creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Dye-sensitized Organic Photocatalyst

for Hydrogen Evolution from Seawater

2022 8¢



Dye-sensitized Organic Photocatalyst
for Hydrogen Evolution from Seawater

7)1 %%

dEHE T

Fis

S S LA 9

Bl

.m.o
s
Co
s
E]
i

20224 8 €

2022 8 €

(D)
(D)
(D)

9 4%

39973

AW 4




Dye-sensitized Organic Photocatalyst

for Hydrogen Evolution from Seawater

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUESTMENTS FOR THE DEGREE OF MASTER
IN ENGINEERING AT THE GRADUATE SCHOOL OF

SEOUL NATIONAL UNIVERSITY

August 2022

By

Hyunwoo Nam

Supervisor

Prof. Soo Young



Gl
or

=

ol

of

or

o
~n

o

0
g

22
-

)
oy

~

4
-

s

Grole BALEA

s

o] o] 9

o

Foll EAs=

=)= 3

3

RN

& A o o ol

ORI

2

2=
T

3]

)
=9

5

A

]

=
1

gl

=
=

-
[¢)

j2d)
=

%l

p——



Joll A= A &85

=

A H

o &5 Al

2k
=2

35

AL Fadux] ddste Mz 371 2

L —
T

.
o

o

—_—

"o
!
I

ojpy

&

X

Al

=
=

QUL 7lell A, 71E A7hxs]

£o] =7} (1103 pmol — 1302

;&

umol ; for 24h in simulated seawater with Pt co—catalyst and sacrificial

oh
-

o

i ]
N

|

[e) o
FEHLS 7

A

3, wehA

%]\

donor, 38.38 mmol/gh)

ol

o

A% (681 pmol ; for 24h in simulated seawater with Pt

!

o

co—catalyst and sacrificial donor, 20.8 mmol/g-h) 2

In chapter 2, %4} 7145

&

il

o

29l Rose bengal?t 7%

o3
=

M28} Sol24d A&



718 A AgS B8l kARl rose—sensitized M2 T32AE FAY

o oAgof o) aFelA v FuEe]l EE oA (absorptionedge :

o

-

559 nm — 612nm, A+ 53nm) 7FA o] €& F Y= AS

o

4

ol

th AyAowg A4 g80] oF 200 pmol (1103 pmol — 1302

pmol ; for 24h in simulated seawater with Pt co—catalyst and sacrificial

In chapter 3, MZ% Trilateral Cationic Cyanostilbene — based
amphiphilic organic photocatalyst® A IFHEUTE o Ex=
hydrophilic pyridinium groups were connected to the central triazine
moiety via cyanovinylene bridges © &2 Ho| A ol A w4 %
AE FEAFUT sligelA 282 7248 Atol= F7F 9 o] & ¢

st JFow xRt FgE FadNaEE (73,5 umol — 196

pumol ; for 24h in simulated seawater with Pt co—catalyst and sacrificial



2 gedn] oF 938 FA4E A4 &8 (73.5 pmol — 681 pmol

for 24h in simulated seawater with Pt co—catalyst and sacrificial donor,

20.8 mmol/gh) & 7IFstH &% 45 A 98 S 71 =

Pl

A gE) S AnEe FARSUT

FQo0]: A8 78 A AHE Sea water splitting, F=Zvl] 424, 22}

8 W :2020-24173



Contents

ADSTFACES ....cooiiiiii i
Table of Contents..............cccooovviiiiiiiiiii v
List of Abbreviation...................cciiiiin i, viii
Listof Scheme ................ccoooiiii i, ix
Listof Table.............cooooiiiiii i, X
List of Figures ..........cccccoco, xi
CRapter L. Al B ettt o 1
L o L SO 1
1.2 T FET e e e e e 3
1.3 GRS FARRAE AIZSH oo ssssssssssons 5
1.4 FATAF FF ] AIZSE s 7
1.5 FFTL T s 9



.13

.13

f

2.1 29

w14

w10

v 17

w19

e

.21

Chapter 3. Rose bengal 7+

24

B AL B e,

%%

(o]
Nin

24

Bl Qe

w27

BT
ﬂu-o

;OU.

29

e 29

3.3.1 Rose bengal—sensitized M2

33

41

Vi

p——



Chapter 4. Erythrosin B 7% o] 4Z oA 28R}

F71BFU AV EE s 45
A1 TE Qo 45
T s 47
4.3 I YL 50 s 54

O T R o . 54

4.3.2 Erythrosin B—sensitized M3 &2 oo 57

4.3.3 T A RE T A oot 59

B34 ZATo oo 66

Lol FETLRET oot 67
vii

B P



TBACI
ACT
DCM
DMF

DMSO

LUMO

THF

TLC
ery

rose

M2

M3

PC

List of Abbreviations

tetrabutylammonium chloride

acetone

dichloromethane

N,N'-dimethylformamide

dimethylsulfoxide

hour

lowest unoccupied molecular orbital

tetrahydrofuran

thin layer chromatography

erythrosine b

rose Bengal
((44'4"-(((1Z2,1'Z21"Z2)-(nitrilotris(benzene-4,1-diy|))tris(1-
cyanoethene-
2,1-diyl))tris(benzene-4,1-diyl))tris(1-methylpyridin-1-ium))
A4 A"-(((12,1'2,1"2)-((1,3 5-triazine-2 4,6-
triyl)tris(benzene-4,1-diyl))tris(2-cyanoethene-
2,1-diyl))tris(benzene-4,1-diyl))tris(1-methylpyridin-1-ium

Photocatalyst

viii



Scheme 3.1 Synthetic route

List of Scheme



file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc450663557

List of Table

Table 1.1 Representative Photocatalytic Hydrogen Evolution System


file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc450663557

List of Figures

Figure 1.1 Schematic illustration of natural and artificial photosynthetic systems..4
Figure 1.2 Reductive and oxidative quenching cycles of a photocatalyst (PC)....... 6
Figure 1.3 Dye-sensitized photocatalytic hydrogen evolution mechanism .......... 6
Figure 3.1 Molecular structure of the building block and schematic shape of Rose-
SenSItIZEd M2 ... .o 26
Figure 3.2 UV-vis absorption spectra of M2 rose bengal and rose-sensitized
M2(mixture) according to solution (M2 and ROSE aqueous solution is 10uM, and
rose-sensitized M2 solution is 20uM (rose : M2 =1:1)) ...cceiviiiiiiiiiiiinnnnnnnnns 26
Figure 3.3 Dynamic light scattering (DLS) data of M2 and rose-sensitized M2
according to solution. (M2 sample is prepared from 50 uM solution ; rose-sensitized
M2 is prepared from 100 puM solution (rose : M2 =1:1))......coceveiiiiiiiia... 31
Figure 3.4 STEM & mapping image. (A) M2 i pure, (B) Rose-sensitized M2, (C)
M2 in seawater, (D) M2 after 24h HER in seawater (E) Rose-sensitized M2 after 24h
HER in seawater. (sample is prepared from 50 uM solution) ........................ 32
Figure 3.5 (A) HER change according to working solution and dye addition (B)
HER change according to ratio of purewater and seawater. (The conditions of all
samples are the same as 0.5 pmol of K2PtCH4, 0.65 umol of M2, and 12 mmol of L-

ascorbic acid, and only 0.65 pmol of rose is added in the dye-sensitized system)

Xi


file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875042
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875042
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875043
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875044
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875044
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875045
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875045
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875045
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875046
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875046
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875046
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875047
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875047
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875047
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875048
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875048
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875048
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875048
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875050

TCSPC curves of M2 according to solution. (sample concentration is 10umol and
exCited at 475 NIMN) ..ottt e 38
Figure 3.7 Pictures of sample according to composition ratio (purewater : secawater)
after 2dh HER teSt. ... 39
Figure 3.8 Cyclic voltammograms of (A) ferrocene and rose (magenta) / ferrocene
and M2 (red), (B) frontier orbital energy levels of rose and M2. (Working electrode :
glassy carbon electrode ; counter electrode : Pt wire electrode; reference electrode :
Ag/AgNO3 electrode ; electrolyte : 0.1 M TBAHFP in DMSO; rose 5 mM and scan
rate 100 mV/s ; M2 1 mMand scanrate 100..........ccoiiiiiiiiiiiiiiiiiiiieenn, 40
Figure 3.9 (A) Cyclic hydrogen evolution test curves and (B) pictures of the re-
QISTTIDULION PIOCESS .+t vttt ttteene ettt et et et et et et et et e e e e eneeneeneenaenes 40
Figure 4.1 Molecular structure of the novel building block, erythrosine B and
schematic shape of ery-sensitized M3..........ccoviiiiiiiiiiiiiiiii e 55
Figure 4.2 (A) UV-vis absorption spectra according to solution, (B) UV-Vs
absorption spectra of M3, erythrosine B and ery-sensitized M3 (mixture), (M3 and

ery solution is 10 pM, and ery-sensitized M3 solution is 20 uM (ery : M3 = 1:1))

Figure 4.4 Dynamic light scattering (DLS) data of erythrosin B and ery-sensitized
M3 in purewater. (ery sample is prepared from 50 uM solution ; ery-sensitized M3

is prepared from 100 uM solution (ery : M3 =1:1))...ccoiiiiiiiiiiiiiiiiien, 58

Xii


file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875050
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875050
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875050
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875050
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875051
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875051
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875051
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875051
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875051
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875052
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875052
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875053
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875053
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875054
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875054
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875054
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875054
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875055
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875056
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875056
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875056

Figure 4.5 HER change according to working solution and dye addition. (The
conditions of all samples are the same as 0.5 pmol of K2PtCH4, 0.65 pmol of M3,
and 12 mmol of L-ascorbic acid, and only 0.65 pumol of ery is added in the ery-
SENSILIZEA M3 SYSTEIM) .. ettt ittt ettt e e e e e e eee e e e e aaeeanans 62
Figure 4.6 T (A) HER change according to ratio of purewater and seawater, (B)
Pictures of sample according to composition ratio (purewater : seawater) after 24h
HER B85t . ettt et e 62
Figure 4.7 (A) steady state PL spectra of M3 according to solution, (B) TCSPC

curves of M3 according to solution. (sample concentration is 10 uM and excited at

Figure 4.8 Cyclic voltammograms of (A) ferrocene and M3 (Blue) / ferrocene and
ery (red), (B) frontier orbital energy levels of Ery and M3. (Working electrode :
glassy carbon electrode ; counter electrode : Pt wire electrode; reference electrode :
Ag/AgNO3 electrode ; electrolyte : 0.1 M TBAHFP in DMSO; ery 5 mM and scan
rate 100 mV/s ; M3 1 mM and scan rate 100 mV/S)........ccovviiiiiiiinnnnnnnnnn. 64

Figure 4.9 (A) Hydrogen evolution efficiency curve according to dye type, (B) dye

Figure 4.10 TEM, STEM and EDS mapping images ; (A) TEM image of ery-

sensitized M3 after 24h HER test, (B) STEM image of ery-sensitized M3 after 24h

HER test, (C) Pt mapping image of ery-sensitized M3 after 24h HER ftest......... 65

Xiii


file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875057
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875057
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875057
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875057
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875058
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875058
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875058
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875059
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875059
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875059
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875060
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875060
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875060
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875060
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875060
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875061
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875061
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875061
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875061
file://///147.46.232.103/mpl_1_2/13.%20개인작업폴더/409호/CIH/학위논문/조일훈%20박사과정%20학위논문%20초본_160526.docx%23_Toc451875061

Chapter 1. A&

1.1 &494X

AAETY o)F, olUA £ FUE AFE AR, A 5o FHedn
of oEste] olUix] EAS AAYEULh AW HAAR Ao
A ARRE oA RAL R LAAAEN ATEE e

o] 715R3tel QLA E oI F YTk ol wheh oy - A EA S

= AdH o R AJUATE BFEHY gl wjEo] flvke Al Eds] <
TEI FYTE sHAE 1A - A wEt oy X FEEe] A W

i

sh BlSFd cluA o] &4 =A< S o2 g oluAe a8
g5 folA Bk oluAE AZE vt syt 2elal ouA

shst ol HEQ FaoldA s Bk oA AguARs 2 T

-

FrUAE oy x] W= (142 kIJ/mol) 7} H3. AH - F50] £o]s

o

% AR AFH T glom, WES - gE ol §y

J'x--! _CI:I_ 1_]| -_.fj]_ ?]Il_



A BUe web iy A7)

S

=

b=l

e

I = 284 o A

sk sld 2ol ¥7] 913

3

- SR EA ] e

o A]

#o] 17Eolop

Y},

Sk

H




1.2 Q1 F333H4

a =
-

9

A}

AT

EFel A 278 B Sg Y

L=
T

o A

47249

44

B Fell A &

| —
-

A

=

3 ol o] &%

= X
=

stetoll Az WHEhe ' ko] oy A

I AY

of o} Al -

T
Ol

A=

spetof A =

=
=

el el A

A

=

i &k 3 Ak

S

Al

)

—_
o
nzel

ol

o|J

AR ke,

S
=

W Axdg 23

Al FEE I-ATY o

<ol HWuke (12H.0+ 12NADP* +

E]l'

_‘|
>

X

18ADP + 18P;— 60:+ + 12NADPH + 12H"+ 18ATP + 18H:0) I

FS (6CO.+ 12NADPH + 12H"+ 18 ATP +

H
1l

18H20 —CsH1206 (glucose) + 12 NADP'+ 18 ADP + 18 Pi+ 6H:0)

o= gk




Fo2M oA

[l
i

5]

27

Hkslo] watersplitting

a3

}o] CO: reduction & %3

s

figure 1.1 ¥ 2o

s

bel e Fluivh s

IS

9]

ojy

Carbohydrates, O,

Natural photosynthesis

CH,, 0,

*C0, + 2H,0 — CH,

™

SIS k)

+ 20, (AG

+-0,(AG

0 — CH,0H

/ .CH,OH,0,
co
.»C0, 0,

Photocatalysts

ABsouo 004

Artificial photosynthesis

Figure 1.1. Schematic illustration of natural and artificial photosynthetic systems.

]
P

H "f‘} 1

)
= ]

i

A -



gk

QGEE MYl F BYE Wi BAR, B ZE UAE 2§
sk she PAAANE Wb TE
TR o)l A 2ES GRS AlsEoleh sho] Y| 2 ol

NN threl Gure FAAA Axde] HAHAGULN Y gug

oln ZEAo]q F3HA Q] o] &7 oL A WHE Kool A @ ATEo|gk
Ry

photocatalytic hydrogen evolution< water splitting 2] WF&: Wk O
2, 4 o} ZE AAE A 2D AlgFoEH F e TrES 3

AAN7I= F5) 28l FEFulE HARE A F-5F= sacrificial reagent

i
i)
to
il

Ut Process Al 7 7HAZ vdUd A5t 25
AAE T2 EOF A Fslo] A3tE o]Z sacrificial reagentZHE %
25 Aol gAl T4 dEHE $9E+E oxidative quenching
process$}, WH & sacrificial reagent Z5-E] A4S o}l sy F=

7 S5 AAE ZRE AT FoEA vl T AHE AMSTF H=

>

7}7} reductive quenching processd Ut} (figure 1.2).1°0 F=v] =4
AR A AES] g5 b S =ol7] 3l THAFel e S48 v =

5



photosensitizer ¥ &% A x}9] W& A3} - 31 HES-S [F R 25

Mg o] g8 F glor ARIS FaA
Yt
D
D-+
*PC
Reductive
pCred quenching
cycle
'
A"SET\\_// PC
-

2

M
P 2y

Oxidative
quenching PC*
cycle

Figure 1.2. Reductive and oxidative quenching cycles of a photocatalyst (PC).

4 —

hv
Electron 2
donor
2H*H, —

+1 —

H,0/0,

Potential (V vs. NHE)

+2 -

+3 —

2H*
. C
 e—
H2

Photo
catalyst

Figure 1.3. Dye-sensitized photocatalytic hydrogen evolution mechanism

6

e

el ke T



1.4 77 282 5 A A"

FA A uke} EUF ElEbg SAMOlE FASS o] 83 £ ASE B

R

ool E" S5 AdsE W S5 AskE kY] g 7] 35t
U

2G5 gom ATl FRam AW FHow ASHoE AT

I 5y hT 1985 FAABAFA T liner polymer Xi1¥ o]
Small-molecule #A¥/ Carbon Nitride #A¥/ Covalent Organic
Framework (COF) Al & theFst Ao {714 Fuj7t RaEglom
AR AR U COF(Ff 7] Zelda) 9720 322 Al AElo]
SRl Fovud Aee Rudtdsyth (HER ~ Zg9*9 F

$- 6 mmol/gh, CPP**2] % 30 mmol/gh). 3tA 3 A F AL-gah=

o

5 b S sl gt w2 AlE s FA9E AFA o 9l
EHO @& A8 SHAE B wet sAH O F supramolecular
system ©]Y} macromolecular system= ©] g3 A7} FE& ukby
AHEYUTE 19de] Bag X3 ADe 2382 A/AES NaCl 7894

NA F& E&S HolWA 7] 28 FE5v dlFas AA"e Tk

~



e, FHT 92 dEelA AR

Gtk ¥ o

3l
A

de AN

ojpy

<|m

S
pig




Y
ki
o
[-4 (

Qi J.; Zhang W.; Cao R, Solar-to-hydrogen energy conversion based on water
splitting. Adv. Energy Mater 2018, 8 (5),

Yuan, Y; Xinyu Gao ; Xiangchao Meng, Recent advances on electrocatalytic
and photocatalytic seawater splitting for hydrogen. International Journal of
Hydrogen Energy 2021,46 (13),9087-9100.

Zhang, Z.; Hu, W.; Cao, S.; Piao, L., Recent progress for hydrogen
production by photocatalytic natural or simulated seawater splitting 2020, 13
(9), 2313-2322.

L, J.; L, Y.; Liu, N.; Han, Y.; Zhang, X.; Huang, H.; Lifshitz, Y.; Lee, S.-
T.; Zhong, J.; Kang, Z., Science. 2015, 347,970-974.

Speltini, A.; Scalabrini, A.; Maraschi, F.; Sturin, M.; Pisanu, A.; Malavasi, L.;
Profumo, A. Int. J. Hydrogen Energy. 2018, 43,14925-14933.

Vatsal, J.; Balasubramanian, K., Functionalized graphene materials for
hydrogen storage, J Mater Sci 2020, 55, 1865—-1903.

Liu, k.; Song, C.; Subramani, V., Hydrogen and Syngas Production and
Purification Technologies, American Institute of Chemical Engineers 2009.
D. G. Nocera,Acc. Chem. Res.2012, 45, 767

A. Fujishima, K. Honda, Nature 1972, 238, 37.



10.

11.

12.

13.

14.

15.

16.

Bo Zhu, Li-Kai Yan ORCID logo, Yun Geng ORCID logo, Hang Ren, Wei
Guan ORCID logo and Zhong-Min Su, Irl1I/Nill-Metallaphotoredox
catalysis: the oxidation state modulation mechanism versus the radical
mechanism, Chem. Commun., 2018, 54, 5968-5971.

Motonori Watanabe, Dye-sensitized photocatalyst for effective water splitting
catalyst, science and technology of advanced materials 2017, 18 (1)

Mathew S, Yella A, Gao P, Humphry-Baker R, Basile F, Curchod E, Stani
NA, etal. Dye-sensitized solar cells with 13% efficiency achieved through
the molecular engineering of porphyrin sensitizers. Nat Chem2014,6 , 242-
247

Hao S, WuJ, Huang Y, Lin J. Natural dyes as photosensitizers for dye-
sensitized solar cell. Sol Energy 2006, 80, 209-214

Maeda K, Sahara G, Eguchi M, et al. Hybrids of a ruthenium(II) polypyridyl
complex and a metal oxide nanosheet for dye-sensitized hydrogen evolution
with visible light: effects of the energy structure on photocatalytic activity.
ACS Catal. 2015, 5, 1700-1707.

Zheng HQ, Yong H, Ou-Yang T. A new photosensitive coordination
compound [RuL(bpy),](PFs), and its application in photocatalytic

H, production under the irradiation of visible light. IntJ Hydro Energy. 2013,
38,12938-12945.

Wang, L.; Fernandez-Teran, R.; Zhang, L.; Fernandes, D. L.; Tian, L.; Chen,

H.; Tian, H., Organic Polymer Dots as Photocatalysts for Visible Light-Driven
10

,H "‘Ti 1_'_” 'ej}

n'


https://www.tandfonline.com/author/Watanabe%2C+Motonori

17.

18.

19.

20.

21.

Hydrogen Generation. Angew Chem Int Ed Engl 2016, 55 (40), 12306-10.
Pati, P. B.; Damas,G.; Tian, L.; Fernandes, D. L. A.; Zhang, L.; Pehlivan, 1. B.;
Edvinsson, T.; Araujo, C. M.; Tian, H. N., An experimental and theoretical
study of an efficient polymer nano-photocatalyst for hydrogen evolution.
Energy & Environmental Science 2017, 10 (6), 1372-1376.

Bai, Y.; Wilbraham, L.; Slater, B. J.; Zwijnenburg, M. A.; Sprick, R. S.; Cooper,
A. 1., Accelerated Discovery of Organic Polymer Photocatalysts for Hydrogen
Evolution from Water through the Integration of Experiment and Theory.
Journal of the American Chemical Society 2019, 141 (22),9063-9071.

Wang, X.; Chen, L.; Chong, S.Y.; Little, M. A.; Wu, Y.; Zhu, W. H.; Clowes,
R.; Yan, Y.; Zwijnenburg, M. A.; Sprick, R. S.; Cooper, A. 1., Sulfone-
containing covalent organic frameworks for photocatalytic hydrogen evolution
from water. Nat Chem 2018, 10 (12), 1180-1189.

Jena, H. S.; Krishnaraj, C.; Parwaiz, S.; Lecoeuvre, F.; Schmidt, J.; Pradhan,
D.; Van Der Voort, P., Illustrating the Role of Quaternary-N of BINOL
Covalent Triazine-Based Frameworks in Oxygen Reduction and Hydrogen
Evolution Reactions. ACS Applied Materials & Interfaces 2020, 12 (40),
44689-44699.

Bai, Y.; Wilbraham, L.;Slater, B. J.; Zwinenburg, M. A.; Sprick, R. S.; Cooper,
A. 1., Accelerated Discovery of Organic Polymer Photocatalysts for Hydrogen
Evolution from Water through the Integration of Experiment and Theory.

Journal of the American Chemical Society 2019, 141 (22),9063-9071.
11



22. Wei-Ya Huang, Zhao-QiShen, Jing-Zhao Cheng, Li-Lin Liu, Kai Yang, Xirong Chen,
He-Rui Wen and Shi-Yong LiuC—H activation derived CPPs for photocatalytic
hydrogen production excellently accelerated by a DMF cosolvent, J. Mater. Chem.
A, 2019, 7,24222

23. Yang, X. Y.; Hu, Z. C.; Yin, Q. W.; Shu, C.; Jiang, X. F.; Zhang, J.; Wang, X.
H.; Jiang, J. X.; Huang, F.; Cao, Y., Water-Soluble Conjugated Molecule for
Solar-Driven Hydrogen Evolution from Salt Water. Advanced Functional
Materials 2019, 29 (13), 1808156.

24. Qian WangQian, Wang Kazunari Domen,Chem. Particulate Photocatalysts for
Light-Driven Water Splitting: Mechanisms, Challenges, and Design Strategies,

Rev. 2020, 120, 2, 919-985

12



Chapter 2 AN =4

Al S50 TS BT ek ohie aAl QA v AR £

= F5u s el A9 oEee FVMIHYVGLY meka 27

HlE S8 2osg (SSW) = S5 1 Lel 3= (NaC,
27.21g, MgCls, 3.81g, MgS0y, 1.66g, CaS0q, 1.404g, K2SO4, 0.577g,
K2COs, 0.2124g, MgBr2) & &8stol S AGH 91 242 s+
7HEAd ol £ 99.9% %5 sk 77HA o gdl 2ol olFA

o Eoi;(]

1
= T -

1o
ol

=2l == 34.95/mill(%) = A AlAl B¢ F%=< ca.

—
S

35% 9 15 fAHEU

13



Z A8 (Turnover number, TON)

Ry
ar

2} AIMIE  (turnover frequency, TOF 7}

2.2 FARAAY

J)

i 2]

=

golEm, 5

F4o Fw

gl

=

=

o

250)

ol
=
7t Qg e

agent

sacrificial

W) A,

=

wel s, 3

’

j
-

701—

s+ 3
=2 =

)

)

14



2.2.1 822 %W B2 3 G5Z2AFA23HY

40 mL dd vjo]&e] 2,112 g¢] L—ofAF=ERIAL @7, 2 N NaOH (aq)

gols  Hrkstel pH4 27 0.92M  ofrmEHA golg

r\j

Mgyt (12.25mL). °]F 1mM +%9 #& 2 or ¥4 3
aqueous stock solution®lA 0.65mLE F=3Fe] <A AZSH
OfAFTEBAL &l H7M 1, npAEt o 2 5x10° mM K.PtCls aqueous
solution®lA] 0.1 mL& FZ3}o] vfo]de] dof F 13mLe working
solution M&& AAPEFUT T AFEsE o] &2 M2 @ 0.655mg
= M3 0.696mgd Pt 0.207mg=e AFEPSUYT SRS

continuous mode® &85 PO 5 scem? Arel 9 A &EHo=

o)

AAH AU A 24} 3050k TOFE 23S o, rhas

ple)

Z F% GC A= dopgka, I ARE F8F 7k el e

%

AHEE AZ7I(TCD) ol o3l Alat=E ATt 742 Agst

flo

Ho,

1o

d2 wq 7t~ (Ar F Hz9 0.1 mole) & S48t 92 w7y #hel
o8 AH=EAFUT t = 0FlA TOFE= t = 304 TOF % t =
604 TOFE £l4tete] ArtE AUt w4 dAZd AlzF 542
Hy A S5 of AIZF 348 Aiste] 283G B3, Fdoze
gekd Al EHolEHE FYow AFEEte] 1 sun (100 mW cm ?)

15



5

Z7AA

16



22282 4 Bz 3 A+ T4

40 mL U# wpo]def 2,112 g9 L—

g% Aol pHA 24

rU
iy
bt
)y

aqueous stock solution®lA 0.65mLE

ofAFEHAL GNe] HI7FH I

solution®lA] 0.1 mL& ZZ35}o] nlo]ede] do &=
.

solution MZES AZIPHF

0.656mg T+ M3 : 0.696mg¥} Pt 0.207mg=

AN 32
I

|\

54 e 919 BT

s

17

yrt (12.25mL). °]%& 1mM

OOI:

o webq AbgE Zulel

AHg U o,

e
LN

,mpAEko 2 5510° mM KePtCly aqueous
13mL2] working
M2

ZhE



40 mL ¥ nfo]do] 2.112 g2 L—ofA~FERIAL 315, 2 N NaOH (aq)

ftlo

&S FHrkstel  pH4 X8 0.92M  ofAIEHAL 89

1:‘1

H=35YY (11.6mL). ©o]% 1mM %9 #2F 2 or ¥4 3 aqueous
stock solution®l|A] 0.65 mLE FZ3to] kAl A& ofAz=HAE
folo] H7IP 3, ImM B5E2 Rose bengal ¥+ Erythrosin B
aqueous stock solution®lA 0.65 mLE FE3slo] <A A #sH
ofx~F= Ak g Hrtgow, wiAwtog 5:10° mM K:PtClL
aqueous solution®] A 0.1 mLE& F=3Fo] vlo]do Wo] & 13 mL2
working solution &+ AAFFUH. whebr ARG Fufo] F2
M2 : 0.655 mg + Rose bengal : 0.661 mg =+ M3 : 0.696 mg +
Erythrosin B: 0.543 mg3} Pt 0.207 mgS AFE3&5U T Sy ME

%7 Wy

919 FAFIc

||\t
rlo

18



2.3 R3] FF TP A 2H

HEAQ FEY F2N A2D FPED W A5 okl ol
L REU f7A Sl b e FRPL BES /12 AL

B2 conjugated porous polymer A 2B S & 2k 30 mmol/gh?] A&
S BHIHFYL! AT @ate)] Al A~'lolw DMFE co—solvent® A}
L3t A S HYYtr}l T3t COFA| AE9 A+ Dye—sensitized COF7}
°F 16 mmol/ghZ %2 &S B oA FFzdgdyret” s+
oM 7 =& Ade& XA 77174 Ful= Organic conjugated
molecules PorFN 2. 2 df|4=e|4] 10.8 mmol/g'h & X o1} 35
o] z/Ago] Aol HA dgkHUth? ol =FeoA HaE Rose—M2
A2~ 4 Ery—M3 Al AELE 129] |04 2+ 38.38 mmol/gh,
20.8 mmol/gh®] &S Hol HiuH A FFHu & 5Es] a4

A AN b e B 7S5BS

19



Table 1. Representative Photocatalytic Hydrogen Evolution System

Sacrificial Amountof | Reaction H, evolution
Photocataly st Working solution Lightsource agent cataly st time Co-cataly st rate Ref
(mg) () (molh'-g)
. . 0.5M NaCl (50 mL) AM 1.5G, 10vol% 10,900
Orgallnlc lcon#lga;_tﬁd solar simulator TEOA 2 6h 3wt Pt 2
molecules For Seaw ater (not specified, 50 mL) (100mWem2) 10,800
Conjugated cov alent 0.2M Na:S, Carbonen
e Seawater 300 W Xe lamp Na2SO0s 9 capsulated 2,500 3
organic poly mer t fied. 20 mL A =400 ;
(COPTF@CNiZP) (no speciied, 2Um ) ( = nm) nickel
phosphide
Supramolecular Zinc 300W Xe lamp 0.2M
Porphy rin Purewater (100 mL) (full spectrum, light |, o (H=4) 25 6 3wit% Pt 3487.3 4
(SA-ZnTCPP) intensity 650 mWcm) P
.300 Wxenon lamp (Ful 0.2M
TPPS/Cg-NH, deionized water (100 mL) spectrum, lightintensity AA 8 2 6wt % Pt 34,570 5
674.33mWcm=?)
Supramoleclar lution (50 mL 300 W xenon lamp 5 ma AA 50 3 3wt % Pt 11.700 6
P-PMPDI aqueous solution (50 mL) (400 nm <A< 780 nm) mg wt % .
Natural seaw ater 300W Xe lamp 0.01g
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Figure 3.1. Molecular structure of the building block and schematic shape of Rose-
sensitized M2
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Figure 3.2. UV-vis absorption spectra of M2 rose bengal and rose-sensitized
M2(mixture) according to solution. (M2 and ROSE aqueous solution is 10uM, and
rose-sensitized M2 solution is 20uM (rose : M2 = 1:1))
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Figure 3.3. Dynamic light scattering (DLS) data of M2 and rose-sensitized M2
according to solution. (M2 sample is prepared from 50 uM solution ; rose-sensitized
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STEM image of

the M2 in pure water C mapping N mapping Cl mapping

200 nm
STEM image of

the Rose-sensitized M2 C mapping N mapping Cl mapping 0 mapping I mapping
in pure water
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Figure 3.4. STEM & mapping image. (A) M2 in pure, (B) Rose-sensitized M2, (C)
M2 in seawater, (D) M2 after 24h HER in seawater (E) Rose-sensitized M2 after 24h
HER in seawater. (sample is prepared from 50 uM solution)
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Figure 3.5. (A) HER change according to working solution and dye addition (B)
HER change according to ratio of purewater and seawater. (The conditions of all
samples are the same as 0.5 pmol of K2PtCH4, 0.65 pmol of M2, and 12 mmol of L-
ascorbic acid, and only 0.65 pmol of rose is added in the dye-sensitized system)
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Figure 3.6. (A) steady state PL spectra of M2 according to solution, (B) TCSPC
curves of M2 according to solution. (sample concentration is 10umol and excited at

475 nm)
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Figure 3.7. Pictures of sample according to composition ratio (purewater : seawater)
after 24h HER test.
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vl A58 (73.5 pmol — 196 pmol ; for 24h in simulated seawater

with Pt co—catalyst and sacrificial donor, 10.3 mmol/g-h) & B3

Erythrosin B 95 % 7l w2t 9.38) -5 &4 (73.5 ymol —

681 pmol for 24h in simulated seawater with Pt co—catalyst and

olr

sacrificial donor, 20.8 mmol/gh) & HolH =53 A5 57

7 2R BE AARE TARSUT
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Scheme 3.1. M3 synthesis route

2,4,6-Triazine tribenzyl bromide (2)

B g W] wet 24,6—Triazinetribenzyl bromide (2) & 34 <5
Yth! EgZ e etdE4E (1.35mL, 15.3 mmol) & 0T, A4
7] shollA] 4—AJob-wld B Zulo]l= (1 g, 5.1 mmol) 7} S
one neck & ZekAAe] HH3] H7MPSUY. IS 227 olA.
12A17F FF wkREF YTt vk & 9§58 Yol Fol WA HHE

2 gYSgom grvel FEAS Frkstel e FAAFUL I



AEE APty ofMESR Al W QA4S APst & v Fob
FJelol AAE (0.985 g, 98.5%) = ¥A5Y . 1H NMR (CDCls, 300

MHz): § =8.70(d, J = 8.4 Hz, 2H),7.58(d, J = 8.4 Hz, 2H), 4.58 (s,

2H) ppm.

Synthesis 0f2,2'2""-((1,3,5-triazine -2,4,6-triyl)tris (benze ne-4,1 -diyl))
triacetonitrile (3):

500 mL two neck % Z2tA~Fo] NaCN (4.17 g, 96.12 mmol &
Y o]ojA 25 mLe & Y1 30 mLY ©AFEA YEF X3 5§
A HAFUH 15 246-EdeXIEYuld BErlol=(4 g, 6.84
mmol) 7} =& 70 mL THF &3} Aol FHFuUth AF=olA 48413 &
A FFYTH jEg § pHZE °F 60 € w7h#] 1M HCIZ 5
FAA FAES F43Ma EAHEX 59 244 Ay a2 vlE 7y
AAE xgsto] WA yAE AAFYTH 1H NMR(300MHz, CDCls,
ppm 6 = 8.77(d, J = 8.4Hz, 2H), 7.54(d, J = 8.4Hz, 2H), 3.89(s,

2H) ppm.
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Synthesis of4-(4-Fomylphenyl)pyridine (4) :

Ax A WRIAATE 5 HES| A (EGAEEAE) 22 (0)

(0.89 g, 0.8 mmol) ©] &alE EF<l 20 mLE E3Eo] Wo]5Yt} 80T

. FE3 57152 MgS0s0] 83t AXAZ)AL rotary vacuum
evaporators ©|&3to] TUAZFUY. olF ErEs dY dRvE
a3 (&89, Aaked ofAE|o] E = 5:5, v/v) & A Aste] WA 4
A Y ES AUF YT 1H NMR (300MHz, CDCl;) 8 7.54(dd, J =
4.5, 1.6Hz, 2H), 7.80(d, J = 8.2Hz, 2H), 8.01(d, J = 8.3Hz, 2H),

8.73(dd,J = 4.5, 1.6Hz, 2H), 10.10(s, 1H)
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Synthesis of (27,2'7,2"7)-2,2',2"-((1,3,5-triazine-2,4,6-triyl)tris (benzene-4,1-

diyl))tris (3-(4-(pyridin-4-yl)phe nyl)acrylonitrile) (5) :
2,2',2"=((1,35-Egolzl-24,6-Egd) Eg A (AA-4,1-1

2))(0.64 g, 1.5 mmol) ¥ 4-(4 -z ) 9d (091 g, 4.95

mmol) & THF 30 mLo] €aA17] 1, ek 60 mLE H7lsty, 89S

X
i
o
ofo
ol
o
2
i

N
>
S
oy
°
)
[
&
)
to

50CelA 308 ZoF A7)z

T meE S o] g3t AHES A
ANAFYTH FAES ARsta RES WuEE® HA3] AFHste %
A vAE IdHYTh 1H NMR(300MHz, CDCl3) 6 8.86(d, 2H),
8.71(d, 2H), 8.10(d, 2H), 7.95(J = 7.9Hz, 2H), 7.76(d, 3H), 7.56 (d,

2H)
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Synthesis of 4,4',4"-(((1Z,1'Z,1""Z)-((1,3,5-triazine -2,4,6-triyl)tris (benzene-4,1-
diyl))tris (2-cyanoe thene-2,1-diyl))tris (be nze ne-4,1-diyl))tris (1-me thylpyridin-
1-ium) (6) : (2Z,2'7,2"'7)-2,2',2"-((1,3,5-triazine-2,4,6-triyl)tris (benzene-4,1-
diyl))tris (3-(4-(pyridin-4-yl)phe nyl)acrylonitrile)

(0.5 g,0.543 mmol) < 20 mL DMSO®°] =ola, 2 =& (2,31 g,

16.3 mmol) < 3] 75U a2 Ao A F712 o
WSt 7 5 888 100 mL HEZE | gof Fo] RS HA

>
S
oy
i
v
4z
2
it
ftlo
2
=)
_O‘L
=
2
=i
it

S o ZEEveos HA3 AFH
sto] A YA ES A9 th 1H NMR (300MHz, DMSO) & 9.09(d,
6H), 8.65(d, 6H), 8.49(d, 6H), 8.29(s, 3H), 8.14(m, 12H), 7.96(d,

6H) , 4.41(s, 9H))
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Synthesis of4,4'4"-((17Z,1'Z,1""Z)-((1,3,5-triazine-2,4,6-triyl)tris (benzene-4,1-
diyl))tris (2-cyanoe thene-2,1-diyl))tris (benze ne-4,1-diyl))tris (1-methylpyridin-

1-ium) (7) :

6 (0.54 g, 0.4 mmol) < 30 mL DMF¢] Hol1 HEg Edn gy F
Z#ol=E (3,7 g,13.2 mmol) 7} =ollE 20 mL MeOH €918 HXH3]

ANAREUS = 29§ F7h2 wikstal, %<1 150 mLej

NMR (300MHz, DMSO) & 9.09(d, 6H), 8.65(d, 6H), 8.49(d, 6H),
8.29(s, 3H), 8.14(m, 12H), 7.96(d, 6H) , 4.41 (s, 9H) MS (ESD
(C66H48NY9 3+ 322.13° st AALA m/z; A%, 322.24) m/z

966.62, 482.83, 322.24,228.18,198.1
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4343 4 =9

4.3.1 724 EX

ok Ad o)A Trilateral Cationic Cyanostilbene moietyS 2=

c

A} building blocke] 3 ZAAA Ao R F42E AAEH=

Y
M
P

Ay S golA dmg AHVA AzFLE E

fol
o
2
ro

QRS Axgo] THGE A& FAPEFUT webd 99 moiety:
7HA ol dRENE AAE o FdEsiA 2rE 7diske]
AARE SHE wolt Exolil EAE 2ol FEoR AgTOH
4,4'4"=(((12,1'2,1"Z)—((1,3,5—triazine— 2,4,6 — triyl) tris
(benzene—4,1—diyl) ) tris (2—cyanoethene —2,1 —diyl) ) tris (benzene —

4,1—diyD)) tris (1 —methylpyridin—1—ium, ©]3} M3)<¢ AlF £-7]

248 ALY (figure 4.1). Building blocke® & & 4
A=A Felstax M39 Hyt HA 9 ¢ HAYE SHI A3

DLSZ¥ light scattering intensity’} #538to] =74o] E7}1s3 1

+47.3 mVe ¢ AYE Zt= AS FAPdHYY. DLS FSHO=ZE=

T2A FAS Fadd 57 glojA DMSO A3 gz doA] UV-
Vis A3S AgFPEs w FFFelA  absorbance’t HopA|al

54



spectrum®| broad (absorptionedge 420 nm — 441 nm) A+ A=
Tl 2wA F2E e As GJAFSFHE (figure 4.2). FEFH
TEM #4< &34 10 nm ©olste] 22 2#a Fx2AE 45k
A& 7HA o dAgsUnt (figure 4.3). whebA M3= 3019}
Abol= 2F 5408 @ e E3 ErolA buliding blocke® & &
N AL EFSFUY. dygor Egobxl Fojo o AAAA

hydrophilic S4°] F7Fetol Helld M2 tiv] B &2 Z=&

>

TEAE olFH ¥ HgsH EAstE Ae FAIAFH

novel organic Ervthrosin B Ery-sensitized-M3
photocatalyst (M3) Erythresin. (mixture)

Figure 4.1. Molecular structure of the novel building block, erythrosine B and
schematic shape of ery-sensitized M3
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Absorbance fa.u )

——M3 in DM 30
—— M3 in pure

Wavelength (nm)

Absorbance {a.u)

1.0+

06

0.4+

0.2+

Figure 4.2. (A) UV-vis absorption spectra according to solution, (B) UV-VE
absorption spectra of M3, erythrosine B and ery-sensitized M3 (mixture), (M3 and
ery solution is 10 uM, and ery-sensitized M3 solution is 20 uM (ery : M3 = 1:1)).

Figure 4.3. TEM image of M3 (sample is prepared from 50 uM M3 aqueous

solution).
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4.3.2 Erythrosin B-Sensitized M3 3 4]

rlr

Erythrosin B t}okst photocatalytic system®l| A

potosensitizer 24 £ Ae 2 HoJ2 xanthene—type?d A&
d8¢Uth DLS @ ELSoIA =4S % @<FolA Erythrosin B9
B A7 W ¢ ANE SIS A FH A4 o] 194.7 nmol ™ —32.7
mVel ¢ HAAE 2= s FAFS Y (figure 4.4 black). °]& &3l
Erythrosin B ®4olA AAA oz ol F+xAE F4sh=
e 4 T sy M39 A5 E Ade Wl A Ha AT ¢
A9+ Z+2F 323.2 nmet +37.8 mVE FxA S FA FH Alo|=E

Ao ¢ dfle Ao

o
2

1S 2 = Ad5UrTt (figure 4.4 red). o] &=
+Hd9E Ze= M3 Fx2AIS} —Hd9E ZE= Erythrosin BE A 714
ETa

degor FrA B ARz AAT Wehdstel

FQL‘

9]
charge 9] shielding®.® ¢ A7} #As Aoz g 4 U

)y

T

?2

g8 o]y Ad A= ME 29 rose—sensitized M2 Al &~

juii)
o
i
Mo

£
2
ftlo
£

AN S WYYt} rE3l UV-—vis spectrumolAd &+ 52 &
TR spectrum® W7 #EIFSESUC (figure 4.2 B). M39
maximum peak ¥ (365 nm — 373 nm; A+8 nm) ¢ Erythrosin
B9 maximum peak $4* (525 nm — 546 nm ; A+21 nm) EF
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red—shift 3= A A + =29 absorbance B+ 7

webA] DLS&ELS/UV—Vis spectroscopy s 23 & &2

A AANA AsAde we AU

35

30

25

20

15 H

Number distribution (%)

10 H

- Erythrosin B in pure

- Ery-M3in pure

0 200 400

T
600

Diameter (nm)

800

Figure 4.4. Dynamic light scattering (DLS) data of erythrosin B and ery-sensitized
M3 in purewater. (ery sample is prepared from 50 uM solution ; ery-sensitized M3

is prepared from 100 uM solution (ery: M3 = 1:1))
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4.3.3 F28EE

M3+ @tiv] (73.5 pmol ; for 24h in pure water with Pt co—
catalyst and sacrificial donor) & a4 oA <k 2.78)7}=F F7fst
(195.8 pmol ; for 24h in simulated seawater with Pt co—catalyst and

sacrificialdonor 10.3 mmol/g:h) 244 255 7S 5YY (figure
4.5 black and red). ¥E 298 o] FAAMA 8o o] ¢
o] &S &35t AF working solutiond] 4 %% (from 10 : 0 to

0.5:9.5, pure :sea) & ZA3HA FABAAH S APPAHSUT G

I 2gnlgol 7 ¢ 3xA7MA st &8 (2339 umol) ©

gAAEFYT (figure 4.6 A). ol A Y 29 A Ay

YA F22AF (M2 : 11 umol ; M3 @ 73.5 pmol) & A& 2 S
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s M3 AAS ]EgAde] Fof drulEe] SvbEel wE g

S 7FEY salting out #Ao] ¢ AA gt 7 1 3FA o]F9

i
w7 A 2 FZA| Q] A7) Z7}7}F photophysical propertiesel] 9382
FE AS FAF F e, figure 4.7 B T oin] &f5elA
steady state PL intensity 7} 5 7F3! 32 Time —correlated Single Photon
Counting (TCSPC) SH I % © vtst decay 4= 18& A=

gkelgr 4= 9lF Ut wWEkA ionic strength 7kl o8 AX G247}

o= < Y 29 M2<9 #o] 4 =2 ionic strengthell 23|
Z827F £48 w Cyanostilbene moiety?t 743t interaction®. &
B2}z o] 23}y 1 o] wi} non—radiative deactivation process”}
7¥43Fod' 72 photochemical quantum yield7} obd  Axeta
Az

F7HC® M3 Alade] Aupge xE AUYAE &&staxt
(absorption edge of M3 : 441 nm) <°|24 9 5¢l Erythrosin BZ
H71sle] ery—sensitized M3 A|AEO A o] =44 55 SHWS

o @<= ofd] oF 9.38] 57F (681 pmol ; for 24h in simulated seawater

with Pt co—catalyst and sacrificial donor 20.8 mmol/g-h) 3= A=

60



okx M3¢} Erythrosin B7F 4 & 7]14

Ut} (figure 4.5 blue).

213

el

oy
i
!

ojpy
o<

el

LUMO®A M39 LUMOZ electron transfer”} 7}

R R

o
=

AEU T (figure 4.8).

o] &Aool A wk M3xt} Z1-& LUMO

32l rhodamine 6G2} &

o
i

o] 274

Oo]:

o/

Erythrosin B

L=
.

level& Z+

z|

ut

[e;

Erythrosin B

Z=

S
=

ol M3KX.th && LUMO level

gol ey

LUt (figure 4.9). WekA ery—sensitized

0
o

ojpy
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o] o

%
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_]

A7

of i

22
=

ery—sensitized M3 A4

o

g

2

Fo A

gowX

foiz
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Ao platformo® <

TZA7F PtZE1)

stE] 2o’

Pt Yx=

=
T

2zt

A90%

el 5o AE

.
B

A=
R

TR

A

&

v, okA rose—sensitized M2

R

BAL5YTE (figure 4.10).
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700 { —a— M3 in pure
—&—M3in S5W
6004 _h  EryM3in sSW

400 4 x93

Hy {umal}

1 T T T T T T T
200 0 200 400 600 800 4000 1200 1400 1600
Time {(minutes)

Figure 4.5. HER change according to working solution and dye addition. (The
conditions of all samples are the same as 0.5 pmol of K2PtCl4, 0.65 pmol of M3,
and 12 mmol of L-ascorbic acid, and only 0.65 umol of ery is added in the ery-
sensitized M3 system)

10:0 9:1 7:3 5:5 3:7 1:9  05:95
Ratio (pure : sea)

Figure 4.6. (A) HER change according to ratio of purewater and seawater, (B)
Pictures of sample according to composition ratio (purewater : seawater) after 24h
HER test
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230 10
M3 in pure
M3in 55W
200 4
0
3 -
ER £
2 =)
i E w
100
z £
g =
01 10
04
T T T T T T T 10
330 400 430 500 530 600 630 T00 730
‘Wavelength (nm) Time (ns)

Figure 4.7. (A) steady state PL spectra of M3 according to solution, (B) TCSPC
curves of M3 according to solution. (sample concentration is 10 uM and excited at
364 nm)
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—— R
5| ——Ewteann

I imd)
1{ma}
a

48 44 42 @0 A4z o4 B8 0 18 132 14 Y i
48 44 42 @8 @2 o4 A= 43 L L2

Pt v AgNOy)
Pt (v v Aaiaanc, )

=== 420 (pH 47| F)

(H*IH,) -4.44eV

wnes -5.434 (pH 47|F)

(02/H;0) -5.67eV

Figure 4.8. Cyclic voltammograms of (A) ferrocene and M3 (Blue) / ferrocene and
ery (red), (B) frontier orbital energy levels of Ery and M3. (Working electrode :
glassy carbon electrode ; counter electrode : Pt wire electrode; reference electrode :
Ag/AgNO;electrode ; electrolyte : 0.1 M TBAHFP in DMSO; ery 5 mM and scan
rate 100 mV/s ; M3 1 mM and scanrate 100 mV/s)
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700 | - :ry-MjM i |
—8— Rose- kg
s0p | e Rhodamine 8503 =1s- HO. A o. Ao H3Cj I/CH3
[ HN 0 _N*
) =
_ o0 { i HaC CH,
3 .
2 ] cl | "OH a
= Ao M 0" CH,
200 Cl | C
Cl
100
0
Rose Rhodamine 6G
-100
-200 l!l ?ﬂ‘ﬂ 400 {H!H] Efiﬂ H]Iﬂﬂ "Iﬂﬂ Mlm 1600

Time (minutes)

Figure 4.9. (A) Hydrogen evolution efficiency curve according to dye type, (B) dye
images

Figure 4.10. TEM, STEM and EDS mapping images; (A) TEM image of ery-
sensitized M3 after 24h HER test, (B) STEM image of ery-sensitized M3 after 24h
HER test, (C) Pt mapping image of ery-sensitized M3 after 24h HER test
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4.3.44&
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4.4

FEF

Byeong-Kwan An, Dueg-Sang Lee, Jong-Soon Lee, Yil-Sung Park, Hyung-
Su Song, Soo Young Park, "Strongly Fluorescent Organogel System
Comprising Fibrillar Self-assembly of Trifluoromethyl-Based Cyanostilbene
Derivative", J. Am. Chem. Soc (Communication) 2004, 126 (33), 10232-
10233.

Byeong-Kwan An, Soon-Ki Kwon, Sang-Don Jung, and Soo Young Park,
"Enhanced Emission and Its Switching in Fluorescent Organic
Nanoparticles”, J. Am. Chem. Soc. (Article) 2002, 124 (48), 14410-14415.
Wang, S.; Wang, X.; Jiang, S. P., Self-assembly of mixed Ptand Au
nanoparticles on PDDA -functionalized graphene as effective electrocatalysts
for formic acid oxidation of fuel cells. Physical Chemistry Chemical Physics
2011, 73 (15), 6883-6891.

Jayanta Samanta,, Ramalingam Natarajan, Cofacial Organic Click Cage to
Intercalate Polycyclic Aromatic Hydrocarbons, Org. Lett. 2016, 18(14),
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