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In this research, a series of novel asymmetric copper- and nickel-salens
bearing thiophene-based substituents were successfully synthesized and characterized
by nuclear magnetic resonance spectroscopy and mass spectrometry. Homogeneous
electrocatalytic activities of these monomers toward reduction of CO, were
investigated using cyclic voltammetry technique. Electrochemical studies showed
these salen monomers are able to serve as catalysts in the electrochemical reduction
of CO, due to the significantly increase of the current observed under CO,- saturated
condition, compared with those found under the N,-saturated one. Results also
revealed that insertion of the carbon-carbon triple-bond between the thiophene-
based substituents and the salen core led to the lower required reduction potential,
while the additional thiophene rings did not significantly influence in this
aspect. Furthermore, addition of 3% of H,O as a proton source resulted in even higher
current enhancement in the reduction of CO,. Electropolymerization of the target
monomers through their thiophene-based units gave desirable metallosalen-based
polymers in most cases. Inthe polymerization process, results showed that the
introduction of bithiophenyl rings led to the lower required oxidation potential, while
the derivatives containing carbon-carbon triple-bond spacers required higher oxidation
potential than those having the thiophene-based substituents directly linked to the
salen cores. However, further optimization of the polymerization condition is required

to obtain more efficient films for the reduction of CO,.
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CHAPTER |
INTRODUCTION

In the present scenario, the world has global warming problem because of a
concentration of greenhouse gases in the atmosphere that absorbed the sunlight and
solar radiation without letting them bounce off the surface’s earth. Carbon dioxide
(CO,), is a one of greenhouse gases which has been released continuously from human
activities,' including burning of fuel in industry and household. Subsequent climate
change leads to ecological impacts, such as a change the amount of carbon in
vegetations, sea-level rise, hotter heat waves, and more frequent natural disaster.?”
Because of this, there are several researches trying to find out ways to reduce CO, in
the atmosphere by conversion of CO, to value added products.

The electrocatalytic reduction (ECR) of CO, is an attractive way to reduce and
convert CO, to several fuels and chemicals,®” such as carbon monoxide (CO), alcohol,
aldehyde and hydrocarbon.'®*! 'CO and/or formate (HCOO) were obtained from two-
electron reduction of CO, system, whereas methanol (CH;OH) and methane (CH,) were
obtained from six and eight-electron reduction of CO,, respectively.’*** Many types
of metals, such as copper (Cu), ruthenium (Ru) and molybdenum (Mo), have been
studied for the ECR of CO, owing to their ability to proceed multi-electron transfer to
reduce CO,, but one of common drawbacks of this process is large overpotential
required for the formation of desired products. Consequently, metal complexes
become of interest so as to reduce the overpotential by well-designed ligand and
suitable central metal to improve catalytic properties.’”® One of attractive metal
complexes for the ECR of CO, is metal-salen complexes, also called as metallosalen.
In the past few years, the metallosalen was investigated as catalyst for ECR of CO, to
give many possible products could be obtained including CO, CH,, ethylene (C,Hy),
ethane (C,Hy), depending on applied potential and central metal of metallosalen.®
Copper (Cu) and nickel (Ni) were used to form metallosalen electrocatalysts. Cu(0) is well
known to facilitate the formation of hydrocarbons,""*® while Ni(0) reportedly promotes in

H, production with slight formation of CO."



In this work, we are interested in synthesizing and investigating monomers and
polymers of the metallosalen for the ECR of CO,. The target monomers contain
thiophene-based substituents on peripheral phenol rings, and a Cu(ll) or Ni(ll) metal
center as shown in Figure I-1. Thiophene is known to be easy to electrochemically
polymerize to give polythiophene that has conductive property.”’ Polythiophene
derivatives had been used in various applications, such as organic light-emitting

%40 The metallosalen-

diodes (OLEDs),***" solar cells®®* and chemical sensors.
embedded polythiophenes was previously synthesized by electropolymerization with
lower potential, affording conductive polymer.**? Moreover, it was efficiently used

for the ECR of O, to give H,0 and H,0, as products.*’

N 2,N_ Ny 2_
Hy s M s- M Hy s M s-xH
|/ o o N | )= o o = |
n n n n
MS-nT MS-CC-nT
n=1or2
M = Cu or Ni
Figure I-1: Structures of the target molecules
Since it was found that unsymmetrical metallosalens served as versatile
asymmetric catalysts leading to highly reactive and enantioselective catalytic
reactions,™* the target salens for this work are designed to have a cyclohexyl
stereocenter in the molecules. The resulting monomers will be subject to
electropolymerization. Both monomers and polymers will be investigated for their
physical properties and electrochemical properties, and their catalytic abilities for the

ECR of CO,.

1.1 Objectives of this research
Synthesis and investigation of physical and electrochemical properties, as well
as their catalytic abilities towards the ECR of CO, of unsymmetrical metallosalen

monomers and polymers.



1.2 Scopes of this research

Each target unsymmetrical metallosalen monomers contains thienyl or
bithiophenyl para-substituents on its phenolic groups and a Cu(ll) or Ni(ll) metal center
as shown in Figure I-1. All target monomers will be characterized by spectroscopic
techniques, including 'H- and **C-nuclear magnetic resonance (NMR) spectroscopy, and
mass spectrometry. The polymerization will be performed by cyclic voltammetry (CV).
Both target monomers and polymers will be studied for their possible use as catalysts

for the ECR of CO,.



CHAPTER Il
THEORY AND LITERATURE REVIEWS

2.1 Electrochemical reduction of CO,

The ECR of CO, is the conversion of CO, into the fuel or others value added
chemicals.**® Considering thermodynamics of this reaction, the reduction of CO, by
proton-coupled multi-electron processes are normally more favorable than single-
electron step process because the latter requires high energy to convert CO, to CO,".
Moreover, several thermodynamically stable products are produced in the proton-
coupled multi-electron processes,”’ corresponding to equations (1)-(6) from
calculation of the standard reduction potential (£°) in a 1 M aqueous solution of other
solutes at pH 7 vs. normal hydrogen electrode (NHE) at 25°C under 1 atm gas

pressure.”®

CO,+e ——» CO,” Fo=-190V (1)
CO, + 2H" + 260 ——» HCOOH Fo=-061V (2
CO, + 2H' + 26— CO + H,0 Fo=-053V (3)

CO, + 4H" + de¢ ——» HCHO + H,O £E°=-0.48V (4)
CO, + 6H" + 660 ——» CH;OH + H,0 F°=-0.38V (5)
CO, + 8H" + 8¢ —— CH, + 2H,0  £°=-024V (6)

In kinetic aspect, a major challenge is a formation of nuclei and chemical bonds
to convert CO, into other carbon-based molecules. Two mechanistic pathways have
been proposed: one is the conversion of CO, to syngas (CO/H,), followed by
transformation to liquid fuel, such as gasoline, by Fisher-Tropsch technotogies;59 and
the other is the direct conversion of CO, to liquid fuel, such as methanol, by
electrocatalytic processes. Efficient electrocatalysis of CO, requires fast electron
transfer at an electrode surface and acceleration of a chemical conversion.”® As a
result, both electron transfer and chemical kinetics must be optimized, or in other
words, the electrocatalysts must exhibit good thermodynamic match between the
redox potential for the electron transfer reaction and the chemical reaction that is

being catalyzed.®!



Several groups of organometallic compounds were reported to be efficient
electrocatalysts for reduction of CO, because of their high efficiencies, selectivities and

turnover numbers,® for example metal complexes of porphyrins,®*®° phthalo-

70-76 77-83 94-101

cyanines,”®"® cyclams,””® phosphines,®** bipyridines, and salen ligands.*

2.2 Cyclic voltammetry (CV)

CV is a one of the most widely used techniques to determine the efficiency of
the electrocatalysts for the ECR of CO,'* due to its non-destructive nature, versatility
and informative details that can be relatively quickly extracted. Furthermore, it can
be used for a wide range of applications in oreanic and inorganic chemistry as well as
material development.'®*'% |n addition, both qualitative and quantitative information
about analyte in the electrochemical reaction can be obtained from this technique.'®
The electrochemical cell consists of three electrodes, i.e. a working electrode (WE), a
counter electrode (CE) (also called as an auxiliary electrode) and a reference electrode

(RE), which are immersed in an electrolyte solution'*

as depicted in Figure ll-1a.
During measurement, oxidation and/or reduction of the analyte occur at the WE
surface corresponding to applied potential (E,,). CV consists of the linearity of
potential scanning with a triangular waveform,'® sweeping through a potential range
and reversing the direction of the sweep in a cyclic wave as depicted in Figure ll-1b.
The E,qpo value is simultaneously measured across the WE and the RE having a large
resistance and therefore no passing current. The current is then measured in response
to E,pp across the WE and the CE, resulting in a plot between the current response
and E,yq, which is called a cyclic voltammogram'® as shown in Figure ll-1c. A forward
scan produces cathodic peak current (/,0) for reducing the analyte in a range of E,qy
with a maximum cathodic current called cathodic peak potential (£,). On the other
hand, a reverse scan produces anodic peak current (/,,) for oxidizing the reduced form

of the analyte back to the original form with a maximum anodic current as anodic peak

potential (Epy).
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Figure Il-1: a) Three-electrode cell setup, b) the triangular waveform signal

and ¢) the cyclic vol’tammograms.105

In a study of the electrocatalytic activity for the CO, reduction, the cyclic
voltammogram of the electrocatalyst under a dry inert atmosphere (Ar or N,) should
show a reversible or quasi-reversible redox couple. When CO, was added in system,
the diffusion limited current should increase significantly, while the potential shifts
anodically, and the reversibility in the return oxidation wave may lose because of the
chemical reaction between CO, and the electrocatalyst. For instance, Figure Il-2a
shows a cyclic voltammogram of cobalt(ll)-tetraphenylporphyrin (CoTPP).!*" When the
CoTPP solution was saturated with CO,, the first reduction for a Co'P/CoP step was
unaffected but the second reduction for a Co'P/Co®P step exhibited significant increase
in current, compared with that obtained in the Ar-saturated condition. This catalytic
reduction of CO, took place at a potential about 0.3 V less negative than that required
for direct reduction of CO, in a similar solution without CoTPP (-2.02 vs. -2.32 V, vs.
saturated calomel electrode (SCE)) (Figure II-2b). These results indicated that CoTPP

can lower overpotential and increase the reaction kinetics of the CO, reduction.
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Figure II-2: Cyclic voltammograms of a 0.1 M tetrapropylammonium perchlorate (nPr,NCLO,)

solutions having (a) 0.5 mM CoTPP and (b) no catalyst under saturation with Ar (dotted line) and

with CO, (solid line). A scan rate was 100 mV+s ™ and a current scale was 100 ]VLA/division.107

2.3 Electropolymerization
Electropolymerization has been studied for a long time because of its several

advantages, %1%

e.q. it is a catalyst-free procedure, it provides direct deposition of a
doped polymer onto an electrode surface, control of film thickness is quite easy in
situ characterization of the polymerization by electrochemical and/or spectroscopic
techniques is possible. Moreover, rate of initiation can be easily controlled by varying
electrochemical parameters and it can be carried out under mild condition. A great
number of experiments have been performed in organic solvent (non-aqueous)
systems with various kinds of supporting electrolytes. The widely used organic solvents
include dimethylformamide (DMF), dimethylsulfoxide (DMSO) and acetonitrile
(ACN),"'! while the examples of the commonly used supporting electrolytes are
tetra-butylammonium phosphate (TBAP), tetraethylammonium tetrafluoroborate
(Et4yNBFy), tetraethylammonium perchlorate (Et;NClO,) and tetrabutylammonium
perchlorate (NBuyNClO,4). Recently, aqueous systems have been of interest for the
electropolymerization due to environmental friendliness and economic advantage.!'*

"> However, the selection of the solvent systems depends on the solubility of the

monomers.



The electropolymerization can be classified according to occurrence of the
polymer. If the polymer forms at a cathode, it will be called electroreduction
polymerization (ERP). If the polymer forms at an anode, it will be called
electrooxidation polymerization (EOP). In general, the EOP of organic materials has
received more interest than the ERP because the formation of the polymer often
occurs by the oxidation of the aromatic compounds.''® The examples of compounds

117-119

that can be polymerized by the EOP include pyrrole, thiophene,'?® Indole,'*!

123-125

furan,'?” benzene and derivatives, while the compounds that can be polymerized

by ERP include methyl methacrylate,'*® acrylonitrile and methacrylonitrile.'?"'?®

2.4 Metallosalen

Salen is an anionic tetradentate ligand and widely used in coordination
chemistry and homogeneous catalysis.*” The name of salen is an abbreviation from
salicylaldehyde and ethylenediamine, which are substrates for condensation to give
salen ligand.'® The salen ligand is a yellow micaceous solid that is favorably soluble
in polar organic solvents. The structure of the salen ligand generally consists of two
phenoxy groups connected by two methyne carbons via two imine bridges, which are
formed by condensation between carbonyl group at ortho-positions of the phenoxy

130-131 (

groups and amine groups of the ethylenediamine Figure 1I-3).

R’ R'

Figure II-3: A general structure of the salen ligand
There are several methods for structural modification of the salen ligands,
including the substitution on the phenoxy groups or the ethylene bridge*?"** and the
metalation to give a complex called a metallosalen. Metallosalens were well known

as chemical catalyst in various reactions such as enantioselective pinacol coupling®,

135-137

copolymerization, enantioselective  Nazarov  cyclization,’®  asymmetric

139

sulfimidation and sigmatropic rearrangement. Later, the catalytic efficiency of

metallosalen was improved by substitution on salen ligand in order to use as a catalyst
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0,.

for copolymerization between cyclohexene oxide and C Moreover, the

substitution of acetylene derivatives on the metallosalen structure at peripheral

phenol rings was investigated for catalytic efficiency in Henry reaction.'*'®

2.4.1 Synthesis of metallosalen

Synthesis of the metallosalen was reported for the first time in 1933 by Pfeiffer
and co-workers.’® In 1950, Diehl"*! suggested a simple route of synthesis of the salen
lisand via condensation between salicylaldehyde and ethylenediamine in hot ethanol

(Scheme I1-1).

—5 N =
M2 Q otstac]
ot ethano
OH + / —_ OH HO
HoN

Scheme II-1: Synthesis of the salen ligand under a Diehl’s condition.

Later, condensation between salicylaldehyde derivatives and 1,2-diamine
derivatives in ethanol in the similar manner was reported to give the corresponding
salen ligands as precipitates in 50-80% yield (Scheme 11-2). The metallosalens can
be quantitatively prepared via metallation between the salen ligands and various

metal salts in appropriate solvents' ! (Scheme 11-3).

Rll Rll
0 —N N=—
R R Ethanol

R oH * BN ONNYER OH HO R
H,N  NH,

R' R' R'
Scheme I1-2: Synthesis of substituted-salen ligands

Rll Rll R" R
=N N= —N. N=
Metal salt, solvent M

R OH HO R > R (@)
Ar, rt, 24 h R™

R’ R’ R' R'

Scheme [I-3: Metallation of substituted-metallosalens
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2.5 Thiophene

Thiophene is a five-membered ring heterocyclic aromatic compound, which
can be polymerized to be polythiophene (Figure II-4), which exhibits conductive
properties.?® Its conductive properties are caused by delocalization of electrons
throughout its conjugated backbone. Furthermore, high environmental stability and
well-established structural modification of polythiophene enable great developments
of its derivatives for several electronic applications,*** such as capacitors,"***! light-

168-17
ls 68-175

emitting diodes,'**'¢! field-effect transistors,'****" solar cel and electrochromic

device 176-183

S

\_/

n

Figure II-4: A structure of polythiophene.

Polythiophenes can be prepared by means of two routes, chemical and
electrochemical synthesis.'” ~In case of chemical synthetic routes, nickel- and
palladium-based cross coupling chemistry are adapted to the efficient synthesis of
polythiophene and its derivatives. Two important features of these cross-coupling
reactions are selective C-C bond formation and regioselectivity of the catalyst.
Scheme I1-4 shows published preparation procedures of polythiophenes using nickel-
and palladium-based catalysts. The upper route involves in the formation of two
intermediates by reacting a 2,5-dibromothiophene derivative with Rieke zinc (Zn¥)
under a Rieke’s method.'® The resulting Zn-complexes were accessed in the cross-
coupling reaction using Pd(PPhs),, affording a corresponding polythiophene derivative.
The lower way starts from synthesis of intermediates through Grignard metathesis,

followed by nickel-catalyzed coupling reaction to get the corresponding polymer.'®
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Zn*. THE BrZn S\ _Br Br S\ znBr Pd(PPh3),
-78°C \ /) + \_/
R R

Br— S\ Br
YA . | w
n
R BrMg—S~\_Br Br—_S\__MgBr R
RMgBr, THF W . W Ni(dppp)Cly
R R

Scheme lI-4: Syntheses of polythiophene derivatives through Rieke’s (upper)184 and Grignard’s

(lower) routes.'®

As regards the electrochemical polymerization, the cyclic voltammograms and
the proposed mechanism of the electropolymerization of thiophene are depicted in
Figure [I-5. The electrochemical processes of thiophene starts from the oxidation step
generating cation radical species, followed by coupling and aromatization to form its
dimer. After that, a sequence of subsequent dimerization steps proceeds to the
formation of oligomers and polymers. The cyclic voltammogram shows a current

density increased as more polythiophene was formed on the electrode surface.'®

E (V vs. Ag/AgCl)

Figure II-5: a) Proposed mechanism of the electropolymerization of thiophene and b) the

. ) 1
corresponding cyclic voltammograms. 8

2.6 Thiophene-substituted metallosalen derivatives
In 1998, Kingsborough and Swager®! studied electroactivity of the thiophene-
substituted cobalt-salen (CoS-T) which was synthesized through the palladium-based

cross coupling, followed by the condensation and the cobalt metallation (Scheme II-
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5). After that, CoS-T was successfully polymerized by oxidative polymerization, while

no film growth was observed for the metal-free derivative.

OH OH O
I o X
PdCly(PPhg),, DMF Benzene rt, 12 h
o 0,
Br 80C, 120 Ar N 94% tsos | Co(OAC4H0
55-60% __ DMF, rt, Ar

/

\ / \ /
/ \ oxidative /
n

ponmerlzatlon
poly(CoS-T) CoS-T

Scheme II-5: Synthesis and oxidative polymerization of CoS-T

Furthermore, EDOT-substituted cobalt-salen (CoS-EDOT), where EDOT stands
for 3,4-ethylenedioxythiophene (Figure 1I-6), was synthesized and polymerized in the
similar manner as CoS-T. Compared with the cyclic voltammograms of electro-
polymerization of CoS-T, those of CoS-EDOT showed overall decrease in the oxidation
potential as depicted in Figure II-7, indicating that a more electron-rich EDOT led to
easier oxidative polymerization. In addition, an EDOT-substituted cobalt-salen polymer
(poly(CoS-EDQOT)) was investigated for the electrocatalytic activity for oxygen (O,)
reduction. The result showed that poly(CoS-EDOT) was a highly conducting hybrid
material capable of O, reduction by four-electron reduction process to produce H,O

and H,0,.*

N N
S :Co< S
| / o o \ |
(@) (@)
L0 o

Figure II-6: A structure of CoS-EDOT
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Figure II-7: Cyclic voltammograms of oxidative polymerization of (a) CoS-T and (b) CoS-EDOT"
In 2006, asymmetric thiophene-derivatives metallosalens 1, 2 and 3 (Figure Il-
8) were synthesized and polymerized to investigate effects of their structures on the
electroactivity.”®” The [15,25]-cyclohexyl bridge was introduced to these molecules to
improve the catalytic activities for Nozaki-Hiyama-Kishi reaction and enantioselectivities
of the metallosalen,'®® which was found that asymmetric metallosalen gave better

189-190

those properties than symmetric one. Moreover, thienyl rings were used to

improve the stability, reversibility of redox couples and conductivity of the resulting

polymers.*42

—N ,/N_
CeHiz s M s CeHiz
/N
| Y/ 6o O \ |
1

—N.  N= ",
S \M/ S _N\ /N_
| / O/ \O \ | S /M\ S
| / o 0 \ |
2 3

Figure 11-8: Structures of 1, 2 and 3
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CHAPTER Il
EXPERIMENTS

3.1 Synthesis
3.1.1 Materials and methods

All chemicals were commercially available and used as received unless noted
otherwise.

'H- and C-NMR spectra were recorded on a Varian Mercury 400 NMR
Spectrometer and a Bruker Avance 400 NMR Spectrometer respectively and obtained
in CDCl;. Chemical shifts (O) were reported in parts per million (ppm) relative to the
residual CHCl; signal (7.26 ppm for H-NMR spectroscopy and 77.0 ppm for *C-NMR
spectroscopy.

Mass spectra were obtained using high-resolution electrospray ionization (HR-

ESI) and matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass

spectrometers using Ol-dithranol as a matrix.

3.1.2 2-Hydroxy-5-thiophen-2-yl-benzaldehyde (H-1T-B)

o PACl(dppf)-CH,Cl, o
Na,COs, DME/H,0 H
lgﬁ 100°C, 5 h, N, s
Br Q/ ) OH
63 %
H-1T-B

Following a reported procedure'®® with slight modification by using a protected
boronic acid derivative instead of thiophenyl-2-boronic acid, a mixture of 5-
bromosalicyladehyde (0.396 ¢, 1.97 mmol), 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-thiophene (0.496 g, 2.36 mmol), [1,1'-bis(diphenylphosphino)ferroceneldichloro-
palladium(ll) complex with CH,CL, (PdCl,(dppf)-CH,Cl,, 0.082 g, 0.10 mmol) and sodium
carbonate (Na,COs, 0.209 ¢, 1.97 mmol) in dimethoxyethane (DME)/water (3/1, 6 mL,
degassed with N,) was stirred under N, atmosphere at 100 °C for 5 h. After cooling to
room temperature, the reaction mixture was poured into deionized water (20 mL). The

aqueous mixture was extracted with CH,Cl, (3x15 mL), and the combined organic
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phase was dried over anhydrous MgSO,. The solvent was removed under reduced
pressure and the resulting crude was purified by column chromatography over silica
gel (diethyl ether (Et,0)/hexanes 1/1) to give a yellow powder. After recrystallization
in hexanes, compound H-1T-B was obtained as yellow crystals (0.254 ¢, 63%). m.p.
108-110 °C. *H NMR & 7.00 (d, J = 8.4 Hz, 1H), 7.04-7.11 (m, 1H), 7.20-7.24 (m, 1H),
7.24-7.28 (m, 1H), 7.70-7.76 (m, 2H), 9.90 (s, 1H), 11.00 (s, 1H) (Figure A-1); **C NMR &
118.3, 120.7, 122.9, 124.7, 126.9, 128.2, 130.6, 134.6, 142.6, 161.0, 196.5 (Figure A-2).
These characterization data are consistent with those described in a published

report.'®

3.1.3 2-Hydroxy-5-(2,2'-bithiophen-5-yl)-benzaldehyde (H-2T-B)

0 PdCl,(dppf)*CH,Cl, /
H o Na,COs;, DME/H,0 | H
I N s & 100°C, 5 h, N, s s
Br OH * s \ / o | OH

60 %

H-2T-B

In a similar manner to the synthesis of H-1T-B, a mixture of 5-
bromosalicyladehyde (0.396 ¢, 1.97 mmol), 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-y1)-2,2"-bithiophene (0.689 g, 2.36 mmol), PdCl,(dppf)-CH,Cl, (0.082 g, 0.10 mmol)
and Na,C0O5(0.209 g, 1.97 mmol) in DME/H,O (3/1, 6 mL, degassed with N,) was stirred
under N, atmosphere at 100 °C for 5 h. After above-mentioned work-up process, the
resulting crude was purified by column chromatography over silica gel (CH,Cl,/hexanes
1/1) to provide dark yellow powder. After recrystallization in hexanes, compound H-
2T-B was obtained as a dark yellow solid (0.338 g, 60%). m.p. 179-181 °C. 'H NMR 0
7.02-7.05 (m, 2H), 7.14 (s, 1H), 7.19 (d, J = 2.4 Hz, 1H), 7.23 (d, J = 4.0 Hz, 1H), 7.24-
7.26 (m, 1H), 7.73-7.77 (m, 2H), 9.95 (s, 1H), 11.01 (s, 1H) (Figure A-3); *C NMR O
118.5, 120.8, 123.6, 123.9, 124.7, 124.8, 126.7, 128.0, 130.4, 134.3, 136.8, 137.2, 141.3,
161.2, 196.5 (Figure A-4); HR-ESI-MS m/z: [M'] calcd for Cy5H;00,S,, 286.0122; found,
286.0123 (Figure A-5).
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3.1.4 2-Hydroxy-5-(2-(thiophen-2-yl)-ethyn-1-yl)-benzaldehyde (H-CC-1T-B)

Q PdCl,(PPhg), Cul, PPhs, Q
H Toluene, NEt; H
S = rt, 18 h, N, S
| OH * @/ | )= OH
59 %
H-CC-1T-B

Following a reported procedure,'** a mixture of 5-iodosalicyladehyde'®? (0.496
g, 2.00 mmol), 2-ethynylthiophene (0.270 g, 2.50 mmol), bis[triphenylphosphine]-
dichloropalladium(ll) (PdCL,(PPh3);, 0.070 g, 0.10 mmol), Cul (0.038 ¢, 0.20 mmol) and
PPh; (0.052 g, 0.20 ,mmol) in toluene (6 mL, degassed with N,) was stirred at room
temperature for 15 min. After that, triethylamine (NEts;, 3 mL) was added slowly, and
then a mixture was stirred under N, atmosphere at room temperature for 18 h. Then,
the reaction mixture was poured into CH,Cl, (25 mL) and the resulting solution was
extracted with a saturated aqueous solution of NH4Cl (3x15 mL) and a saturated
aqueous solution of NaCl (1x15 mL). The combined organic phase was dried over
anhydrous MgSO,4 and the solvent was removed under reduced pressure. The resulting
crude was purified by column chromatography over silica gel (CH,Cl,/hexanes 1/4) to
give an off-white powder which was recrystallized in hexanes to yield compound H-
CC-1T-B as white crystals (0.268 g, 59%). m.p. 103-105 °C. 'H NMR & 6.95-7.05 (m,
2H), 7.23-7.34 (m, 2H), 7.64 (dd, J = 8.8, 2.0 Hz, 1H), 7.73 (d, J = 1.6 Hz, 1H), 9.88 (s, 1H),
11.12 (s, 1H) (Figure A-6); >C NMR 6 82.3,91.3, 115.0, 118.3, 120.7, 123.1, 127.3, 127.5,
132.1, 136.9, 139.7, 161.6, 196.1 (Figure A-T), HR-ESI-MS m/z: [M"] calcd for Cy3HgO,S,
228.0245; found, 228.0240 (Figure A-8).

3.1.5 2-Hydroxy-5-(2-(2,2'-bithiophen-5-y|)-ethyn-1-yl)-benzaldehyde (H-CC-2T-B)

Q PdCl,(PPhs), Cul, PPhs, 0
H Toluene, NEt; 4 | H
I' N\ s = rt, 18 h, N, S S
[ OH * 87 7 /J | )—= OH
50 %

H-CC-2T-B

In a similar manner to synthesis of H-CC-1T-B, a mixture of 5-

iodosalicyladehyde!®? (0.496 g, 2.00 mmol), 5-ethynyl-2,2"-bithiophene!*® (0.476 g, 2.50
mmol), PACl,(PPhs) (0.070 g, 0.10 mmol), Cul (0.038 ¢, 0.20 mmol) and PPhs (0.052 g,
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0.20 ,mmol) in toluene (6 mL, degassed with N,) was stirred at room temperature for
15 min, NEt; (3 mL) was added slowly, and then a mixture was stirred continuously
under N, atmosphere at room temperature for 18 h. After above-mentioned work-up
process, the resulting crude was purified by column chromatography over silica gel
(Ch,Cly/hexanes 1/2) to give yellow powder which was recrystallized in hexanes to
yield compound H-CC-2T-B as a light-yellow solid (0.310 g, 50%). m.p. 146-148 °C.
'H NMR 8 6.99 (d, J = 8.4 Hz, 1H), 7.03 (dd, J = 5.2, 3.6 Hz, 1H), 7.07 (d, J = 3.6 Hz, 1H),
7.17(d, J = 4.0 Hz, 1H), 7.20 (d, J = 2.8 Hz, 1H), 7.23-7.26 (m, 1H), 7.64 (dd, J = 8.4, 1.6
Hz, 1H), 7.73 (d, J = 1.6 Hz, 1H), 9.88 (s, 1H), 11.13 (s, 1H) (Figure A-9); *C NMR & 82.3,
92.3, 115.0, 118.4, 120.7, 121.7, 123.7, 124.4, 125.2, 128.1, 133.0, 136.8, 139.2, 139.7,
161.7 196.1 (Figure A-10); HR-ESI-MS m/z: [M*] calcd for Cy7H;40,S,, 310.0122; found,
310.0127 (Figure A-11).

3.1.6 General procedure for salen ligand formation

Following a reported procedure,'® to a solution of a salicylaldehyde derivative
(1.70 equivalent) in ethanol (15 mL) was treated with (5,5)-1,2-cyclohexanediamine
(1.00 equivalent) at 60 °C for 1.5 h. After the reaction mixture was cooled to room
temperature, the resulting solid was filtered, washed with ethanol, methanol and

hexane, and recrystallized in chloroform and hexane to afforded desired products.

@)

H Ethanol
Q 60°C, 1.5h =
R‘< >>:0H RN N, —C§:OH Hobf
VS

H,S-1T (65%) H,S-2T (55%) H,;S-CC-1T (52%) H,S-CC-2T (49%)

3.1.6.1 (5,5)-N,N’-bis(salicylidene-5-thiophen-2-y)-cyclohexane-1,2-diamine (H,S-
1T)

H-1T-B (0.402 g, 1.97 mmol) was reacted with (5,5)-1,2-cyclohexanediamine
(0.116 g, 1.02 mmol) to give the title compound as a yellow crystal (0.312 g, 65%); m.p.
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115-117 °C. 'H NMR & 1.45-1.53 (m, 2H), 1.68-1.80 (m, 2H), 1.84-2.03 (m, 4H), 3.31-
3.38 (m, 2H), 6.91 (d, J = 8.4 Hz, 2H), 7.00-7.04 (m, 2H), 7.10-7.14 (m, 2H), 7.18 (d, J =
4.8 Hz, 2H), 7.37 (s, 2H), 7.44-7.52 (m, 2H), 8.30 (s, 2H), 13.38 (s, 2H) (Figure A-12); 1°C
NMR & 24.2, 33.1, 72.8, 117.5, 118.7, 122.2, 123.9, 125.6, 128.0, 128.9, 130.2, 143.8,
160.7, 164.6 (Figure A-13); MALDI-TOF-MS m/z: found, 486.586 (100) [M]; calcd avg
mass, 486.648 (M*; M = CygH,¢N,0,S,) (Figure A-14). These characterization data are

consistent with those described in a published report.'®®

3.1.6.2 (5,5)-N,N'-bis(salicylidene-5-(2,2'-bithiophen-5-yl)-cyclohexane-1,2-
diamine (H,S-2T)

H-2T-B (0.292 ¢, 1.02 mmol) was reacted with (S,5)-1,2-cyclohexanediamine
(0.069 g, 0.60 mmol) to give the title compound as a light orange crystal (0.183 g, 55%);
m.p. 240-242 °C. 'H NMR & 1.47-1.60 (m, 2H), 1.70-1.81 (m, 2H), 1.86-2.04 (m, 4H),
3.33-3.39 (m, 2H), 6.92 (d, J = 8.4 Hz, 2H), 6.98-7.04 (m, J = 3.4 Hz, 2H), 7.08 (d, J = 3.6
Hz, 2H), 7.15(d, J = 2.8 Hz, 2H), 7.19 (d, J = 4.0 Hz, 2H), 7.24-7.29 (m, 2H), 7.35(d, J =
1.6 Hz, 2H), 7.47 (dd, J = 8.4, 2.0 Hz, 2H), 8.30 (s, 2H), 13.40 (s, 2H) (Figure A-15); *C
NMR O 24.3, 33,1, 72.8, 117.7, 118.8, 122.8, 123.5, 124.3, 124.6, 125.3, 127.9, 128.6,
129.9, 135.8, 137.6, 142.6, 160.9, 164.7 (Figure A-16); MALDI-TOF-MS m/z (%): found,
650.646 (100) [M']; calcd avg mass, 650.888 (M"; M = Cy4H3oN,0,S,) (Figure A-17); HR-
ESI-MS m/z: [(M+H)"] calcd for CsH3oN,0,54, 651.1263; found, 651.1261 (Figure A-18).

3.1.6.3 (5,5)-N,N'-bis(salicylidene-5-(2-(thiophen-2-yl)-ethyn-1-yl)-cyclohexane-
1,2-diamine (H,S-CC-1T)

H-CC-1T-B (0.233 g, 1.02 mmol) was reacted with (5,5)-1,2-cyclohexanediamine
(0.069 g, 0.60 mmol) to give the title compound as a light-yellow crystal (0.243 g, 52%);
m.p. 193-195 °C. 'H NMR & 1.35-1.44 (m, 2H), 1.58-1.69 (m, 2H), 1.78-1.90 (m, 4H),
3.21-3.28 (m, 2H), 6.80 (d, J = 8.4 Hz, 2H), 6.89-6.93 (m, 2H), 7.15 (d, J = 2.4 Hz, 2H),
7.17(d, J = 5.2 Hz, 2H), 7.26 (s, 2H), 7.30-7.34 (m, 2H), 8.14 (s, 2H), 13.49 (s, 2H) (Figure
A-19); *C NMR o 24.2, 33.0, 72.6, 81.2, 92.5, 113.2, 117.6, 118.6, 123.7, 127.0, 127.2,
131.6, 134.8, 135.5, 161.6, 164.18 (Figure A-20); MALDI-TOF-MS m/z (%): found, 534.713
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(100) [M™]; calcd avg mass, 534.692 (M*; M = CsHp6N,0,S,) (Figure A-21); HR-ESI-MS
m/z: [(M+H)"] calcd for CsHeN,0,S, 535.1508; found, 535.1505 (Figure A-22).

3.1.6.4 (5,5)-N,N'-bis(salicylidene- 5-(2-(2,2'-bithiophen-5-yl) -ethyn- 1-yl) -
cyclohexane-1,2-diamine (H,S-CC-2T)

H-CC-2T-B (0.317 g, 1.02 mmol) was reacted with (S,5)-1,2-cyclohexanediamine
(0.069 g, 0.60 mmol) to give the title compound as a dark yellow crystal (0.390 g, 49%);
m.p. 129-131 °C. 'H NMR & 1.45-1.54 (m, 2H), 1.68-1.78 (m, 2H), 1.85-2.01 (m, 4H),
3.32-3.38 (m, 2H), 6.89 (d, J = 8.4 Hz, 2H), 7.00-7.03 (m, 2H), 7.04 (d, J = 3.6 Hz, 2H),
7.11(d, J = 3.6 Hz, 2H), 7.18 (d, J = 2.4 Hz, 2H), 7.23 (d, J = 4.0 Hz, 2H), 7.32-7.36 (m,
2H), 7.40 (dd, J = 8.4, 1.6 Hz, 2H), 8.23 (s, 2H), 13.59 (s, 2H) (Figure A-23); *C NMR &
24.1,32.9,72.5,81.2,935, 113.1, 117.5, 1185, 122.2, 123.5, 124.1, 124.9, 127.9, 132.3,
134.7, 135.4, 136.8, 138.5, 161.6, 164.0 (Figure A-24); MALDI-TOF-MS m/z (%): found,
699.010 (100) [M*]; calcd avg mass, 698.932 (M"; M = Cy4oH3oN,0,S,) (Figure A-25), HR-
ESI-MS m/z: [(M+H)'] caled for CaoHsoN,05S4, 699.1263; found, 699.1269 (Figure A-26).

3.1.7 General procedure for salen complexation

Following a reported procedure,'®® a solution of salen ligand (0.50 mmol) in
CH,Cl, (30 mL) was reacted with Ni(OAc), or Cu(OAc), (0.55 mmol, 1.1 mol equivalent)
in MeOH (15 mL) at room temperature. After 5 h, the reaction mixture was poured
into water (25 mL), and the separated organic phase was extracted with a saturated
aqueous solution of NH,Cl (3x15 mL) and a saturated aqueous solution of NaCl (3x15
mL). The combined extract was dried over anhydrous MgSO,, and the solvent was
removed under reduced pressure. The resulting crude was filtered and washed with

methanol and hexane to afford the desired product.

CuS-1Th (0.219 ¢, 80%), a dark green solid; m.p. > 250 °C. MALDI-TOF-MS m/z (%):
found, 547.748 (100) [M']; calcd avg mass, 548.178 (M"; M = CygH,aCuN,O,S,) (Figure
A-2T7).
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NiS-1Th (0.231 g, 85%), a dark yellow solid; m.p. > 250 °C. MALDI-TOF-MS m/z (%):
found, 542.257 (100) [M"]; calcd avg mass, 543.325 (M™; M = CygH,4N,NiO,S,) (Figure A-
28).

CuS-2Th (0.249 g, 70%), a brown green solid; m.p. > 250 °C. MALDI-TOF-MS m/z (%):
found, 711.954 (100) [M*]; calcd avg mass, 712.418 (M"; M = CsgH,sCuN,0,S,) (Figure
A-29).

NiS-2Th (0.255 g, 73%), a brown yellow solid; m.p. > 250 °C. MALDI-TOF-MS m/z (%):
found, 705.727 (100) [M*]; calcd avg mass, 707.565 (M*; M = CsgH,gN,NiO,S,) (Figure A-
30).

CuS-CC-1T (0.223 g, 75%), a dark green solid; m.p. > 250 °C. MALDI-TOF-MS m/z (%):
found, 594.774 (100) [M*], 614.858 [(M+Na)'], 659.909 [(M+Cu)]; calcd avg mass,
596.222 (M*; M = Cs,H,4CuN,0,S,) (Figure A-31); HR-ESI-MS m/z: [(M+H)] calcd for
C3oH24CUN,0,S,, 596.0648; found, 596.0645 (Figure A-32).

NiS-CC-1T (0.236 ¢, 80%), a dark yellow solid; m.p. > 250 °C. MALDI-TOF-MS m/z (%):
found, 590.290 (100) [M*]; calcd avg mass, 591.369 (M*; M = Cs,H,4N,NiO,S,) (Figure A-
33). HR-ESI-MS m/z [(M+H)'] calcd for CapHaNoNIO,S,, 591.0705; found, 591.0712
(Figure A-34).

CuS-CC-2T (0.269 g, 71%), a brown green solid; m.p. > 250 °C. MALDI-TOF-MS m/z (%):
found, 758.324 (100) [M'], 823.316 [(M+Cu)']; calcd avg mass, 760.462 (M"; M =
CaoH2sCUN,O,S4) (Figure A-35); HR-ESI-MS m/z: [(M+H)'] calcd for CaoHpsCuN,O,S,,
760.0402; found, 760.0407 (Figure A-36).

NiS-CC-2T (0.279 g, 74%), a brown yellow solid; m.p. > 250 °C. MALDI-TOF-MS m/z (%):
found, 753.408 (100) [M*]; calcd avg mass, 755.609 (M*; M = CqoH,gN,NiO,S,) (Figure A-
37); HR-ESI-MS m/z: [(M+H)'] calcd for CuoHugNoNIO,S,, 755.0460; found, 755.0434
(Figure A-38).
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3.2 Electrochemistry

3.2.1 Electropolymerization

The electropolymerization was performed using a Metrohm-Autolab
PGSTAT101 potentiostat in a three-electrode cell containing the ITO-coated glass as
the WE, Pt plate as the CE and a silver chloride coated on silver wire (Ag/AgCl) as a
quasi-reference electrode (QRE). The concentration of monomers at their maximum
solubility (0.50-0.10 mM) in dry CH,Cl, containing 0.1 M nBusNPFs was used. The
solution was degassed with N, for 15 min prior to the electropolymerization. The

polymerization was carried out at cyclic potential between -0.2 V and 1.8 V versus

Ag/AgCl QRE at a scan rate of 100 mV-s™ with the number of repeated scanning of 10

cycles.

3.3.2 ECR of CO,

The ECR of CO, was performed using a Metrohm-Autolab PGSTAT101
potentiostat. For a homogeneous condition, the electrochemical reduction was
conducted in the three-electrode cell containing a glassy carbon as the WE, Pt plate
as the CE and the Ag/Ag¢Cl QRE. The concentration of the monomers was 0.50 mM in
dry DMF containing 0.1 M nBugNPF4. The electrochemical behavior of the monomers
was studied by purging N, to the solution for 15 min prior to the measurements which
were proceeded at cyclic potential between 0.0 V and -2.0 V versus Ag/AgCl QRE at a
scan rate of 50 mV+s™', for 3 cycles. After that the same solution was purged with CO,
for 15 min to determine their electrocatalyric activities for the ECR of CO, by using the
same potential range, scan rate and number of scan. For the heterogeneous ECR of
CO,, the same cyclic voltammetry setup on that described for the monomers was
used, except that the WE in this case was the polymer films on the [TO-coated glass,
the electrolyte solution contained no salen monomer and the potential range was

between 0.0 V and -1.7 V.
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CHAPTER IV
RESULTS AND DISCUSSION

This research mainly focuses on synthesis, characterization and investigation of
physical properties and electrochemical properties of novel unsymmetrical
metallosalen bearing thienyl derivatives substituents, which are shown in Figure IV-1.
Target compounds MS-nT consist the metallosalen bear thienyl or bithiophenyl units
directly attached on their phenoxyl rings, while target compounds MS-CC-nT have
carbon-carbon triple bonds between the metallosalen and their thienyl or
bithiophenyl units.  These compounds will be used as monomers for the
electropolymerization. After that, the target monomers and the resulting polymers
will be investigated for their possible use for electrocatalytic reduction of CO,. Thus,
in this chapter, the content includes synthesis and characterization of the target
monomers, the investigation of the electrocatalytic activity of the monomers towards
the ECR of CO,, and electropolymerization of the monomers and the determination

of the potential use of the resulting polymers for the ECR of CO..

"y 2,N_ "y 2_
Hy_s oM s M Hy_s M s-xH
|/ o o N R = o o =< |
n n n n
MS-nT MS-CC-nT
n=1or2
M = Cu or Ni

Figure IV-1: Structures of the target compounds

4.1 Synthesis of salen monomers

Synthesis of MS-nT started with Suzuki cross-coupling of 5-bromo-
salicylaldehyde with an excess amount of thiophene-2-boronic acid pinacol ester or
2,2'-bithophene-5-boronic acid pinacol ester in the presence of PdCl,(dppf)-CH,Cl, and
Na,COs in a DME/H,0 mixture'®® as depicted in Scheme IV-1, leading to compound H-
1T-B or H-2T-B in 63% or 60%, respectively. Formation of compound H-1T-B was
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confirmed by a 'H-NMR spectrum showing a singlet peak of a hydroxyl proton at 11.00
ppm, a singlet peak of an aldehyde proton at 9.90 ppm, and a group of peaks
corresponding to protons on the benzene and thiophene rings at around 7.00-7.76

188 In a

ppm. These spectral data are consistent with those reported in a literature.
similar manner, a "H-NMR spectrum of H-2T-B showed a singlet peak of a hydroxyl
proton at 11.01 ppm, a singlet peak of an aldehyde proton at 9.95 ppm, and a group
of peaks indicating protons on benzene and bithiophene rings at around 7.02-7.77
ppm. Furthermore, a HS-ESI mass spectrometry showed a molecular ion peak of H-

2T-B at m/z 286.0123 [(M+H)], comﬂrmmg successful formation of H-2T-B.

s 0
/B\
n O

n=1or2

PdCl,(dppf)*CH,Cl,
Na,CO3, DME/H,0

100°C, 5 h, N,
H
0
Hy s
| / OH

n

H-1T-B (63%); n = 1
H-2T-B (60%); n = 2

H,N  NH,
EtOH, 60°C, 1.5 h

H = ;/N_ H
s M s
n n

H,S-1T (65%); M = H,H, n = 1
H,S-2T (55%); M = H,H, n = 2

Cu(OAc), or Ni(OAC),
CH20|2/MGOH, rt, 5h

CuS-1T (80%); M =Cu,n =1
CuS-2T (70%); M=Cu,n =2
NiS-1T (85%); M = Ni,n =1
NiS-2T (73%); M=Ni,n=2

Scheme IV-1: Synthesis of MS-nT derivatives
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After that, H-1T-B and H-2T-B were condensed with an excess amount of (S,5)-
1,2-cyclohexanediamine at 60°C in ethanol to avoid complication due to the co-
precipitation of H-1T-B and H-2T-B with the desirable products. The reactions were
completed to afford compounds H,S-1T and H,S-2T in 65% and 55%, respectively.
Each of their "H-NMR spectra exhibited a singlet of two protons of the hydroxyl groups
at 13.38-13.40 ppm due to deshielding effect from electron withdrawing phenyl rings
and imine groups. Their two imine protons gave a singlet peak at 8.30 ppm, while the
singlet peaks of the aldehyde protons observed in H-1T-B and H-2T-B disappeared.
Besides, protons of their cyclohexane units gave three multiplet peaks at 1.47-3.39
ppm. Additionally, formation of the H,S-1T and H,S-2T was also confirmed by their
spectra from mass spectrometry, which exhibited their molecular ion peaks at m/z
486.586 and 650.646, respectively. Furthermore, a HS-ESI mass spectrum showed the
molecular ion peaks of H,S-2T at m/z 651.1261 [(M+H)"].

Finally, metallation of H,S-1T with Cu(OAc), or Ni(OAc), was achieved to give
CuS-1T or NiS-1T in 80% or 85% yield, respectively. Likewise, H,S-2T was Cu- and Ni-
metalated, resulting in CuS-2T and NiS-2T in 70% and 73%, respectively. The
formation of CuS-1T, NiS-1T, CuS-2T and NiS-2T was confirmed by mass spectra,
exhibiting their molecular ion peaks at m/z 547.748, 542.257, 711.954 and 705.727,
respectively. However, the melting point of them could not be obtained because a
temperature was too high to measure.

The first attempt to synthesize MS-CC-1T was made by Sonogashira cross-
coupling of 5-bromosalicylaldehyde with an excess amount of 2-(thiophen-2-yl)-
acetylene in the presence of PdCL,(PPhs),, Cul, and NEt; in refluxing THF under N, for
5 h.12 Y1 However, based on 'H-NMR spectrometry, the desired product could not
be obtained. The 'H-NMR spectrum of a product separated from the reaction mixture
showed a group of peaks indicating protons on thiophene rings but two peaks of
protons on hydroxyl and aldehyde groups were not found. It is likely that Glaser
coupling of 2-(thiophen-2-yl)-acetylene occurred, leading to a diacetylene byproduct

194-195
2.

as shown in Scheme IV- This way be because of low reactivity of the 5-

bromosalicylaldehyde.



25

S, Cul S Oxidation S S
ZDTH—>2@%Cu4>|/ == |

Scheme IV-2: Formation of the diacetylene byproduct

192 \was therefore

To enhance productivity of the reaction, 5-iodosalicylaldehyde
used instead of 5-bromosalicylaldehyde because a rate of reaction of an aryl iodide in
the Sonogashira coupling was higher than an aryl bromide with a milder condition
required.'”® Compounds H-CC-1T-B and H-CC-2T-B were successfully prepared in 59%

and  50%, respectively, through the Sonogashira cross-coupling of 5-
iodosalicylaldehyde with an excess amount of 2-ethynylthiophene and 5-ethynyl-2,2'-
bithiophene,' respectively, in the presence of PdACl,(PPhs),, Cul, PPhs and NEt; in
toluene at room temperature under N, for 18 h as shown in Scheme IV-3. Formation
of compounds H-CC-1T-B and H-CC-2T-B was confirmed by their 'H-NMR spectra
showing singlet peaks of each of their hydroxyl protons at 11.12-11.13 ppm, singlet
peaks of the aldehyde protons at 9.88 ppm, and multiplet signals indicating protons
on their benzene and thiophene rings at around 6.99-7.73 ppm. Furthermore, HS-ESI
mass spectrometry showed molecular ion peaks of H-CC-1T-B and H-CC-2T-B at m/z
228.040 and 310.0127 [(M+H)'], respectively.
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H
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PdCly(PPhjz), Cul, PPhg,
Toluene, NEt;
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H

o)
Hy s
|/: OH

n

H-CC-1T-B (59%); n
H-CC-2T-B (50%); n
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H,N  NH,
EtOH, 60°C, 1.5 h
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H,S-CC-1T (52%); M = H,H, n = 1
H,S-CC-2T (49%); M = H,H, n =2

Cu(OAc), or Ni(OAc),
CH,CI,/MeOH, rt, 5 h

CuS-CC-1T (75%); M = Cu, n = 1
CuS-CC-2T (71%); M = Cu, n = 2
NiS-CC-1T (80%); M = Ni, n = 1
NiS-CC-2T (74%); M = Ni, n = 2

Scheme IV-3: Synthesis of MS-CC-nT derivatives

After that, H-CC-1T-B and H-CC-2T-B were condensed with excess amount of
(5,5)-1,2-cyclohexanediamine at 60°C in ethanol to avoid complication due to the co-
precipitation of H-CC-1T-B and H-CC-2T-B with the desirable products. The reactions
were completed to afford compounds H,S-CC-1T and H,S-CC-2T in 52% and 499%,
respectively. Each of their "H-NMR spectra exhibited a singlet of two protons of the
hydroxyl groups at 13.40-13.49 ppm due to deshielding effect from electron
withdrawing phenyl rings and imine groups. Their two imine protons gave a singlet
peak at 8.14-8.30 ppm, while the singlet peaks of the aldehyde protons observed in
H-CC-1T-B and H-CC-2T-B disappeared. Besides, protons of their cyclohexane units
gave three multiplet peaks at 1.35-3.38 ppm. Additionally, formation of the H,S-CC-

1T and H,S-CC-2T was also confirmed by their spectra from mass spectrometry, which
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exhibited their molecular ion peaks at m/z 534.692 and 699.010, respectively.
Furthermore, a HS-ESI mass spectrum showed the molecular ion peaks of H,S-CC-1T
and H,S-CC-2T at m/z 535.1505 and 699.1269 [(M+H)'], respectively.

Finally, metallation of H,S-CC-1T with Cu(OAc), or Ni(OAc), was achieved to
give CuS-CC-1T or NiS-CC-1T in 75% or 80% vyield, respectively. Likewise, H,S-CC-2T
was Cu- and Ni-metalated, resulting in CuS-CC-2T and NiS-CC-2T in 71% and 74%,
respectively. The formation of CuS-CC-1T, NiS-CC-1T, CuS-CC-2T and NiS-CC-2T was
confirmed by mass spectra, exhibiting their molecular ion peaks at m/z 596.0645,
591.0712, 760.0407 and 755.0434 [(M+H)'], respectively, and the melting point of them

could not be obtained because a temperature was too high to measure.

4.2 Electrochemical investigations

4.2.1 Electrochemical reduction of CO, of target monomers

The electrochemical reduction (ECR) of CO, was performed by cyclic
voltammetry using the one-compartment three-electrode electrochemical cell
consisting of the glassy carbon as the WE, the Pt plate as the CE and the Ag/AgCl QRE.
Cyclic voltammograms were recorded in a DMF solution containing 0.1 M nBugNPF¢ as
the supporting electrolyte at the potential between 0.0 V and -2.0 V vs. Ag/AgCl QRE
with the scan rate of 50 mV-s™'. The concentration of the metallosalen analyte was
0.5 mM, which is approximately the level where most of metallosalens in the series
can be dissolved (Table IV-1), and in case where a proton source was needed, 3%
H,O v/v was added. As for the solubility of the target metallosalen monomers in
various solvents, DMF was selected as a solvent for ECR of CO, because of the highest
solubility of the metallosalens, compared with CH,Cl, and CHsCN, and because it can
mix well with water. However, due to very low solubility of CuS-2T and NiS-2T, their
electrocatalytic activities could not be determined. By comparing the solubility of the
MS-nT and MS-CC-nT series, results from Table IV-1 revealed that insertion of a
carbon-carbon triple bond between the peripheral thiophene rings and that salen core
significantly reduced the solubility of the metallosalens in CH,Cl, and DMF. Moreover,

the derivatives having the bithiophenyl units were found to have less solubility than
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those containing the thienyl units. Additionally, in most of the cases the copper-salen
exhibited higher solubilities than their nickel-chelated analogs.

Table IV-1: Solubilities of the target metallosalen monomers in various solvents

Solubility / mM

Compound
CH,CL, CH5CN DMF
CuS-1T 0.91 0.04 2.74
Nis-1T 0.50 0.04 1.48
Cus-2T 0.04 0.01 0.04
NiS-2T 0.03 0.02 0.06
CuS-CC-1T 0.45 0.05 2.52
NiS-CC-1T 0.29 0.05 1.69
CuS-CC-2T 0.20 0.01 1.33
NiS-CC-2T 0.10 0.01 0.79

To characterize the electrochemical behavior of the target metallosalens, the
electrolyte solution of each compound was purged with N, for 15 min prior to the
measurement, while it was purged with CO, for 15 min to study the electrocatalytic
activities for the CO, reduction. The cyclic voltammograms of the electrolyte solution
under N,- and CO,-saturated condition with and without 3% H,O are summarized in
Figure IV-2. In comparison between N,- and CO,-saturated condition, results revealed
that current was slightly increased in the CO,-saturated one when the reduction
potential was raised towards -2.0 V vs. Ag/AgCl QRE, which is attributed to transfer of
a single electron proceed through the formation of carbon dioxide radical, and the
current was even higher due to H,-evolution when H,O was added.’” ™  This
observation suggested that the ECR of CO, in our studies was able to perform in a

potential range between 0.0 V and -2.0 V vs. Ag/AgCl QRE.
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Figure IV-2: Cyclic voltammograms of the 0.1 M nBu4NPF, solution in DMF under the N,-saturated
condition in the absence of H,O (black solid line), under CO,-saturated condition in the absence of
H,O (black dashed line), under N,-saturated condition in the absence of H,O (red solid line) and

under the CO,-saturated condition in the presence of H,O (red dashed line).

Under the N, atmosphere in absence of H,0, the cyclic voltammograms of CuS-
1T, CuS-CC-1T and CuS-CC-2T showed similarly reversible reduction peaks at -1.42
V, -1.42 V and -1.35 V vs. Ag/AgCl QRE, respectively (Figure IV-3 and Table IV-2),
corresponding to the published value for unsubstituted copper-salen™®?% with slight
increase of the reduction potential due to the introduction of thiophene groups in our
case. In comparison between the cyclic voltammograms of CuS-1T and CuS-CC-1T,
the results indicated that the insertion of the carbon-carbon triple bond between the
thienyl units and the salen core did not significantly influence a reduction process of
both target molecules. On the other hand, by comparing the reduction process of
CuS-CC-1T and that of CuS-CC-2T, their cyclic voltammograms suggested that the
introduction of the additional thiophene ring seemed to decrease the reduction

potential.
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Figure IV=3: Cyclic voltammograms of a 0.1 M nBu,NPF, solution (grey solid line) containing (a)

CuS-1T (black solid line), CuS-CC-1T (red dashed line) and CuS-CC-2T (blue dotted line) under the

N,-saturated condition, (b) the 0.1 M nBu4NPF, solution containing CuS-1T under N,- (solid line)

and CO,-saturated condition (dashed line) in the absence (black line) and in the presence of H,0

(red line), (c) the 0.1 M nBusNPF, solution containing CuS-CC-1T under N,- (solid line) and CO,-

saturated condition (dashed line) in the absence (black line) and in the presence of H,0 (red line)

and (d) the 0.1 M nBu,NPF, solution containing CuS-CC-2T under N,- (solid line) and CO,-saturated

condition (dashed line) in the absence (black line) and in the presence of H,0O (red line). The

concentration of each compound was 0.5 mM and the cyclic voltammogrames were collected at

the scan rate of 50 mV-s™.



Table IV-2: Electrochemical data of CuS-1T, CuS-CC-1T and CuS-CC-2T
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Epeak (Eonset) 7 V Current at Epea
Compound Condition
vs. Ag/AgCl / mA
N, -1.42 (-1.22) 0.086
Without
3% H,O -1.42 (-1.22) 0.102
CO, .
N.A® (-1.67) 0.478
Cus-1T
N, -1.41 (-1.23) 0.064
With
3% H,O -1.39 (-1.20) 0.095
CO,
-1.88 (-1.60) 0.322
N, -1.42 (-1.23) 0.051
Without
3% H,O -1.42 (-1.22) 0.059
CcO,
-1.89 (-1.73) 0.100
CuS-CC-1T
N, -1.35(-1.18) 0.056
With
3% H,O -1.33 (-1.15) 0.071
CO,
-1.81 (-1.55) 0.204
N, -1.35(-1.15) 0.057
Without
3% H,O -1.35 (-1.15) 0.063
CO,
-1.83 (-1.63) 0.130
Cus-CC-2T
N, -1.31 (-1.14) 0.035
With
3% H,O -1.29 (-1.12) 0.035
CO,
-1.73 (-1.50) 0.145

“Epear could not be determined.

®The current value at the potential of —2.0 V was reported.
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Under the CO, saturation in the absence of H,0O, the cyclic voltammogram of
CuS-1T (Figure IV-3b) showed its first reduction process occurred at the same
potential (-1.42 V vs. Ag/AgCl QRE) as that observed in the N, atmosphere in the
absence of H,O with slight increase in current from 0.086 to 0.102 mA. After that
potential, current was continuously increased to 0.478 mA when potential reached
-2.0 V. This observation indicated that CuS-1T could promote in the ECR of CO..
Under the N, atmosphere in the presence of 3% H,0O, the first reduction of CuS-1T
was observed at —1.41 V vs. Ag/A¢Cl QRE (Figure IV-3b), indicating that H,O did not
significantly affect the reduction process of this compound. However, under the CO,-
saturated condition in the presence of 3% H,O, the reduction process occurred at -
1.39 Vand -1.88 V vs. Ag/AgCl QRE with the current of 0.095 and 0.322 mA, respectively
(Figure IV-3b). Since the first reduction peak appears at the similar potential as that
observed in the anhydrous CO,-saturated condition with slight decrease in current from
0.102 to 0.095 mA, it can be concluded that the first reduction of CuS-1T did not
significantly related to the ECR of CO,. Nevertheless, the appearance of the second
reduction peak with the peak current of 0.322 mA when 3% H,O was added, suggested
that the second reduction of CuS-1T and H,O should involve in the ECR of CO,.

In case of CuS-CC-1T, the cyclic voltammogram obtained from the anhydrous
CO,-saturated condition showed that the reduction process of CuS-CC-1T occurred at
the same peak potential (-1.42 V vs. Ag/AgCl QRE) as that observed in the anhydrous
N,-saturated one with negligible increase in current from 0.051 to 0.059 mA (black
dashed line, Figure IV-3c). Furthermore, an additional reduction peak was found at
-1.89 V vs. Ag/AgCl QRE with the current of 0.100 mA. This observation indicated that
the first reduction process of CuS-CC-1T did not significantly related to the ECR of CO,,
its the second reduction may involve in the ECR of CO,. Under the N, atmosphere in
the presence of 3% H,0, the cyclic voltammogram of CuS-CC-1T exhibited a reduction
peak at -1.35 V vs. Ag/AgCl QRE without significant peak current increase, compared
with those observed under the anhydrous N,-saturated condition (red solid line, Figure
IV-3c). This suggested that the addition of H,O slightly facilitate the reduction process
of the target monomers. Under the CO, atmosphere in the presence of 3% H,O, the

cyclic voltammogram of CuS-CC-1T exhibited the reduction peaks at -1.33 V and



33

-1.81 V vs. Ag/AgCl QRE with the current of 0.071 and 0.204 mA, respectively, (red
dashed line, Figure IV-3c). The very small change in the peak potential and current
of the first reduction observed under this condition, compared with those found under
the anhydrous CO,-saturated one, suggested that the first reduction of CuS-CC-1T may
not involve in the ECR of CO,. On the contrary, the second reduction at the similar
potential with significant current increase suggested that the second reduction of CuS-
CC-1T and H,O should involve in the ECR of CO,. In comparison between the
electrochemical behavior of CuS-1T and that of CuS-CC-1T in the above-mentioned
conditions, it can be concluded that the insertion of the carbon-carbon triple bond
between the thienyl units and the salen core brought about significant decrease in the
reduction potential of the ECR of CO, in the presence of H,O with, however, smaller
reduction currents both in the absence and presence of H,0.

As regards CuS-CC-2T, under the CO, saturation in the absence of H,O (black
dashed line, Figure IV-3d), its reduction process of CuS-CC-2T occurred at the same
peak potential (-1.35 V vs. Ag/AgCl QRE) as that observed in the anhydrous N,
atmosphere (black solid line, Figure IV-3d) with negligible increase in the peak current.
Moreover, an additional reduction peak was found at -1.83 V vs. Ag/AgCl with the
current of 0.130 mA. This observation indicated that the first reduction process of
CuS-CC-2T did not significantly related to the ECR of CO,, whereas its second reduction
was likely to participate the ECR of CO,. Under the N, atmosphere in the presence of
3% H,0, the reduction of CuS-CC-2T was observed at a slightly lower potential -1.31
V vs. Ag/AgCl QRE (red solid line, Figure IV-3d), compared with those found in the
anhydrous CO,-saturated one, suggesting the negligible effect of the addition of H,O
on the reduction process of CuS-CC-2T. Under the CO, atmosphere in presence of
3% H,0, two reduction processes of CuS-CC-2T were observed at -1.29 V and -1.73 V
vs. Ag/AgCl QRE with the peak currents of 0.035 and 0.145 mA, respectively, (red
dashed line, Figure IV=3d). The very small change in the peak potential and current
of the first reduction observed in this condition, compared with those found in the
anhydrous CO,-saturated one, suggested that the first reduction of CuS-CC-2T may
not involve in the ECR of CO,. Conversely, the appearrance of the second reduction

peak with the significant current increase to 0.145 mA suggested that the second
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reduction of CuS-CC-2T and H,O should involve in the ECR of CO,. In comparison
between the electrochemical behavior of CuS-CC-1T and that of CuS-CC-2T in the
above-mentioned conditions, it can be summerized that the addition of thiophene ring
in CuS-CC-2T led to significant decrease in the reduction potential of the ECR of CO,
both in the absence and presence of H,O. However, the addition of H,O did not
significantly affected the reduction process under the Nj-saturated conditon, but it
obviously increased the peak current under the CO,-saturated condition, indicating the
possible role of H,O as the proton source for the ECR of CO,. To comfirm the role of
H,O in the ECR of CO,, further investigation of the products from the ECR of CO, with
and without H,O by, for example, bulk electrolysis still has to be performed.

Under the anhydrous N,-saturated condition, the cyclic voltammograms of NiS-
1T, NiS-CC-1T and NiS-CC-2T showed reversible reduction peaks at -1.78 V, -1.72 V
and -1.69 V vs. Ag/AgCl QRE, respectively (Figure IV-4a and Table IV-3), corresponding
to redox processes of the nickel-salen complexes from Ni(ll) to Ni()*°**%. In a similar
manner observed for the copper-derivatives, the comparison between the cyclic
voltammograms of NiS-1T and those of NiS-CC-1T indicated that the insertion of the
carbon-carbon triple bond between the thienyl units and the salen core did not
significantly influence a reduction process of both target molecules. Furthermore, the
comparison between the electrochemical behavior of NiS-CC-1T and that of NiS-CC-
2T suggested that the introduction of the additional thiophene ring seemed to

decrease the reduction potential.
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Figure IV-4: Cyclic voltammograms of a 0.1 M nBuyNPF, solution (grey solid line) containing (a) NiS-
1T (black solid line), NiS-CC-1T (red dashed line) and NiS-CC-2T (blue dotted line) under the N,-
saturated condition, (b) the 0.1 M nBu,NPF¢ solution containing NiS-1T under N,- (solid line) and
CO,-saturated condition (dashed line) in the absence (black line) and in the presence of H,O (red
line), (c) the 0.1 M nBuyNPF solution containing NiS-CC-1T under N,- (solid line) and CO,-saturated
condition (dashed line) in the absence (black line) and in the presence of H,0 (red line) and (d) the
0.1 M nBu,NPF¢ solution containing NiS-CC-2T under N,- (solid line) and CO,-saturated condition
(dashed line) in the absence (black line) and in the presence of H,O (red line). The concentration
of each compound was 0.5 mM and the cyclic voltammogrames were collected at the scan rate

of 50 mV+s™.



Table IV-3: Electrochemical data of NiS-1T, NiS-CC-1T and NiS-CC-2T
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Epeak (Eonset) 7 V Current at Epeqx
Compound Condition
vs. Ag/AgCl / mA
N, -1.78 (-1.60) 0.119
Without
3% H,O
CO, -1.79 (-1.60) 0.146
NiS-1T
N, -1.75 (-1.55) 0.106
With
3% H,O
CO, -1.80 (-1.62) 0.306
N, -1.72 (-1.52) 0.051
Without
3% H,O
CcO, -1.74 (-1.52) 0.111
NiS-CC-1T
N, -1.69 (-1.49) 0.079
With
3% H,O
Cco, -1.76 (-1.54) 0.226
N, -1.69 (-1.51) 0.069
Without
3% H,O
CO, -1.72 (-1.52) 0.099
NiS-CC-2T
N, -1.67 (-1.49) 0.069
With
3% H,O
CcoO, -1.75 (-1.50) 0.231
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Under the anhydrous CO,-saturated condition, results in Figure IV-4b showed
that the reduction process of NiS-1T (black dashed line) occurred at the similar
potential (-1.79 V vs. Ag/AgCl QRE) as that observed under the anhydrous N,-saturated
one (black solid line, Figure IV-4b) with significant current increase from 0.119 to 0.146
mA. This observation indicated that NiS-1T might play a role in the ECR of CO,. Under
the N, atmosphere in the presence of 3% H,0, the reduction potential of NiS-1T was
observed a similar potential as that observed under the anhydrous condition (-1.75 V
vs. Ag/AgCl QRE) with a current of 0.106 mA (red solid line, Figure IV-4b). When this
analyte solution was saturated with CO,, the reduction process was found to occurr at
-1.80 V vs. Ag/AgCl QRE with the current increase to 0.306 mA (red dashed line, Figure
IV-4b). The large increase in current from 0.146 to 0.306 mA indicated that H,O
significantly affected the reduction process of this compound.

The cyclic voltammogram of NiS-CC-1T under the anhydrous CO,-saturated
condition (black dashed line, Figure IV-4c) showed that the reduction process of NiS-
CC-1T occurred at the similar peak potential (-1.74 V vs. Ag/AgCl QRE) as that observed
in the anhydrous N,-saturated one (black solid line, Figure IV-4c) with the current
increase from 0.051 to 0.111 mA. This observation indicated that NiS-CC-1T might
participate the ECR of CO,. Under the N, atmosphere in the presence of 3% H,0, the
cyclic voltammogram of NiS-CC-1T exhibited a reduction peak at the comparable
potential as that observed under the anhydrous condition (-1.69 V vs. Ag/AgCl QRE,
red solid line, Figure IV-4c) with a current of 0.079 mA. Under the CO, atmosphere in
presence of 3% H,0O, the reduction process of NiS-CC-1T occurred at -1.76 V vs.
Ag/AgCl QRE with the current of 0.226 mA (red dashed line, Figure IV-4c). The current
increase from 0.111 to 0.226 mA indicated the significant catalytic activity of NiS-CC-
1T in the ECR of CO,. In comparison between the electrochemical behavior of NiS-1T
and that of NiS-CC-1T, the similar effect of the insertion of the carbon-carbon triple
bond between the thienyl units and the salen core on the increase in the reduction
potential of the ECR of CO, as observed for the copper series was also detected.

As regards NiS-CC-2T, under the CO, saturation in the absence of H,O (black
dashed line, Figure IV-4d), its reduction process occurred at the same peak potential

(-1.72 V vs. Ag/AgCl QRE) as that observed in the anhydrous N,-saturated one (black
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solid line, Figure IV-4d) with the current increase from 0.069 to 0.099 mA. This
observation indicated that NiS-CC-2T might participate the ECR of CO,. Under the N,
atmosphere in the presence of 3% H,O (red solid line, Figure IV-4d), the cyclic
voltammogram of NiS-CC-2T exhibited a reduction peak at the comparable potential
(-1.67 V vs. Ag/AgCl QRE) as that observed under the anhydrous N,-condition (black
solid line, Figure IV-4d). Under the CO, atmosphere in presence of 3% H,O (red
dashed line, Figure IV-4d), the reduction process of NiS-CC-2T occurred at =1.75 V vs.
Ag/AgCl QRE with the current of 0.231 mA. This reduction peak was observed at a
similar potential with that observed under the anhydrous CO,-saturated condition with
current increase from 0.099 to 0.231 mA, indicating the significant catalytic activity of
NiS-CC-2T in the ECR of CO,. In contrast to the case of the copper-derivatives, the
comparison between the electrochemical behavior of NiS-CC-1T and that of NiS-CC-
2T indicated that the introduction of the addition thiophene unit did not bring about
significant change of the reduction potential of the ECR of CO,. In comparison between
the copper- and the nickel-salen monomers, the first reduction of the copper-salen
monomers, which occurred in a range between -1.29 V and -1.42 V vs. Ag/AgCl QRE,
seem not to significantly involve in the ECR of CO,, but the electrochemical catalytic
activity of these compounds become significant at the potential higher than -1.50 V
vs. Ag/AgCl QRE. On the other hand, there was only one reduction peak observed in
a range between -1.67 V and -1.80 V vs. Ag/AgCl QRE for the nickel-salen monomers,
and these processes also involved in the ECR of CO,. Furthermore, the addition of
H,O significantly affected the reduction process for the ECR of CO, in both series.
Considering the current increase, the results suggested that the MS-nT monomers gave
the larger current increase than the MS-CC-nT ones. Moreover, in term of the
reduction potential, the results suggested that the MS-CC-nT monomers gave the
lower reduction potential than the MS-nT ones. However, the bulk electrolysis should
be performed for more realistic comparison. This experiment will be done and its

results will be described elsewhere.
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4.2.2 Electrochemical polymerization of target monomers

In order to prepare stable films of the target metallosalen for using as
heterogeneous electrocatalysts for the ERC of CO,, their electropolymerization was
performed in this study. Although the target metallosalen could be greatly dissolved
in DMF, the potential window in the DMF system is quite narrow for oxidative
polymerization. Therefore, the electropolymerization was performed in CH,Cl, having
the wider potential range than DMF. From the solubilities of the target metallosalens
reported in CH,Cl, in Table IV-1, it can be seen that to perform the
electropolymerization of each monomer series, i.e. MS-1T, MS-2T, MS-CC-1T and MS-
CC-2T, the concentration of choice had to be approximately the maximum solubilities
of the Ni-chelated derivatives. Therefore, the electropolymerization of MS-1T, MS-2T,
MS-CC-1T and MS-CC-2T series was performed at the concentration of 0.50, 0.03, 0.25
and 0.10 mM, respectively. A cyclic voltammogram of the 0.1 M nBusNPF¢ solution in
CH,CL, is shown in Figure IV-5, indicating that a suitable potential range for the
oxidative polymerization was between 0.2V and 1.6 V vs. Ag/AgCl QRE.
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Figure IV-5: Cyclic voltammogram of a 0.1 M nBu,NPF, solution in CH,Cl, measured by using ITO-

coated glass and Pt-plate as the WE and CE, respectively, against Ag/AgCl QRE at a scan rate of 100

-1
mVes .
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According to a previous study,'®®

a chromium salen complex containing the
thienyl eroups was successfully electrochemically polymerized under oxidative

polymerization at the applied voltage between -0.20 V and +1.60 V vs Ag/AgeCl QRE
with a scan rate of 100 mV+s™!, leading to formation of the polymer film that fully
covered on the WE. By using the similar condition, the oxidative polymerization of
CuS-1T and NiS-1T was carried out on the ITO-coated glass at the potential between
-0.20 Vand +1.30 V vs Ag/AgClL QRE. The cyclic voltammograms had significant increase
in current from the first to the tenth cycles with small positive shift of E,,, indicating
the progress of the polymerization of the thienyl unit (Figure IV-6) with a increased
film. As a result, the polymers of CuS-1T (poly-CuS-1T) and NiS-1T (poly-NiS-1T)
were obtained as a dark green and yellowish ereen films, respectively, which were

stable under the ambient atmosphere.



41

: }
104 @ (b)
- i
05 £o4
< 4
E i —_— |
~ ]
+ 0.0 4 |
C J
3 - |
5
v i
-0.5 4
1.0
- i

T T , - T I . -
-02 00 02 04 06 O.E 10 12 14
Potential vs. Ag/Ag /V

Current / mA

. : : . , r : .
-0.2 00 02 04 06 0._?_ 10 12 14
Potential vs. Ag/Ag /V

Figure IV-6: Cyclic voltammograms of oxidative polymerization of a 0.1 M nBu,NPF, in CH,CL,
containing (a) 0.50 mM CuS-1T to give (b) the resulting poly-CuS-1T film on the ITO-coated glass,
and (c) 0.50 mM NiS-1T to give (d) the resulting poly-NiS-1T film on the ITO-coated glass. The

oxidative polymerization was performed at a scan rate of 100 mV+s™ for up to 10 cycles.
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In case of CuS-2T and NiS-2T monomers, the oxidative polymerization was

performed at the potential between 0.0 V and +1.50 V vs Ag/AgCl QRE with a scan rate

of 100 mV-s. Upon the increase in the number of scanning cycle up to 10 cycles,
the increase in the anodic current at +0.90 V, and +1.49 V, and the cathodic current at
+0.80 V and +0.35 V vs Ag/AgCl QRE was observed for CuS-2T (Figure IV-7a), while the
anodic current increase was not detected for NiS-2T (Figure IV-7c). However, the
resulting film from the polymerization of CuS-2T was found to be very thin (Figure IV-
7b), whereas the polymerization of NiS-2T failed to give a visible film, although the
number of the scanning cycle was increased up to 50 cycles in both cases. This is
attributed to low solubility of both compounds. In comparison between the
polymerization of MS-1T and that of MS-2T series, the required potential for the
polymerization of MS-2T (approximately +0.90 V vs Ag/A¢Cl QRE) is slightly lower than
that of MS-1T (+1.15 V vs Ag/Ag¢Cl QRE). The former value was consistent with the
potential reported for the oxidative polymerization of a thienyl-substituted chromium-
salen in a previous study.”® It can be concluded that the introduction of the additional
thiophene ring in MS-2T brought about significant decrease in the required potential

for the oxidative polymerization.
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Figure IV-7: Cyclic voltammograms of oxidative polymerization of a 0.1 M nBu,NPF, in CH,CL,
containing (a) 0.03 mM CuS-2T to give (b) the resulting poly-CuS-2T film on the ITO-coated glass,
and (c) 0.03 mM NiS-1T. The oxidative polymerization was performed at a scan rate of 100

mV+s~" for up to 10 cycles.
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In a similar manner, the oxidative polymerization of CuS-CC-1T and NiS-CC-1T

was carried out at the potential between 0.0 V and +1.50 V and between 0.0 V and

+1.60 V vs Ag/AgCl QRE, respectively, with a scan rate of 100 mV+s™'. Upon continuous
scanning from the first to the tenth cycles, the anodic and cathodic current in both
cases was found to decrease as shown in Figure IV-8. This is attributed to the increase
of the resistivity of the resulting film, which suppresses the progress of the
electrochemical polymerization.”***" Consequently, the light browish green and light
brown films of polymers of CuS-CC-1T (poly-CuS-CC-1T) and NiS-CC-1T (poly-NiS-
CC-1T), respectively, were obtained (Figure IV-8b and Figure IV-8d, respectively) and
found to be stable under ambient atmosphere. Compared with the MS-1T series, the
MS-CC-1T series required more positive potential for electropolymerization, possible
due to the stronger electronic communication between the salen and thiophene units

via linear carbon-carbon triple bonds that creates electron-withdrawing effect at the

polymerizable Ol-position of the thiophene rings or, in other words, causes the

peripheral thienyl unit less reactive to the electrochemical oxidative polymerization.?*®
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Figure IV-8: Cyclic voltammograms of oxidative polymerization of a 0.1 M nBu,NPF in CH,Cl,
containing (a) 0.25 mM CuS-CC-1T to give (b) the resulting poly-CuS-CC-1T film on the ITO-coated
glass, and (c) 0.25 mM NiS-CC-1T to give (d) the resulting poly-NiS-CC-1T film on the ITO-coated

glass. The oxidative polymerization was performed at a scan rate of 100 mV-s ™" for up to 10 cycles.
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In case of CuS-CC-2T and NiS-CC-2T monomers, the oxidative polymerization

was performed at the potential between -0.20 V and +1.50 V and between -0.20 V

and +1.55 V vs Ag/AgCl QRE, respectively, with a scan rate of 100 mV-s™. The increase
in the anodic current at +0.95 V and +1.48 V, and the cathodic current at +0.89 V and
+0.36 V vs Ag/AgCl QRE was observed for CuS-CC-2T and the increase in the anodic
current at +0.92 V and +1.52 V, and the cathodic current at +0.88 V and +0.35 V vs
Ag/AgCl QRE was observed for NiS-CC-2T (Figure IV=9). In both cases, the cyclic
voltammograms exhibited significant increase in current from the first to the tenth
cycles with slight positive shift of £, and negative shift of £,.. As a result, polymers of
CuS-CC-2T (poly-CuS-CC-2T) and NiS-CC-2T (poly-NiS-CC-2T) were obtained as a
stable yellowish brown and light yellow films as shown in Figure IV-9b and Figure IV-
9d, respectively. In comparison between the polymerization of MS-CC-1T and that of
MS-CC-2T series, the result showed that the polymerization of MS-CC-2T required less
potential than that of MS-CC-1T, possibly due to higher susceptibility of the
bithiophenyl unit to the electrochemical polymerization, compared with that of the

thienyl one as described in previous studies.’® 2% 2!

However, the comparison
between the polymerization of MS-CC-2T and that of MS-2T series indicated the

stronger electronic communication between the salen and bithiophene units that
creates electron-withdrawing effect at the polymerizable Ol-position on the
bithiophene rings in MS-CC-2T led to require more positive potential than MS-2T for

the electrochemical oxidative polymerization.
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Figure IV-9: Cyclic voltammograms of oxidative polymerization of a 0.1 M nBu,NPF in CH,CL,
containing (a) 0.10 mM CuS-CC-2T to give (b) the resulting poly-CuS-CC-2T film on the ITO-coated
glass, and (c) 0.10 mM NiS-CC-2T to give (d) the resulting poly-NiS-CC-2T film on the ITO-coated

glass. The oxidative polymerization was performed at a scan rate of 100 mV-s ™" for up to 10 cycles.
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4.2.3 Electrochemical reduction of CO, of target polymers

The ECR of CO, of poly-CuS-1T, poly-CuS-CC-1T, poly-CuS-CC-2T, poly-NiS-
1T, poly-NiS-CC-1T and poly-NiS-CC-2T was studied by using the same cyclic
voltammetry setup as that described for their monomers in Section 4.2.1, except that
the WE in this case was the polymer films on the ITO-coated glass and the electrolyte
solution contained no salen monomer. The electrochemical window was determined
by the cyclic voltammograms of a 0.1 M nBugNPF¢ solution using a clean ITO-coated
glass as the WE. The results in Figure IV-10 showed that although the current under
the N, atmosphere did not significantly change upto —2.0 V vs Ag/AgCl QRE, that under
the CO, atmosphere drastically increased at the potential higher than -1.7 V vs Ag/AgCl
QRE. Therefore, the potential range chosen for the heterogeneous ECR of CO, was

between 0.0 V and -1.7 V vs Ag/AgCl QRE.
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Figure IV-10: Cyclic voltammograms of a 0.1 M nBu,NPF, solution in DMF under the N,- (solid line)

and CO,-saturated condition (dashed line).

When the polymer films on the ITO-coated glasses were used on the WE, it is
surprising that the electrochemical features of the films under the N, atmosphere were
not consistent with those observed for their corresponding monomers (Figure IV-11).
Moreover, under the CO, atmosphere, these polymer films gave no significant current
enhancement. This observation was confirmed by using the freshly made polymer
films under the same conditions and setup. This unexpected result may be explained
by high resistance of the films due to possible aggregation of the repeating units in the
polymer chains or unfavorable morphology of the polymer films. To investigate the

detailed cause of this, further optimization of the polymerization condition and in-
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depth film studies have to be performed. Therefore, the ECR of CO, of these films

was not continued in this work.
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Figure IV-11: Cyclic voltammograms of (a) poly-CuS-1T, (b) poly-NiS-1T, (c) poly-CuS-CC-1T, (d)
poly-NiS-CC-1T, (e) poly-CuS-CC-2T and (f) poly-NiS-CC-2T under N,- (black solid line) and CO,-
saturated condition (red dashed line). The cyclic voltammograms were recorded in a 0.1 M

nBuyNPF, solution in DMF at the scan rate of 50 mV+s .
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CHAPTER V
CONCLUSION

A series of the novel asymmetric copper- and nickel-salens bearing the thienyl
and bithiophenyl units attached on their phenoxyl rings directly and via the carbon-
carbon triple-bond spacer was successfully synthesized. The characterization of the
target compounds was carried out by "H-NMR and *C-NMR spectroscopy and mass
spectrometry. The solubilities of the target compounds were found to vary in a range
of 0.03-0.90, 0.01-0.05 and 0.04-2.74 mM in CH,Cl,, CHsCN and DMF, respectively.
Their electrocatalytic activities for the homogeneous ECR of CO, in DMF were
determined by cyclic voltammetry. Under the CO,saturated condition, results
revealed that both copper- and nickel-salens should be able to work as catalysts for
the ECR of CO, by showing the current increase of the reduction peaks compared with
those observed under the N, atmosphere. Moreover, the results showed that the
insertion of the carbon-carbon triple bond between the thienyl units and the salen
core led to the decrease in the required reduction potential. Furthermore, the
introduction of the thienyl rings also encouraged the current increase in reduction
process of both in copper- and nickel-salen, while the additional thiophene rings did
not play a significant role in this aspect. In addition, the water gave significant
contribution in the reduction of CO, by increasing the peak current in most cases. The
oxidative polymerization of all target monomers, except the ones bearing the
bithiophenyl groups directly linked to the salen core that exhibited low solubilities,
gave stable thin films of the corresponding polymers. The results indicated that the
monomers having the carbon-carbon triple-bond spacer required higher potential for
the polymerization, compared to the ones having the thiophene-based groups directly
linked to the salen core. Additionally, the monomers containing the bithiophenyl
groups required lower potential to proceed the polymerization than those bearing the
thienyl rings. Due to unexpected electrochemical behavior of the resulting polymers,
the electrocatalytic activities of these polymers for the ECR of CO, could not be yet

investigated, and will be further described elsewhere. Possible future work is to



51

analyte the products from the homogeneous ECR of CO, by the bulk electrolysis for
more realistic comparison of the catalytic efficiency of each monomer. Furthermore,
the further optimization of the polymerization condition should be performed to
obtain the efficient polymeric catalyst for the heterogeneous ECR of CO,, as well as
the determination of products from this process in a similar manner to the

homogeneous one.
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Mass Spectrum List Report

Analysis Info

Analysis Name  OSCK20170905001_1.d Acquisition Date  9/5/2017 1:45:42 PM
Method Tune_low_POS_Natee20130403.m Operator Administrator
Sample Name  H-2Th-B Instrument micrOTOF 72
H-2Th-B
Acquisition Parameter Set Corrector Fill 50V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 180.0V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 150.0 V Set Reflector 1300 V
Scan End 3000 m/z Skimmer 1 450V Set Flight Tube 9000 V
Hexapole 1 243V Set Detector TOF 2295V
Intens. { +MS, 0.2min #(10)|
x1053 286.0123
1.254
1.004
0.751
0.504
0.251 k 301.0386
2750827 2800773 2832586 jL b g . =¥EDSR 2951702 ]( Lo
270 275 280 285 290 295 300 m/z
# m/z | 1% S/N FWHM Res. o
1 271.0954 1785 1.2 43 0.1355 2000
2 272.0288 1225 0.8 3.6 0.1000 2720
3 273.0334 1260 0.9 3.7 01134 2408 H
4 275.0827 3021 24 8.8 0.1008 2729 f.r D
5 276.0695 1539 1.0 45 0.0597 4622 I
6 278.1881 364 0.2 1.1 0.0689 4040 S S
7 280.0773 2502 17 7.3 0.0567 4938
8 282.0620 542 04 16 00773 3649 | Y, OH
9 2822740 1798 1.2 52 0.0587 4808

10 283.2586 2593 1.8 75 00676 4192
11 284.3046 2094 14 6.0 00848 3352
12 286.0123 147358 100.0 424.8 0.0608 4707 H-2T-B
13 287.0192 30776 208 88.6 00732 3919
14 288.0116 15492 105 446 00646 4456

15 289.0167 3160 21 91 00655 4414 Chemical Formula: Cy5H100,5,
16 2910543 1298 09 37 00577 5047

17 2020523 6082 41 174 00625 4674 .

18 2031511 1133 08 32 01129 2597 Exact Mass: 286.0122

19 2051702 1812 12 52 01112 2655

20 2961299 1185 08 34 00655 4518 .

21 2971196 1499 10 43 01274 2332 [(M+H)"]: 287.0195

22 2981189 334 02 09 00481 6197

23 299.2557 2038 1.4 5.8 0.0630 4750
24 300.0421 17831 121 50.6 0.0870 3450
25 301.0386 21064 143  59.7 0.0717 4201

Figure A-5: HR-ESI spectrum of compound H-2T-B
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Mass Spectrum List Report

Analysis Info
Analysis Name  OSCK20170905002.d Acquisition Date  9/5/2017 1:48:32 PM
Method Tune_low_POS_Natee20130403.m Operator Administrator
Sample Name H-CC-1Th-B Instrument micrOTOF 72
H-CC-1Th-B
Acquisition Parameter Set Corrector Fill 50V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 180.0 V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 150.0 V Set Reflector 1300V
Scan End 3000 m/z Skimmer 1 450V Set Flight Tube 9000 V
Hexapole 1 ) 243V Set Detector TOF 2295V
Intens. +MS, 0.2min #(12)
x1053
228.0240
1.00
0.754
0.504
0.257 208.0963
] .0490
] L ,213.0956 217.0669 221.1453 = il k . ; 237.1123 243L ~,247.1023 )
210 215 220 225 230 235 240 245 250 miz
# m/z I 1 % SIN  FWHM Res. B
1 208.0963 18023 16.8 52.1  0.0453 4592
2 213.0956 1525 1.4 44 0.0754 2827
3  214.0602 1290 1.2 3.7 0.0353 6066
4 215.0490 1327 1.2 3.8 0.1353 1589 H
5 217.0669 2521 2.3 7.2 0.0908 2390
6 218.0775 376 0.4 1.1 0.1021 2136 D
7 220.5986 798 0.7 2.3 0.0086 25790 S
8 2211453 4872 45 13.9 0.0676 3269
9 2221455 812 08 23 01037 2141 | Van— CH
10 224.0990 835 0.8 2.4 0.0992 2259
11 226.0134 4932 4.6 14.0 0.0603 3747
12 227.0180 12757 11.9 36.0 0.0549 4133
H-CC-1T-B

13 228.0240 107297 100.0 3027 0.0485 4700
14 229.0284 19392 18.1 546 0.0513 4463

15 230.0250 6734 6.3 18.0 0.0553 4157 . .

16 231.0903 2073 1.9 58 01197 1931 Chemical Formula: C;3HgO,5
17 232.0845 2186 2.0 6.1 0.0565 4105

18 233.1497 5862 55 16.4 0.0562 4148 ExaCt MaSS‘ 228 0245

19 233.7698 663 06 1.9 0.0200 11689
20 235.1339 1469 1.4 4.1 0.1205 1952

21 237.1123 3348 3.1 93 0.0774 3063 1.
22 238.1269 861 08 24 00686 3473 [(M+H) :| 229.0318
23 240.0971 637 06 1.8 00725 3313

24 243.0490 10847 10.2 303 0.0548 4437
25 244.0506 2514 23 7.0 0.0570 4279
26 246.0688 958 09 26 0.0998 2465
27 247.1023 3870 3.6 10.7 0.0703 3514
28 249.1234 1580 1.5 43 01174 2122
29 250.0092 2418 23 - 6.6 0.0603 4143
30 251.1318 2923 2.7 8.0 0.1398 1797

Figure A-8: HR-ESI spectrum of compound H-CC-1T-B
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Mass Spectrum List Report

Analysis Info

Analysis Name OSCK20170905003.d Acquisition Date  9/5/2017 1:51:27 PM
Method Tune_low_POS_Natee20130403.m Operator Administrator
Sample Name  H-CC-2Th-B Instrument micrOTOF 72
H-CC-2Th-B
Acquisition Parameter Set Corrector Fill 50 V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 180.0V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 150.0 V Set Reflector 1300 V
Scan End 3000 m/z Skimmer 1 450V Set Flight Tube 9000V
Hexapole 1 243V Set Detector TOF 2295V
Intens. +MS, 1.2-1.2min #(73-74)
x104] 310.0127
2.04
1.8 365.0226
1.0
0.51 I — 282.0173 [ 325.0394 347’91773571610 374.0176
an “.lux‘.‘ nl.“l e ¢ ullﬂhxlnlu,uhlj L‘l w il l.lx.JuJ.lu LLX J;.JLA L.l‘..‘.l“ | J.Ll..\x llJ‘ Ll MMLLAALL
260 280 300 320 340 360 m/z
# miz I 1% SIN FWHM Res.
1 2491182 1161 4.8 3.3 0.1072 2323
2 2591013 1222 5.1 4.0 0.0261 9927
3 267.1237 2698 112 8.7 0.0817 3271
4 275.0959 1238 5.1 40 0.1024 2686 H
5 278.0401 1499 6.2 48 0.0550 5059 / .D
6 282.0173 4849 201 15.6 0.0557 5061 |
7 295.1431 2747 11.4 8.8 0.1123 2627 S 5
8 296.8407 2847 11.8 9.1 0.0148 20026 I — OH
9 301.1375 5434 226 17.3 0.0671 4488 / -
10 307.0833 8805 36.6 28.0 0.0737 4166
11 308.0859 1799 75 57 0.0688 4480
12 309.1513 2124 88 67 01576 1962 H-CC-2T-B
13 310.0127 24073 100.0 76.4 0.0655 4736
14 311.0185 17778 738 56.4 0.0644 4827
15 3120177 4781 199 152 00693 4504 Chemical Formula: C;7H;00,S,
16 313.1698 2395 10.0 76 0.1100 2848
17 316.6566 1322 5.5 4.2 0.0180 17613
18 3231629 1706 71 54 0.1205 2681 Exact Mass: 310.0122
19 325.0394 5058 21.0 159 0.0733 4435
20 329.1572 3054 12.7 96 0.0825 3988 +
21 3371710 1516 6.3 48 01322 2550 [(M+H) ]: 3110195
22 341.1625 2919 12.1 9.1 0.0871 3916
23  347.0177 4480 18.6 141 0.0644 5387
24 351.1861 1414 5.9 45 0.1349 2603
25 355.1733 1984 8.2 6.3 0.1245 2852
26 357.1610 3450 143 109 0.1086 3287
27 365.0226 12397 515 395 0.0924 3952
28 369.1772 2626 10.9 84 01104 3344
29 374.0176 3633 161 147 0.0597 6269
30 387.1813 1495 6.2 4.8 0.1447 2676

Figure A-11:

HR-ESI spectrum of compound H-CC-2T-B



85

LT-S%H punodwod jo winioads YWN-H, ‘ZT-V nsl4

wdd /g
0 S0 01 ST 0¢ S¢€ 0& S€ O¥ S¥ 05 S99 09 59 0L S§Z 08 S8 06 S6 50T 1T SCT SET

ST

wdd /g
89 69 0L TL €L €L ¥L SL 9L LY
i | i | i | i | i | L | L | | | i |

11-S°H

B OH HO &



86

LT-SH punodwod Jo wnioads YAN-D,, ‘€T-Y 2Insi4

wdd /g
(1] 0g or 05 o9 (174 08 06 001 01T 07l 0ET orl 0581 091 0T 081 06T 00g o1e 0ce
1 L | i | i 1 N | 1 L | | L | | L | | | L 1 L 1 L
11-S°H
] N OH HO a
S S



87

11-S%H punodwod jo wnidads 401-IaTYW yT-V 24nSig

Z/W
oo_m L oo_w L oo_¢r

Do_w L

Do_o L

009

8v9°98b 1YSISAN JB)NDS10W

NWNONZ@NIMWNU -e)NWIOH 1esiw=yD)

11-S°H
B OH HO a
g S
—N =

ursSIaoLseH\dO1LSeH

985°98%

~0S¢

—000L

—0scl

I
o
o
5
=

['n'e] 'susju|



88

50

0T

ST

0%

5S¢

0€

S€

o'y

12-S°H punodwod jo wndads YWN-H, GT-V 24nsi4

S¥* 05 S5 09 SS9 0L S/ 08 S8 06 56

S
I

5S¢l
I

SET

wdd /g
[

89 69 0L T¢ €L v¥L S5L 9¢
1




89

12-S°H punodwod Jo wnudads YAIN-D,, 9T~V 24ndi4

wdd /g
0 01 oc 0€ oF 0s o9 174 08 06 00T 1) 0Z1 0ET OFt 0sT 091 04T 081 06T oog 1] ¥4 0Ze




90

12-S°H punodwod jo wni3oads 4O1-IdTVIN :2T-V 24nSi4

888°0G9 IYSISAN JB)NDS0N

Urng-62e0L1L-d2189SZH\6ZE0L1-AD19SZH

oo_N L

PSEOINDEHED tBNWLIOS |ediWaYy D)

9¥9°059

—0o00¢

—000¢e

~000s

E] 'susju|

n



91

Mass Spectrum List Report

Analysis Info
Analysis Name OSCK00531001.d Acquisition Date  6/2/2017 9:35:39 AM
Method Tune_wide_POS_Natee20130403.m Operator Administrator
Sample Name H2S-2th Instrument micrOTOF 72
H2S-2th
Acquisition Parameter Set Corrector Fill 50V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 200.0V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 600.0 V Set Reflector 1300V
Scan End 3000 m/z Skimmer 1 700V Set Flight Tube 9000V
Hexapole 1 250V Set Detector TOF 2295V
Intens. +MS, 0.2-0.2min #(11-12)
x105]
651.1261
2.0
1:57
1.0
0.57 444.0393 967.3502
) | 818.1564 l 1087.8906
200 400 600 800 1000 1200m/z
_# m/z I 1% S/IN  FWHM Res.
1 3031948 4786 23 124 00127 23953 o
2 303.3006 4128 2.0 10.7 0.0246 12305
3 383.1237 5612 2.7 149 0.0737 5200
4 413.2688 7759 3.7 20.3 0.0906 4560
5 444.0393 33203 157 87.6 0.0899 4938
6 445.0451 8767 4.2 225 0.0867 5130
7 446.0365 18610 8.8 48.7 0.0891 5006 g
8 4470396 4533 21 112 01108 4035 ¢ | ~ N= R
9 491.2802 6437 3.1 16.7 0.1129 4350 5 5 S g
10 651.1261 210887 100.0 5417 0.1243 5236 | OH HO I
11 652.1276 90768 43.0 2324 0.1213 5376 7 Y
12 653.1249 54580 259 1392 0.1253 5214
13 654.1244 19316 9.2 484 0.1226 5336 H S-ZT
14 655.1237 6778 3.2 16.0 0.1148 5709 2
15 659.4279 5334 2.5 12.3 0.0318 20742
16 704.0356 23394 111 59.8 0.1234 5704 H .
17 705.0402 11253 53 280 0.1270 5551 Chemical Formula: Cs6H3N;0,5
18 706.0363 7168 3.4 17.3 0.1244 5674
19 818.1564 4332 2.1 10.5 0.1676 4880 .
20 967.3502 37595 17.8 109.9 0.1792 5397 ExaCt Mass. 6501190
21 968.3541 24493 116 71.2 0.1783 5431
22 9693503 14661 7.0 422 0.1754 5526 [(M+H)']: 651.1263
23 970.3480 6408 3.0 17.8 0.1807 5370
24 1354.1517 5864 2.8 16.3 0.2700 5016
25 1355.1528 5454 2.6 151 0.2328 5820
26 1356.1565 4736 2.2 13.0 0.2278 5952
27 1879.9709 4178 2.0 12.4 0.0340 55222
28 1880.2279 4246 2.0 12.7 0.0350 53744
29 2356.8700 5958 28 - 17.8 0.0347 67882
30 2357.0893 4705 2.2 13.9 0.0635 37111

Figure A-18: HR-ESI spectrum of compound H,S-2T
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Analysis Info

Mass Spectrum List Report

Analysis Name ~OSCK00531002_1.d Acquisition Date  6/2/2017 9:41:36 AM
Method Tune_wide_POS_Tawatchai_05Feb2016.m Operator Administrator
Sample Name  H2S-CC-1TH Instrument micrOTOF 72
H2S-CC-1TH
Acquisition Parameter Set Corrector Fill 50V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 180.0 V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 400.0 V Set Reflector 1300 V
Scan End 3000 m/z Skimmer 1 700V Set Flight Tube 9000 V
Hexapole 1 250V Set Detector TOF 2295V
Intens. +MS, 0.5-0.5min #(29-31)
x105
o 535.1505
6-
4
2
i 325.1343 L
100 200 300 400 500 500 700 800 900 1000 miz
# miz I 1% SIN FWHM  Res.
1 3251343 19470 25 489 00727 4473
2 386.0515 5959 0.8 144 00918 4208
3 4132665 7422 0.9 18.0 0.1018 4060
4 5347955 5657 0.7 13.0 04733 1130
5 5351505 782740 100.0 19739 0.1150 4655 _ =
6 5357162 7571 1.0 17.8 03693 1451
7 536.1530 287207 367 7234 0.1137 4715 S S
8 5371495 119103 152 2992 0.1113 4827 | —= OH HO = |
9 5381502 30926 40 767 01172 4591
10 539.1544 7519 1.0 177 0.1353 3986
11 5571307 24758 3 614 01134 4912 H,S-CC-1T
12 5581343 9545 12 229 01169 4774
13 5591274 5951 0.8 13.8 0.1368 4088 .
14 5731041 10782 14 264 0.1160 4942 Chemical Formula: CsH,N,0,S,
15  588.0609 21776 28 543 01162 5063
16 589.0636 8567 1.1 206 0.1226 4806
17 6592495 6557 08 158 01199 5501 Exact Mass: 534.1436
18 922.0089 6543 0.8 16.2 0.1740 5300
19 1069.2918 44701 57 1141 02018 5298
20 10702937 33605 43 855 02012 5319 [((M+H)*]: 535.1508
21 1071.2904 20814 27 525 02108 5081
22 10722973 9311 12 228 02159 4967
23 1091.2697 10300 13 253 02143 5093
24 1092.2717 8257 1.1 200 0.1986 5501
25 1093.2687 7391 0.9 17.8 01980 5522
26 1122.1994 22389 29 56.0 02159 5198
27 11232067 17267 22 429 02079 5403
28 11242029 11071 14 271 02054 5472
29 1604.4308 5621 07 - 142 02868 5595
30 2339.1677 5958 0.8 151 0.0354 66158

Figure A-22: HR-ESI spectrum of compound H,S-CC-1T
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Mass Spectrum List Report

Analysis Info

Analysis Name OSCK00531003.d Acquisition Date  6/2/2017 9:44:18 AM
Method Tune_wide_POS_Tawatchai_05Feb2016.m Operator Administrator
Sample Name  H2S-CC-2TH Instrument micrOTOF 72
H2S-CC-2TH
Acquisition Parameter Set Corrector Fill 50V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 200.0V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 400.0 V Set Reflector 1300 V
Scan End 3000 m/z Skimmer 1 700V Set Flight Tube 9000 V
) Hexapole 1 250V Set Detector TOF 2295V
Intenss. +MS, 0.3-0.3min #(18-19)
X 699.1269
1.25
1.004
535.1521
0.75]
0.504
0.254 413.2665
144.9721 206.8649 || Ll 921.9954 1075.8656
200 400 600 800 1000 " miz
# miz I | % SIN  FWHM Res. -
1 144.9721 4651 33 88 0.0110 13214
2 296.8649 4916 3:B 105 0.0138 21441
3 386.0516 5945 42 129 0.0884 4365
4 407.1270 17316 12.3 38.8 0.0981 4149
5 408.1279 4956 3.5 10.5 0.0898 4543
6 413.2665 20117 14.3 451  0.0940 4397
7 414.2701 6338 45 13.7 0.0866 4784 7 _ _ £
8 425.2224 5233 3.7 11.1 0.1211 3510 | s |
9 S 5 S

468.0398 5049 36 104 00887 5279 | — OH HO — |
10 5351521 77467 550 170.4 0.1118 4786 4/ |
11 536.1546 28299 201 615 0.1151 4660

12 537.1534 12821 91 272 01121 4791 CC-

13 588.0628 28436 202 626 0.1175 5006 HpS-CC-2T

14  589.0655 11035 78 236 0.1307 4508

15 590.0590 5697 4.0 116 01122 5259 Chemical Formula: C4oHsoN,0,S,
16 699.1269 140909 100.0 326.1 0.1404 4979

17 700.1303 67440 47.9 1555 0.1425 4913

18 7011260 40746 289 934 0.1451 4833 Exact Mass: 698.1150

19 7021263 14419 102 322 0.1502 4676

20 703.1290 5223 3.7 108 0.1520 4625

21 7211067 10212 72 226 0.1530 4713 [(M+H)+]: 699.1263

22 7221113 5091 36 106 0.1409 5124

23 7370792 5059 36 106 0.1457 5058

24 7520390 16013 114 366 0.1477 5092

25 753.0455 8038 57 17.7 0.1567 4805

26 754.0319 5851 42 126 01367 5517

27 1398.2561 4809 34 112 02464 5675

28 14432119 4759 34 111 00708 20390

29 23389548 5042 36 - 120 00378 61825

30 23391576 5682 4.0 135 0.0342 68317

Figure A-26: HR-ESI spectrum of compound H,S-CC-2T
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Mass Spectrum List Report

Analysis Info
Analysis Name

OSCK00531005_1.d

Acquisition Date  6/2/2017 10:42:06 AM

Method Tune_wide_POS_pin_600.m Operator Administrator
Sample Name CuS-CC-1Th Instrument micrOTOF 72
CuS-CC-1Th
Acquisition Parameter Set Corrector Fill 50 V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 180.0V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 600.0V Set Reflector 1300V
Scan End 3000 m/z Skimmer 1 75.0V Set Flight Tube 9000 V
Hexapole 1 250V Set Detector TOF 2295V
Intens. +MS, 0.2-0.3min #(13-15)
x104
6.
596.0645
44
24
N 303»|158 426.5988 510.9083 ﬁ L _ 923.1612 10877553
e F " k 1 L i 1 1 1 1 1 Lar o1 a A el L 1 1 I: A 1 1 1 1
200 300 400 500 600 700 800 900 1000 miz
# miz | 1% SIN FWHM  Res.
1 3031584 4761 89 250 00128 23630
2 596.0645 53310 100.0 258.0 0.1052 5665
3 597.0670 20474 384 985 0.1059 5640
4 598.0633 33087 621 159.8 0.1037 5767
5 599.0651 11441 215 546 0.1051 5701
6  600.0624 4601 86 214 01051 5707
7 618.0458 15000 281 724 01016 6086 s
8 619.0496 5586 105 263 0.1037 5969 _
9  620.0433 9213 173 441 01001 6193 | 4
10  634.0190 17454 327 849 01119 5666
11 6350231 7978 150 382 00951 6674
12 636.0180 12034 226 582 0.1094 5816 CuS-CC-1T
13 6426283 7459 140 358 01127 5704
14 11911206 26167 491 1266 0.1973 6037
15 11921227 20614 387 996 02007 5940 Chemical Formula: Cs3H,qCuN,0O,S,
16 1193.1193 34865 654 169.3 02013 5927
17 11941219 23043 432 1116 02011 5939
18 11951206 18142 340 877 01999 5979 Exact Mass: 595.0575
19 11961184 9565 17.9 458 02009 5954
20 1197.1182 4921 92 231 01941 6168 +
21 12131039 7641 143 369 01966 6170 [((M+H)']: 596.0648
22 12141109 5620 105 269 02172 5590
23 12151038 10133 19.0 493 0.2006 6058
24 12161086 6805 12.8 328 0.2045 5947
25 1217.1006 5489 103 263 0.1913 6361
26 1229.0783 9981 187 491 0.2027 6065
27 1230.0793 7635 143 373 02102 5853
28 1231.0755 13998 263 69.3 0.2101 5859
29 1232.0808 9171 172 - 451 02109 5841
30 1233.0733 7616 143 37.3 02033 6066

Figure A-32:

HR-ESI spectrum of compound CuS-CC-1T
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Mass Spectrum List Report

Analysis Info

Analysis Name
Method
Sample Name

OSCK005310010.d
Tune_wide_POS_pin_600.m
NiS-CC-1TH

NiS-CC-1TH

Acquisition Date  6/2/2017 10:08:26 AM
Operator Administrator
Instrument micrOTOF 72

Acquisition Parameter

Set Corrector Fill 50 V

Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 200.0V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 600.0 V Set Reflector 1300 V
Scan End 3000 m/z Skimmer 1 750V Set Flight Tube 9000 V
Hexapole 1 250V Set Detector TOF 2295V
Intens. +MS, 0.4-0.4min #(21-22),
x1041
591.0712
61
44
2
367.6875 502.7241 762.2929 951.7486
Jaad 1l ||1A.A|Iu|l ) Lagal Avll il ! A|h L Ll Lo . " L L 1 ; i e
300 400 500 600 700 800 900 1000 m/z
# miz I 1% SIN FWHM  Res. -
1 233.5807 5424 8.9 10.3 0.0113 20610
2 591.0712 61071 1000 130.6 0.1128 5240
3 592.0766 22752 373 483 0.1158 5113
4 593.0682 31545 51.7 67.3 0.1203 4930
5 594.0692 12083 19.8 254 01163 5110
6 595.0687 7619 125 15.8 0.1238 4807
74 613.0521 17489 28.6 374 01114 5503
8 614.0565 6946 11.4 145 0.1364 4502
9 615.0542 8990 147 189 0.1221 5037
10 629.0255 6428 10.5 13.5 0.1179 5337
11 1181.1314 12273 201 26.4 02076 5689 H g -
12 1182.1320 9479 16.5 20.2 0.2035 5809 NIS CC 1T
13 1183.1298 15002 246 324 0.2020 5857
14 11841284 9623 158 205 02339 5062 Chemical Formula: Cs,HyqN,NiO,S,
15 1185.1258 8568 14.0 18.2 0.2381 4976
16 1186.1312 5595 9.2 11.6  0.2192 5410
17 1203.1146 24292 398 533 02138 5628 Exact Mass: 590.0633
18 1204.1190 17966 294 392 0.2275 5292
19 1205.1160 28786 471 63.3 0.2217 5436 +
20 1206.1189 20108 329 440 02129 5666 [(M+H)™]: 591.0705
21 1207.1082 17797 29.1 389 0.2212 5458
22 1208.1069 11178 18.3 241 0.2324 5199
23 1209.1171 8124 133 17.3  0.2290 5280
24 1210.1154 5201 8.5 10.8 0.2603 4649
25 1219.0853 5014 8.2 104 0.2362 5162
26 1221.0907 5751 9.4 12.1  0.2255 5415
27 1443.1389 5173 8.5 11.3 0.0552 26164
28 2339.0648 7268 11.9 159 0.0342 68384
29 2339.2434 5448 89 -11.8 0.0624 37516
30 2868.2412 4933 8.1 10.1 0.0669 42844

Figure A-34: HR-ESI spectrum

of compound NiS-CC-1T
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Mass Spectrum List Report

Analysis Info

Analysis Name  OSCK00531006_1.d Acquisition Date  6/2/2017 10:47:12 AM
Method Tune_wide_POS_pin_600.m Operator Administrator
Sample Name  CuS-CC-2Th Instrument micrOTOF 72
CuS-CC-2Th
Acquisition Parameter Set Corrector Fill 50V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 200.0V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 600.0 V Set Reflector 1300 V
Scan End 3000 m/z Skimmer 1 75.0V Set Flight Tube 9000 V
) Hexapole 1 250V Set Detector TOF 2295V
Intens . +MS, 0.5min #(28)
x104
760.0407
2.0
1454
1.0
0.5
701.9870 736.5934 L 850.7609 884.1443
At & dhe ply | WP PR TAPRTA Y FORRN TPV WX DA OOPWIR YO SO SUOPY T
650 700 750 800 850 900 m/z
# miz I 1% SIN FWHM  Res. N
1 105.6029 3605 16.9 156 0.0073 14506
2 119.3619 3538 16.6 153 0.0084 14200
3 119.4258 3318 165 143 0.0085 13980
4 303.1535 4261 199 214 0.0118 25798
5 400.2273 4231 19.8 216 0.0131 30448
6 453.7892 12806 59.9 644 0.1018 4458 4 |
7 471.7971 4176 195 20.3 0.0920 5126 S 5
8 596.0670 12372 579 574 01173 5083 | Y’ =
9 597.0668 5072 237 229 01221 4892

10 598.0639 7877 368 36.1 0.1208 4951
11 6145966 3299 154 144 0.1266 4855 -CC-

12 6180482 7652 358 347 0.1074 5754 Cus-CC-2T

13 6200453 4439 208 196 0.1128 5496

14 6426290 7820 366 350 0.1299 4949 Chemical Formula: C40H28CuN20254
15 760.0407 21377 1000 92.5 0.1470 5172

16  761.0402 10839 507 463 0.1484 5129

17 762.0407 16831 787 726 0.1423 5357 Exact Mass: 759.0330
18 763.0399 7470 349 316 0.1427 5348

19 7640363 3683 172 149 01512 5053 N

20 7820220 9649 451 417 01505 5196 [((M+H)™]: 760.0402
21 783.0262 4503 211 188 0.1612 4857

22 7840206 7460 349 320 0.1507 5203

23 797.9955 4295 201 181 0.1456 5479

24 799.9927 4034 189 169 0.1617 4947

25 8087113 3317 155 13.8 0.0253 32002

26 14567275 3735 175 20.8 0.0283 51452

27 1879.7358 4331 203 242 00327 57505

28 23565784 5574 261 306 0.0337 70011

29 23567966 3955 185 -21.6 0.0601 39193

30 31002135 3357 157 191 0.0374 82796

Figure A-36: HR-ESI spectrum of compound CuS-CC-2T
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Analysis Info

Analysis Name

111

OSCKO00531009_4.d

Mass Spectrum List Report

Acquisition Date 6/2/2017 10:04:17 AM

Method Tune_wide_POS_pin_600.m Operator Administrator
Sample Name NiS-CC-2TH Instrument micrOTOF 72
NiS-CC-2TH
Acquisition Parameter Set Corrector Fill 50V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 180.0V Set Pulsar Push 337V
Scan Begin 50 m/z Hexapole RF 600.0V Set Reflector 1300 V
Scan End 3000 m/z Skimmer 1 750V ¢ Set Flight Tube 9000 V
Hexapole 1 250V Set Detector TOF 2295V
Intens. T +MS, 0.1-0.2min #(8-9)|
x104 f
107 453.7863 1
|
0.8
0.6
755.0434
0.4 367.6982 658.4980 1075.8230
20383 1002.7717
0.2
A | J J " | I
300 400 500 600 700 800 900 1000 m/z
# miz | 1% SIN FWHM Res.
1 77.3910 4186 458 8.3 0.0064 12013
2 89.2873 4184 45.8 83 0.0114 7858
3 105.1938 3423 37.5 6.7 0.0086 12256
4 129.7633 4889 53.5 9.8 0.0091 14248
5 144.9735 4035 442 8.0 0.0137 10599
6 145.0418 4047 443 8.0 0.0166 8727
7 214.2697 3423 37.5 72 00182 11743
8 233.5843 3527 38.6 76 00114 20462
9 296.8582 4604 504 10.7 0.0141 21095 B
10 296.9512 4324 473 10.0 0.0322 9233 NIS_CC-ZT
11 367.6982 3548 38.8 84 0.0132 27845
12 419.1169 3494 383 8.1 0.0148 28310 H . H
13 4537863 9135 1000 21.7 00947 4792 Chemical Formula: CaoHzsNoNiO25,
14 471.7985 4118 451 9.4 0.0878 5372
15  473.9308 3575 39.1 8.1 0.0149 31812 . 7
16 502.7254 3737 40.9 8.3 0.0259 19446 ExaCt Mass. 754038
17 658.4980 4083 447 8.6 0.0220 29866
18 755.0434 4305 471 9.0 0.1440 5242 [((M+H)"]: 755.0460
19 762.1728 3797 41.6 7.8 0.0220 34661
20 762.3039 3942 43.1 8.2 0.0264 28907
21 1075.8230 4036 44.2 9.3 0.0397 27118
22 1207.0209 4652 5098 112 0.0262 45998
23 14429802 4115 450 103 0.0536 26915
24 1443.1364 5338 584 13.6 0.0533 27071
25 1864.3170 3657 40.0 9.1 0.0370 50342
26 2339.0689 5576 61.0 147 0.0371 63044
27 2339.1587 3929 43.0 10.1 0.1055 22174
28 2339.2511 5133 56.2 135 0.0468 50027
29 2798.8477 3528 386 89 0.0375 74695
30 2868.2201 4524 49.5 11.8 0.0505 56850
Figure A-38: HR-ESI spectrum of compound NiS-CC-2T
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