to furnish
P1 as an insoluble black solid (quantitative).

P2 as an insoluble black solid (70 mg, 79%).

P3 as an insoluble black solid (15.8 mg, 22%).

Polymer Monomer Pd(PPhs3)4 Cul Yield

P1 Compound 1 6.5 mg, 1.1 mg, quantitative

23.5 mg, 0.19 mmol 5.6 umol 5.6 umol

P2 Compound 2 4.3 mg, 0.71 mg, 70 mg
18.7 mg, 0.12 mmol 3.7 umol 3.7 umol 79%

P3 Compound 3 3.3 mg, 0.5 mg, 15.8 mg
16.3 mg, 0.09 mmol 2.8 pumol 2.8 umol 22%

General procedure for Stille coupling reaction (P4 ~ P5 2_ & =)

O, _N._0O sn__
PdCl,(PPh3),
Br
OO + O Toluene
Br “sn
]
N

90 °C, 4 days
4 27%

NDIButyl
o] N o]
o S-S
NS N PACI,(PPha), N
WS )
/S\” Toluene { P5
5 90 °C, 4 days o N 0

78% \

A mixture of NDIButyl (50 mg, 0.09 mmol), compound 4 (or 5), PACl>(PPh3), (3.3 mg,
0.005 mmol), and toluene (5 mL) was bubbled with nitrogen for 15 minutes and stirred
at 90 °C for 4 days under nitrogen atmosphere. 1-Bromobenzene (2 mL) was then
introduced for encapsulation. The reaction mixture was stirred for further 12 hours at 90
°C, cooled to room temperature, and dried in vacuo. The residue was reprecipitated in

methanol and soxhleted with methanol, hexane, and chloroform sequentially, to afford P4
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as an insoluble solid (13.5 mg, 27%). P5 as an insoluble solid (39.4 mg, 78%).

Polymer Monomer Yield
P4 Compound 4 (44.8 mg, 0.09 mmol) 13.5 mg (27%)
P5 Compound 5 (45.8 mg, 0.09 mmol) 39.4 mg (78%)

Suzuki-Miyaura coupling reaction (P6 2. & =)

B Br

(0] N o

Pd(PPh3),
Br
K2CO3aq)
+ Q P >
Br B B, THF, Toluene
(o} o]
07 "N” "0 reflux, 2 days
KL 6 72%

NDIButyl

A mixture of NDIButyl (65 mg, 0.12 mmol), compound 6 (100 mg, 0.13 mmol),
K2CO3@aq)(1.3 mL, 2M), Pd(PPh3)s (4.7 mg, 0.004 mmol), toluene (2.5 mL), and
tetrahydrofuran (10.0 mL) was bubbled with nitrogen for 15 minutes and refluxed for 2
days under nitrogen atmosphere. 1-Bromobenzene (0.5 mL) was then introduced for
endcapping. The reaction mixture was refluxed for further 12 hours, cooled to room
temperature, and evaporated under vacuum. The residue was reprecipitated in methanol
and soxhleted with methanol, hexane, and chloroform sequentially. The chloroform
fraction was collected and reprecipitated in methanol. The mixture was filtered with a
nylon membrane to furnish P6 (80.5 mg, 72%). '"H NMR (400 MHz, CDCls): J 8.81 (m,
2H), 7.95 (m, 2H), 7.52-7.43 (m, 4H), 4.12 (m, 4H), 3.32 (m, 4H), 2.05 (m, 4H), 1.70 (m,

8H), 1.42-1.20 (m, 12H), 0.96 (m, 10H).
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Suzuki-Miyaura coupling reaction (SPF z_ & =)

1. Bispinacolato diboron
Pd,(dba)s
HPCy3BF,, CsF

Toluene, 80 °C, 24h
Br ‘ Br
2. TBAB

Toluene, 80 °C, 24h
57%

Br Br

A mixture of 2,7-dibromo-9,9-bis(6-bromohexyl)-9H-fluorene (0.7 g, 1.08 mmol),
bis(pinacolato)diboron (273 mg, 1.08 mmol), Pdx(dba), (20.0 mg, 0.022 mmol),
tricyclohexyl phosphonium tetrafluoroborate(23.4 mg, 0.064 mmol), cesium fluoride
(1.11 g, 7.3 mmol), and anhydrous toluene (36 mL) was bubbled with nitrogen for 15
minutes and stirred at 80 °C for 24 hours under nitrogen atmosphere. Tetra-n-
butylammonium bromide (69.9 mg, 0.22 mmol) was then introduced. The reaction
mixture was stirred for further 24 hours, cooled to room temperature, and evaporated in
vacuo. The residue was dissolved in tetrahydrofuran, reprecipitated in methanol and
acetone sequentially. The mixture was filtered with a nylon membrane to afford SPF as a
yellow solid (323 mg, 57%). 'H NMR (400 MHz, CDCl;): § 7.85-7.68 (m, 6H), 3.31 (m,
4H), 2.15-1.92 (m, 4H), 1.69 (m, 4H), 1.27-1.18 (m, 8H), 0.83-0.71 (m, 4H).

KARF o A2 & = (PT)

Trimethylamine

THF
Br 40 °C, overnight
55%

A mixture of P6 (40 mg), trimethylamine (105.5 mg), and tetrahydrofuran (2.0 mL) was
heated to 40 °C in a sealed Schlenk tube for 24 hours, cooled to room temperature, and

evaporated under vacuum. The residue was washed with chloroform and dichloromethane
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sequentially. The insoluble fraction was dried under vacuum to furnish P7 (45 mg, 55%).
"H NMR (400 MHz, methanol-d4): J 8.68 (m, 2H), 8.06 (m, 2H), 7.60 (m, 4H), 4.12 (m,
4H), 3.27 (m, 4H), 3.07 (m, 18H), 2.22 (m, 4H), 1.70 (m, 8H), 1.45-1.25 (m, 12H), 1.01
(m, 10H).

kAR F it g2 & 2 (SPF1)

O‘O Trimethylamine , 0.0

n THF
40 °C, overnight

75%
SPF . SPF1

Br Br —N - - N—
/ \ Br Br /\

n

A mixture of SPF (100 mg), trimethylamine (300 mg), and tetrahydrofuran (5.0 mL), was
heated to 40 °C in a sealed Schlenk tube for 24 hours, cooled to room temperature, and
evaporated under vacuum. The residue was washed with chloroform and dichloromethane

sequentially. The insoluble fraction was evaporated under vacuum to furnish SPF1 (92.3

mg, 75%).
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