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This research studies on an electrochemical reduction of carbon dioxide
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system. In this study, the central metals of the benzoporphyrin derivatives of interest
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benzoporphyrin derivatives were confirmed by spectroscopic techniques and their
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nitrogen and saturated CO, conditions and with and without radiation by a tungsten-
halogen lamp. Based on cyclic voltammatric results, free base and the metallated
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that copper(ll)-tetraphenyltetrabenzoporphyrin exhibited the highest catalytic activity
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CHAPTER |
INTRODUCTION

In the recent years, the increase of carbon dioxide (CO;) in the atmosphere has
become a global environmental problem. The current global energy supply is mainly
based on fossil fuels like coal, oil and gas [1]. In addition, the combustion of fossil
fuels leads to the emission of CO, [2]. The electroreduction of CO, can give several
useful products such as formic acid, formaldehyde, methanol, and methane [3]. For
the electrochemical reduction of CO, reaction pathways also generate the various
products which have the potential values as shown in below:

CO,+2H"+2¢~ — HCOOH E°=—061V
CO,+2H"+2e” — CO+H,0 E°=-052V
CO,+4H"+4e” — HCHO + H,0 E°=-0.48V
CO,+ 6H"+ 66~ — CH3;0H + H,0 E°=-0.38V
CO,+8H'+8¢™ — CHy + 2H,0 E'=-024V

Among all organic electrocatalysts, porphyrinic compounds have been in
spotlight in recent years as photoactive compounds for optoelectronic applications [4]
due to their extremely high absorption coefficients [5], high thermal and
photostablities [6]. Moreover, their electrochemical and photophysical properties can
be varied by changing the metal center and substituents at the macrocycle peripheral
position [7]. Certain transition metal complexes act as electron transfer mediators for
photochemical and electrochemical reduction of CO, as means of energy storages
[selected publications: [8-10]]. Grodkowski et al. reported that Fe(lll)-
phthalocyanines and Co(ll)-phthalocyanines exhibited electrocatalysis for the
reduction of CO,. Catalytic formation of CO and formate was confirmed by
photochemical, and radiation chemical methods [11]. Hammouche et al. reported that
iron and Co(ll)-porphyrins are effective homogeneous catalysts for the
electrochemical reduction of CO, to CO and formic acid [12]. However, the previous
researches showed that the porphyrin derivatives exhibited moderate catalytic activity
in reduction of CO,. Tetrabenzoporphyrins are another interesting group of porphyrin
derivatives as in these macracycles, the combination of electronic and structural

factors, such as an extension of the n-system, meso-substitution, and highly distorted



macrocycle core, cause a red shift and intensification of the Q-band absorption,
compared with other porphyrins [13]. These compounds have been found a diverse
array of applications in various fields, photodynamic therapy [14] and optoelectronic
devices [15]. The structures of porphyrin and benzoporphyrin are shown in

s~

Figure 1-1.

D

Figure 1-1: Structures of porphyrin and tetrabenzoporphyrin
In this work, metal-free and metal tetraphenyltetrabenzoporphyrins were
synthesized, characterized and investigated their potential use as electrocatalysts for
reduction of CO,. The catalytic efficiency in reduction of CO; of all target molecules
were compared. We hypothesize that there compounds will exhibit a good catalytic
activity of reduction of CO,. Moreover, metallation of tetraphenyltetrabenzoporphyrin
with various central metals are expected to catalytically promote the electrochemical

reduction of CO.,.

1.1 Objective of Research

The objective of this research is to synthesize metal-free and metal
benzoporphyrin derivatives. The efficiency of electrocatalalytic activity in the
reduction of CO, of each compound are studied by means of cyclic voltammetry
under the N, saturated and CO, saturated condition in ambient light and under

radiation.

1.2 Scope of Research

The scope of this research covers the synthesis of metallobenzoporphyrin
derivatives bearing the phenyl meso-substituents and various central metals i.e.,
copper (Cu(ll)), cobalt (Co(ll)), nickel (Ni(ll)), tin (Sn(IV)) or zinc (Zn(ll)) as shown
in Figure 1-2. Free base benzoporphyrin will be also investigated to determine the

catalytic activity for reduction of CO, of the benzoporphyrin ligand and to study the



effect of the central metal on the catalytic efficiency. All compounds will be fully
characterized by spectroscopic techniques, i.e., mass spectrometry, and *H-NMR and
13C-NMR spectroscopy. Photophysical properties were investigated by UV-Vis
spectrophotometry and fluorescent spectrophotometry. Electrochemical studies of
benzoporphyric compounds were investigated by cyclic voltammetry. The catalytic
activity of each compounds are compared to reach out the best electrocatalyst for the

reduction of CO.,.

M =H, H (1), Co(Co-1), Cu (Cu-1),
Ni (Ni-1), Sn(OH), (Sn(OH),-1) and Zn (Zn-1)

Figure 1-2: General structure of the target metallobenzoporphyrinic derivatives



CHAPTER Il
THEORY AND LITERATURE REVIEWS

2.1 Porphyrins

The Greek word of porphyrin called ‘porphura’ meaning purple [13].
Porphyrins (without any substituent, called porphine) and its derivatives consist of
four pyrrole rings joined by four interpyrrolic methane bridges to give a highly

conjugated macrocycle. The structure of porphine is shown in Figure 2-1 [16].

Figure 2-1: The structure of porphyrin (porphine)

The aromaticity of porphyrins has been well known both by its chemical and
physical properties. These tetrapyrrolic systems have a closed loop of edgewise
overlapping p-orbitals which interact favorably to stabilize the olefins: the
22n-electrons inside the porphyrin macrocycle, only 18 electrons are found to actually
participate in delocalization pathway, which is consistent with Hiickel’s [4n+2] rule
for aromaticity, where n = 4 [selected publications: [17, 18]]. A free base porphyrin in
which metal is inserted in its cavity is called metalloporphyrin. Several
metalloporphyrins play important roles in many biological systems, for example,
magnesium complexes in chlorophylls found in green plants serve as photosynthetic
reaction centers which convert light energy into chemical reaction [19], and iron
complexes are found in heme B and cytochrome C which are responsible for oxygen
transport and a single electron transporter in a redox catalytic reaction, respectively
[20]. Porphyrin and their derivatives are highly colored absorbing strongly in the
visible region near 400 nm (molar extinction coefficients are about 10° Mol™L) also
known as Soret band or B-band and several weaker absorption bands known as
Q-band between 450-700 nm as shown in Figure 2-2 [21]. A variation in the
peripheral substituents of the porphyrin ring normally results in change in the

intensity and wavelength of the absorption bands. The disruption of porphyrin



macrocycles affects to Soret band disappearance [22]. The absorbance energy
intensities vary with chelation, pH, and differences in the structure of peripheral
substituents. However, as long as the main 18z electron conjugation system still

exists, the Soret band is the major characteristic band of the absorption spectra [23].

Figure 2-2: Typical UV-Vis absorption spectrum of the porphyrin derivatives

2.2 Structural Modifications of Porphyrins

In the recent years, several kinds of porphyrins have been investigated for
their electrochemical properties. The main objectives of the structural modification of
the porphyrin are listed below:
1) To adjust the physical properties (e.g. solubility and chemical, thermal, and
electrical stability)
2) To develop photophysical (e.g. absorption and emission wavelength) and
electrochemical properties (e.g. redox potentials)

The substituents can be inserted at the meso and beta positions of the

porphyrin ring as shown in Figure 2-3.

R R R
R R
R R
R R
R R R
B-substituted porphyrin meso-substituted porphyrin

Figure 2-3: Structures of - and meso-substituted porphyrins



Moreover, the structural modification of the porphyrins can be achieved by the
coordination of various metal ions at the center of macrocycle. The pyrrole nitrogen

groups enable the N-metal o-bond formation as shown in Figure 2-4.

Figure 2-4: Structure of metalloporphyrin

2.3 Uses and Applications of Porphyrin Derivatives
There are a lot of interesting applications of porphyrins in chemical,
biochemical and biomedical research, for example:
1) Optoelectronic devices such as solar cells [selected publications: [24-26]]
2) Organic light emitting diodes [selected publications: [27-29]]
3) Dyes for food, cloth and printing [selected publications: [30-32]]
4) Electrochemistry and photocatalysts [selected publications: [33-35]]
5) Optical sensors [selected publications: [36-38]]
6) Photodynamic therapy [selected publications: [39-41]]

2.4 Benzoporphyrins

Tetrabenzoporphyrin (TBP) is one of the most well-known porphyrin
derivatives that have aromatic subunits fused directly onto the B-substituted position
of porphyrin as shown in Figure 1-1. In 1966, tetrabenzoporphyrins were discovered
in some petroleum and related deposit [42]. Benzoporphyrins have interesting
physical, chemical and spectroscopic properties that are significantly different from
porphyrins. Because of the larger conjugation system, Benzoporphyrins are more
chemically stable than porphyrin and perform a red shift in absorption and emission
spectra to the infrared region that is commonly useful for biomedical applications
such as photodynamic therapy [selected publications: [14, 43, 44]]. Moreover,
tetrabenzoporphyrins can also be used as electrocatalysts [45], nonlinear optical

materials [46] and photovoltaic cells [selected publications: [47-49]].



2.5 Electrochemical Techniques [50]

Electrochemical techniques are concerned with the interplay between
electricity and chemistry. These methods deal with the measurements of electrical
quantities such as current, potential and charge related to chemical parameters.
Electrochemical methods have some general advantages over other types of analytical
techniques. Firstly, electrochemical measurements are often specific for a particular
oxidation state of an element. Secondly, the instrument of electrochemical methods is
relatively inexpensive. Thirdly, the method is simple and does not require highly
skillful analysts. Noteworthy, the features of electrochemical methods provide

information about activities rather than concentrations of species.

2.5.1 Electrochemical Cells [50]

Three-electrode cell as shown in Figure 2-5 is commonly used in
voltammetric measurements. The cell is usually a covered beaker of 5-50 mL volume
and contains three electrodes, working, reference, and counter electrodes, which are
immersed in the sample solution. While the working electrode (WE) (such as glassy
carbon) is the electrode at which the reaction of interest occurs, the reference
electrode (RE) provides a stable and reproducible potential, against which the
potential of the WE is compared. The commonly used silver/silver chloride
(Ag/AgCI) serves as reference electrodes for the experiments in aqueous solution. For
non-aqueous  condition,  silver/silver  ion  (Ag/Agt) in  acetonitrile,
N,N’dimethylformamide (DMF) or dimethyl sulfoxide (DMSO) is widely used. To
minimize contamination of the sample solution, the RE may be insulated from the
sample through a salt bridge. The counter electrode (CE) is an electrode which an
electrical current is expected to flow. The CE is usually inert conducting material
such as platinum wire or graphite rod. The complete system, integrating the three-

electrode cell and built-in gas control, is available commercially available.



Figure 2-5: Cell for voltammetric measurements: working electrode (WE); reference
electrode (RE); and counter electrode (CE). Electrodes and gas bubbling tube are

inserted through holes in the cell cover [51]

2.5.2 Solvents and Supporting Electrolytes [52]

Electrochemical measurements are commonly carried out in a medium that
consists of solvent containing a supporting electrolyte. The choice of the solvent is
primarily dictated by the solubility of the analyte and its redox activity and by solvent
properties such as the electrical conductivity, electrochemical activity and chemical
reactivity. The solvent should not react with the analyte and should not undergo
electrochemical reactions over a wide potential range. While water has been used as a
solvent more than any other media, non-aqueous solvent (e.g., acetonitrile, DMF,
dichloromethane or DMSOQO) has also frequently been used. Mixed solvents may also

be considered for certain applications.

Supporting electrolytes are required in electrochemical experiments to
decrease the resistance of the solution, to eliminate migration effect and to maintain a
constant ionic strength. The inert supporting electrolyte may be an inorganic salt, a
mineral acid or a buffer.  While potassium chloride, sodium hydroxide or
hydrochloric acid is widely used when using water as a solvent, tetraalkylammonium
salts are often employed in organic media. Buffer system (such as acetate, phosphate
or citrate buffer solution) is used when pH control is essential. The supporting
electrolyte should be prepared from highly purified reagent, and should not be easily



oxidized or reduced. The usual electrolyte concentration range is 0.1-1.0 M, in other

case, in large excess of the concentration of all electroactive species.

2.6 Cyclic Voltammetry [52]

Cyclic voltammetry is one of the most commonly used electrochemical
techniques to probe the electrocatalytic ability of the analyte since it can give both the
qualitative and quantitative information about the analyte electrochemical reactions.
Cyclic voltammetry consists of the linearity of scanning potential with a triangular
waveform, sweeping through a potential range and reversing the direction of the
sweep in a cyclic wave (Figure 2-6). The resulting plot of the current vs. the applied
potential is called a cyclic voltammogram. Note that the scan direction may be either
in the positive or negative direction, depending on whether a reductive or oxidative
process is studied. The potential is measured between the RE and the WE whereas
the current is measured between the WE and the CE. For this waveform in
Figure 2-6, the forward scan produces a cathodic current for any analyte that can be
reduced through the range of the scanned potential. On the contrary, the reverse scan
yields an anodic current for the product of the forward scan being reoxidized. Thus,
there are reduction and oxidation peaks observed for a reversible reaction as shown in
Figure 2.7. Significant parameters in a cyclic voltammogram are cathodic peak
potential (Epc), anodic peak potential (E,a), cathodic peak current (ip) and anodic peak

current (ipa).
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Figure 2—7: Typical cyclic voltammogram for a reversible redox couple [51]

Figure 2-7 illustrates the expected response of a reversible redox couple
during a single potential cycle. It is assumed that only the oxidized form from
oxidation is present initially. Thus, a negative-going potential scan is chosen for the
first half cycle, starting from a value where no reduction occurs. As the applied
potential approaches the character of E° for the redox process, a cathodic current
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begins to increase until a peak is reached. After traversing the potential region in
which the reduction process takes place (at least 90/n mV beyond the peak), the
direction of the potential sweep is reversed. During the reverse scan, the reduction
form (generated in the forward half-cycle and accumulated near electrode surface) is

reoxidized back via oxidation, resulting in an anodic current.

2.6.1 Types of Cyclic Voltammograms [52]
Cyclic voltammograms can be classified as reversible, quasireversible and
irreversible voltammograms depending on the nature of the electrochemical reactions

of electroactive species.
1) Reversible Cyclic Voltammograms

Reversible cyclic voltammograms can be obtained when the oxidized or
reduced species are reduced or oxidized, respectively, back to the starting species in
the reverse scan. This is represented by the forward wave which is followed by a

corresponding reverse wave upon changing the scan direction.
2) Irreversible Cyclic Voltammograms

Irreversible cyclic voltammograms are often characterized by a single
oxidation or reduction wave without reverse wave, indicating non-regeneration of the
starting electroactive species. This may arise from the formation of an electroinactive

reduction or oxidation product in the forward scan.
3) Quasireversible Cyclic Voltammograms

For the quasireversible reactions, the current is controlled by both mass
transport and charge transfer, the standard rate constant of kinetic parameter (k°) in
the range of 10° and 10 cm-s ™. In general, quasireversible voltammograms are
more extended and exhibit a large peak potential separation, AE,, compared to those
reversible systems. For quasireversible reactions, peak current (i,) is not proportional

to the square root of the scan rate.

2.7 Electrocatalysis [53]
The redox reactions of organic compounds are frequently limited by slow
kinetics, thus high overpotentials are required to proceed the redox reactions at the

reasonable rates. To solve this problem, a catalyst can be used to provide an
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alternative reaction pathway, allowing the reaction to occur close to the reversible

potential with the increased current density.

A catalyst is a substance that increases the rates of the chemical reactions,
without itself undergoing any chemical change. This means that a catalyst enters as a
reactant, undergoes chemical transformation, but it is ultimately regenerated so that its
concentration remains undiminished. Therefore, it is apparent that a catalyst can only
increase the rate of a process which is thermodynamically feasible. A catalyst may
participate in multiple chemical transformations. Substances that increase the reaction
rates are called positive catalysts. Substances that interact with catalysts to slow the
reaction are called inhibitors (or negative catalysts). Substances that increase the
activity of catalysts are called promoters and substances that deactivate catalysts are
called catalytic poisons.

There are two modes of catalysts in the electrochemical reactions:

heterogeneous and homogeneous catalysts [54].

2.7.1 Heterogeneous Catalyst [55]

A heterogeneous catalyst has in a different phase as the reactants. Typically
heterogeneous electrocatalysts involve a solid catalyst with the reactants as either
liquid or gaseous. The reactants are adsorbed on to a surface of the catalyst at active
sites, via the formation of chemical bonds. After the reaction, the product molecules
are desorbed from the surface area and break away. This leaves the active site for a
new reactant molecule to attach and react. Frequently, the transport of reactants and
products from one phase to another plays a dominant role in limiting the reaction rate.
For solid heterogeneous catalysts, an active site is a part of surface which is
particularly good at adsorbing things and helping them to react. The catalysts with
large surface area such as mesoporous silicates, having the surface areas of 1000
m?.g*, are widely used. Alternatively, the catalyst is dispersed on a second material
that enhances the effectiveness or minimizes their cost. Frequently, the interaction
between support and the catalyst affects to the catalytic reaction. Generally porous
materials, such as alumina or various kind of carbon, were used as the supports

because of the high surface area.
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2.7.2 Homogeneous Catalyst [56]

In homogeneous catalysis, the catalyst and the substrate for a reaction are
brought together in one phase, most often the liquid phase. Examples of homogeneous
catalysis involve the influence of hydrogen on the esterification of ester, e.g. methyl

acetate from acetic acid and methanol.

2.8 Electrochemical Reduction of Carbon Dioxide

The electrochemical reduction of CO, has attracted considerable attention as a
possible source of carbon for the synthesis of organic molecules and possible means
of energy storage by considering its products. CO; is a low energy molecule and its
electrochemical reduction into anion radical requires a quite negative potential. The
electrocatalysts for the reduction of CO, can convert CO; to several useful products
such as formic acid, formaldehyde, methanol, and methane. The electrochemical
reduction of CO, reaction pathways can produce the variety products on the potential
values as shown in the equations on page 2 [57]. The nature of the reduction products
has a strong efficiency on thermodynamic accessibility form CO,. Particularly
important factor is the number of electrons involved in the reduction processes. The
redox potentials become less and less negative as the reaction involves multielectronic
pathways. However, the monoelectron reduction mechanism of CO,/CO; - requires
—2.21 V vs. SCE, which is a highly critical value [selected publications: [58, 59]].

The reaction products pathways comprise a mixture of various substances.
Moreover, the reduction of CO, in aqueous solutions in the cathodic potential region
is always accompanied by hydrogen evolution. Hence, an important criterion that
describes the reaction selectivity is the Faradaic field (n,) for each individual k™
organic reaction product [60].

Behar, D. et al. [61] studied the electrocatalytic reduction of CO, by cyclic
voltammetry. Co(ll)-porphyrin was reduced to Co(l)-porphyrin and Co(0)-porphyrin
by radiation-chemical, photochemical and electrochemical methods in aqueous and
organic solvent. One-electron reduction of Co(l)-porphyrin leads to the formation of
a species that is observed as a transient intermediate by pulse radiolysis in aqueous
solutions and as a stable product following the reduction by sodium in tetrahydrofuran

solutions. The products were found to be CO and formate ion which were confirmed
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by cyclic voltammetric experiments in acetonitrile and butyronitrile solvent
containing triethylamine as a reductive quencher. The product was determined by gas
chromatography (GC).

Neta, P. et al. [11] studied the electrocatalytic reduction of CO;, to CO by
Fe(ll)-porphyrins in the presence of homogeneous catalysts. The porphyrin
structures were derived from spectrophotometric measurements and the formation of
CO was confirmed by GC. The studies showed that Fe(lll)-porphyrins were reduced
by photoreduction in the presence of CO, to stable Fe(ll)-porphyrins products and
then to Fe(l)-porphyrins in organic solvents and in aqueous solutions.
Fe(Il)-porphyrins are readily reduced to [Fe-porphyrin]-, which does not react with
CO,. The species that reduced CO, to CO was Fe(0)-porphyrins. The yield of free
CO increases with time of photolysis and reaches turnover numbers of 70 molecules
of CO per porphyrin molecule.

Wang, Z. et al. [35] studied photocatalysis of nanotubes containing a
Sn(IV)-porphyrins. The results showed that the nanotubes containing
Sn(IV)-porphyrin can reduce the metal ion in Au(l) thiourea or thiosulfate in the
presence of ascorbic acid as an electron donor (ED). Cyclic reaction of photocatalytic

reduction of Au(l) complex is shown below:
SnP+hv  — SnP”
SnP" + ED —> SnP™ + EDy
SnP™+ Au" — SnP +Au°

Sonoyama, N. et al. [62] described the catalytic activity of metallated
meso-tetraphenylporphyrin (M-TPP) supported on gas diffusion electrodes (GDESs)
for electrochemical reduction of CO,. Co(Il)-TPP and Fe(lll)-TPPCI showed high
activity for electrochemical reaction of CO,, Cu(Il)-TPP and Zn(Il)-TPP exhibited
moderate activity, and H,TPP gave catalytic activity for reduction of CO,. CO can be
observed as a main product, except that the Cu(ll)-TPP catalyst gave formic acid as
main product. According to high performance liquid chromatography (HPLC)

technique, the reduction of CO, was preceded via electron transfer from TPP ring that

was reduced, and its central metals served as the adsorption sites of CO,.
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Hammouche, M. et al. [63] studied that homogenous catalysis for the
electrochemical reduction of CO, was reduced Fe(0)-porphyrins. The Fe(lll)-
porphyrins alone showed three reversible waves corresponding to the following redox
couple; Fe(ll)*/Fe(l1), Fe(ll)/Fe(l) ~ and Fe(l)/Fe(0). When CO, was present, the
current was increased in height and the reduction process become irreversible. The
main product observed was CO by GC technique.

Ramirez, G. et al. [64] studied a supramolecular electrode made of stacked
Co(ll)-tetrabenzoporphyrin. The stack was held together by n—= interactions and the
first layer of the porphyrin complex was anchored to the glassy carbon surface
through a porphyrin 4-aminopyridine group. The electrode formed by
Co(I)-tetrabenzoporphyrin adsorbed on the glassy carbon surface was inactive
towards the reduction of CO,. Moreover, a home-made photoreactor designed for this
study is shown in Figure 2-8. The remaining of Co(ll)-tetrabenzoporphyrin catalyst
on the supramolecular electrode could be detected before and after reaction by atomic
force microscopy and electrochemical impedance spectroscopy. Based on GC, the

main product was found to be CO.

Figure 2-8: Ramirez’s home-made photoreactor consisting of (A) halogen lamp (in it
black box), (B) monochromator, (C) light beam, (D) potentiostat, (E) electrochemical
cell, (F) mirror, (G) position of PC-cooling fan and (H) optical line.
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EXPERIMENTAL

3.1 Chemicals

All chemicals were purchased from commercial sources and used as received

without further purification, unless noted otherwise.

Benzaldehyde (C¢HsCHO)

Boron trifluoride diethyletherate (BF3-Et,0)
Cobalt acetate tetrahydrate (Co(OAc),-4H,0)
Copper acetate monohydrate (Cu(OAc)2-H,0)
Deuterated chloroform (CDCls)

Chloroform (CHCly)
1,8-Diazabicyclo[5,4,0]undec-7-ene (DBU)

: Merck

: Fluka

: Sigma-Aldrich

: Sigma-Aldrich

: Cambridge isotope
: RCI Lab-scan

: Sigma-Aldrich

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ): Sigma-Aldrich

Diethyl ether

N,N-Dimethylformamide (DMF)

Ethyl isocyanoacetate (C,HsOCOCH,CN)
Ethylene glycol (HOCH,CH,OH)

Hexane

Hydrochloric acid (HCI)

Anhydrous magnesium sulfate (MgSO,)
Methanol (CH3OH)

Methylene chloride (CHCl,)

Nickel acetate tetrahydrate (Ni(OACc),-4H,0)
1-Nitrocyclohexene

Potassium hydroxide (KOH)

Silica gel 60 particle size

Anhydrous sodium sulfate (Na,SO,)
Sodium sulfite (Na,SO3)

Sodium hydrogencarbonate (NaHCO3)

: Merck

: RCI Lab-scan

: Sigma-Aldrich

: Merck

: Distilled from commercial grade
: Merck

: Merck

- Distilled from commercial grade
: Distilled from commercial grade
: Sigma-Aldrich

: Sigma-Aldrich

: Merck

: Merck

: Merck

: Merck

: Merck
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Sodium chloride (NaCl) : Merck
Sulfuric acid (H2SO,) : Merck
Tin chloride dihydrate (SnCl,-2H,0) : Sigma-Aldrich
Tetrabutylammonium hexafluorophosphate (TBAPFs) : Sigma-Aldrich
Tetrahydrofuran (THF) : RCI Lab-scan
Toluene : RCI Lab-scan
Triethylamine (TEA) : Fluka
Zinc acetate dihydrate (Zn(OAc),-2H,0) : Merck

3.2 Analytical Instruments

Proton nuclear magnetic resonance spectroscopic (*H-NMR) and carbon-13
nuclear magnetic resonance spectroscopic (**C-NMR) spectra were obtained in CDCls
at 400 MHz for *H nuclei and 100 MHz for *C nuclei (Varian Company, USA).
Chemical shift were reported in parts per million (ppm) relative to the residual CHCI;
peak (7.26 ppm for *H-NMR and 77.0 ppm for *C-NMR). Coupling constant (J) are
reported in Hertz (Hz). Mass spectra were obtained using high resolution electrospray
ionization (HR-ESI), and matrix-assisted laser desorption ionization (MALDI) mass
spectrometry with dithranol as a matrix. Absorption spectra were recorded in toluene
by a Hewlett-Packard 8453 spectrophotometer and absorption extinction coefficient
(¢) were reported in L-(mol-cm)™. Fluorescence spectra were measured in toluene
using a Perkin-Elmer LS45 luminescence spectrophotometer. Cyclic voltammograms
were recorded with a potentiostat/galvanostat (Autolab PGSTAT101, Eco Chemie,
The Netherlands) at room temperature. A conventional three-electrode system
consisting of a glassy carbon electrode (BAS, USA) as a working electrode, a
platinum wire as a counter electrode, and a silver/silver ion (Ag/Ag®) in acetonitrile
served as a reference electrodes was applied. The Ag/Ag” electrode have a potential
of +0.296 V vs. saturated calomel electrode (SCE) at 25°C [65]. A schematic setup of
an electrochemical cell for cyclic voltammetric measurement is shown in Figure 3-1
[52]. Prior to use the glassy carbon electrode was polished with an agueous
suspension of alumina powder and rinsed with milli-Q water. The light source of this

research was a tungsten-halogen lamp at 75 Watt giving a light wavelength in a range
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between 400-1000 nm [66]. The distance from the light source to the experiment set

up was 70 cm

&— Gas outlet

Figure 3-1: A schematic set up of an electrochemical cell for cyclic voltammetric

experiment

3.3 Experimental Procedures
3.3.1 Synthesis of Benzoporphyrin Derivatives

3.3.1.1 Synthesis of 2H-Isoindole-4,5,6,7-tetrahydro-1-carboxylic acid
ethyl ester (2)

NO, CNCH,COOEt, DBU
O/ THF, reflux,24 h /7 \
91% N~ COOEt
H

2
Following a previously published procedure [67], a solution of

1-nitrocyclohexene (4.40 mL, 39.2 mmol) and ethyl isocyanoacetate (4.31 mL, 39.2
mmol) dissolved in THF (100 mL) was placed in a 3-neck-round bottom flask
equipped with a condenser under N, atmosphere. After that, DBU (5.54 mL, 39.2
mmol) was slowly added and the reaction was refluxed for 24 h. The solvent was
removed under reduced pressure and the crude product was purified by column
chromatography (silica gel, CH,Cl,) to afford 2 as pale yellow solid (6.85 g, 91%).
'"H-NMR: 8,41.33 (t, J = 6.8 Hz, 3H), 1.67-1.79 (m, 4H) 2.54 (t, J = 5.6 Hz, 2H), 2.80
(t, J = 5.6 Hz, 2H), 429 (q, J = 7.2 Hz, 2H), 6.63 (s, 1H), 8.80 (br s, 1H)
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(Figure A-1). Other spectroscopic data were consistent with those described in the
literature.
3.3.1.2 Synthesis of 4,5,6,7-tetrahydroisoindole (3)

KOH, ethylene glycol
reflux, 2 h _

/ \ / \

N~ COOEt N
H H
2 3

Following a previously published procedure [67], a mixture of compound 2
(3.00 g, 15.5 mmol), KOH (12.5 g, 223 mmol) in ethylene glycol (120 mL) was

refluxed for 2 h until the homogenous solution turned black. Then, the mixture was

cooled rapidly by using an ice bath and CH,Cl, was added. The organic phase was
washed several times with water and the aqueous phase was washed with CH,Cl..
The collected organic phase was concentrated to dryness, affording a black solid
containing 3 (1.88 g) which was used in the next step without further purification.
'H-NMR: 84 1.79-1.93 (m, 4H), 2.67-2.80 (m, 4H), 6.57 (s, 2H), 7.98 (br s, 1H)
(Figure A-2). Other spectroscopic data were consistent with those described in the

literature.

3.3.1.3 meso-Tetraphenylcyclohexanoporphyrin (4)

|) BF3'EtZO, CH2C|2, rt, 4 h
T + H i) DDQ, 8 h ‘ O
52%
N

H
3

Following a previously published procedure [67], CH.Cl, (575 mL) was
degassed with N, gas in a 1 L two-neck-round bottom flask equipped with a
condenser for 30 min. The entire apparatus was shielded from light with air, and a
crude containing compound 3 (0.497 g) and benzaldehyde (0.414 mL, 4.10 mmol)

was then added. After the mixture was stirred at the room temperature for 20 min.
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BF3-Et,0 (0.112 mL, 0.821 mmol) was added in one portion and the reaction was
continued for additional 4 h. Then, DDQ (0.175 g, 1.44 mmol) was added and the
mixture was stirred at room temperature for 8 h. The resulting dark green solution
was washed with 10% aqueous Na,SO3; and 5% aqueous HCI. The organic phase was
separated and dried over anhydrous Na,SO,4. Subsequently, the solvent was removed
under reduced pressure and the crude product was purified by column
chromatography (silica gel, CHCI5) to afford 4 as blue green solid (0.407 g, 52% from
2). 'H-NMR: & 1.18-2.73 (m, 32H), 6.69-7.51 (m, 8H), 7.51-7.88 (m, 4H), 7.88—
8.50 (m, 8H) (Figure A-3). MALDI-TOF-MS m/z obsd 831.200 [M], calcd 831.098
[M = CgoHsaN4] (Figure A-4), dans(e) 462(1.3x10°), 610, 665 nm (Figure B-1, Figure
B-2). Other spectroscopic data were consistent with those described in the literature.

3.3.1.4 meso-Tetraphenylcyclohexanoporphyrinatonickel (Ni-4)

i) Ni(OAc),+4H,0
CHCI3/MeOH, rt, 1 h
i) TEA, 40 min

90%

Following a previously published procedure [68], a solution of 4 (0.112 g,
0.135 mmol) in chloroform (100 mL) was reacted with a solution of Ni(OAc),-H,0O
(0.119 g, 0.675 mmol) in methanol (12 mL) at room temperature for 1 h. TEA (0.09
mL, 0.6 mmol) was added and the mixture was stirred for additional 40 min. The
mixture was washed with 10% acetic acid and then 10% NaHCOg3. The organic phase
was separated and dried over anhydrous Na,SO,4. The solvent was removed by rotary
evaporation and the crude was purified by column chromatography (silica gel,
CH.Cly/hexane (1:1)) to afford Ni-4 as purple red solid (0.108 g, 90%).
MALDI-TOF-MS m/z obsd 885.627 [M*], calcd 887.775 [M = CgoHs2N4Ni] (Figure
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A-5), Aas(e) 425(5.8x10%, 545, 581 nm (Figure B-3, Figure B-4). Other
spectroscopic data were consistent with those described in the literature.

3.3.1.5 meso-Tetraphenyltetrabenzoporphyrinatonickel (Ni-1)

DDQ, THF
reflux, 1 h

48%

Following a previously published procedure [68], a solution of Ni-4 (0.048
g, 0.054 mmol) and DDQ (0.191 g, 0.841 mmol) in THF (150 mL) was refluxed for 1
h under N, atmosphere. The resulting deep green mixture was washed with 10%
Na,SOs, water and brine. The organic phase was separated and dried over anhydrous
Na,SO,. The solvent was removed by rotary evaporator and the crude was purified
by column chromatography (silica gel, CH,Cl,/hexanes (1:1)) to afford Ni-1 as bright
green crystal (0.0226 g, 48%). MALDI-TOF-MS m/z obsd 869.622 [M], calcd
871.648 [M = CgoH3sNaNi] (Figure A-6); Aas(e) 449 (2.2x10°), 644 (9.3x10*) nm
(Figure B-5, Figure B-6, Figure B-7); Upon excitation at 449 nm, no emission peak
was observed (Figure B-8). Other spectroscopic data were consistent with those

described in the literature.
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3.3.1.6 meso-Tetraphenylcyclohexanoporphyrinatocopper (Cu-4)

Cu (OAC)Z' Hzo
CHCI3/MeOH, rt, 40 min

97%

Following a previously published procedure [68], a solution of 4 (0.121 g,
0.146 mmol) in chloroform (110 mL) was reacted with a solution Cu(OAc),-H,0
(0.146 g, 0.731 mmol) in methanol (12 mL) at room temperature for 40 min. The
mixture was washed with 10% acetic acid and 10% and NaHCOg3. The organic phase
was separated and dried over Na,SO4.  Subsequently, the solvent was removed by
rotary evaporator and the crude was purified by column chromatography (silica gel,
CH.Cly/hexanes (1:1)) to afford Cu-4 as red solid (0.126 g, 97%). MALDI-TOF-MS
m/z obsd 891.451 [M], calcd 892.628 [M = CeoHssN4Cu] (Figure A-7), Aas(e)
425(7.9x10%, 558 nm (Figure B-9, Figure B-10). Other spectroscopic data were

consistent with those described in the literature.

3.3.1.7 meso-Tetraphenyltetrabenzoporphyrinatocopper (Cu-1)

DDQ, THF
reflux, 40 min
-

61%
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Following a previously published procedure [68], a solution of Cu-4 (0.058 g,
0.059 mmol) and DDQ (0.216 g, 0.950 mmol) in THF (150 mL) was refluxed for 40
min in N, atmosphere. The resulting green mixture was washed with 10% Na,SOs,
water, and brine. The organic phase was separated and dried over anhydrous Na,SO;.
The solvent was removed by rotary evaporation and the crude was purified by column
chromatography (silica gel, CH,Cl,/hexane (1:1)) to afford Cu-1 as bright green solid
(0.021 g, 45%). MALDI-TOF-MS m/z obsd 874.675 [M"], calcd 876.501 [M =
CeoHzsN4Cu]  (Figure A-8); hans(e) 449(1.6x10%), 463(1.9x10%), 601(1.3x10%),
648(7.5x10* nm (Figure B-11, Figure B-12, Figure B-13, Figure B-14, Figure B-
15); Upon excitation at 463 nm, no emission peak was observed (Figure B-16).

Other spectroscopic data were consistent with those described in the literature.

3.3.1.8 meso-Tetraphenyltetrabenzoporphyrin (1)

conc. H,SO,4
rt, 30 min

81%

Cu-1 1
Following a previously published procedure [69], Cu-1 (0.052 g, 0.060 mmol)

was dissolved in concentrated sulfuric acid (10 mL) and the mixture was stirred at
room temperature for 30 min. The solution was poured into a water/ice mixture and
extracted with dichloromethane. The organic layer was collected and dried over
anhydrous Na,SO4. The solvent was removed by rotary evaporation and the crude
was purified by column chromatography (silica gel, CH,Cl,/hexanes (2:1)) to afford 1
as green solid (0.039 g, 81%). H-NMR: &4 -1.17 (s, 2H), 7.34-7.43 (m, 8H), 7.82—
8.02 (m, 16H), 8.37 (d, J = 7.6 Hz, 4H), 8.56 (d, J = 7.2 Hz, 8H) (Figure A-9). **C-
NMR: 6¢ 114.5, 115.8, 124.3, 124.7, 125.9, 128.6, 129.0, 129.3, 129.5, 130.1, 131.5,
134.7, 136.2, 139.9, 141.5, 142.1 (Figure A-10). MALDI-TOF-MS m/z obsd
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814.554 [M'], calcd 814.971 (Figure A-11); HR-ESI-MS m/z obsd 815.3174, calcd
814.3096 [M = CeoHa3sN4] (Figure A-12); Aans(e) 465(5.3x10%), 591, 626, 640, 698 nm
(Figure B-17, Figure B-18); Aem (Aex = 465 nm) 720, 787 nm (Figure B-19).

3.3.1.9 meso-Tetraphenyltetrabenzoporphyrinatozinc (Zn-1)

ZnOAC)z' 2H20
CHCl4/MeOH
rt, 12 h

97%

Following a previously published procedure [70], A solution of 1 (0.131 g,
0.161 mmol) in chloroform (117 mL) was reacted with a solution of Zn(OAc),-2H,0
(0.177 g, 0.805 mmol) in methanol (13 mL) at room temperature for 12 h. After the
mixture was washed water, the organic layer was separated and dried over anhydrous
Na,SO,. The solvent was removed by rotary evaporation and the crude was purified
by column chromatography (silica gel, CH,Cl,/hexanes (2:1)) to afford Zn-1 as
greenish blue solid (0.136 g, 97%). 'H-NMR: & 7.16 (dd, J = 6.0, 2.8 Hz, 8H), 7.28
(dd, J = 6.0, 2.8 Hz, 8H) 7.86 (t, J = 7.2 Hz, 8H), 7.93 (t, J =7.2 Hz 4H), 8.30 (d, J =
7.2 Hz, 8H) (Figure A-13). *C-NMR: 8¢ 117.3, 124.3, 124.4, 125.5, 128.8, 129.0,
129.1,132.7, 134.1, 134.2, 138.6, 143.2, 143.4 (Figure A-14). MALDI-TOF-MS m/z
observed 875.913 [M"], calcd 875.365 [M = CgoHzsN4Zn] (Figure A-15); HR-ESI-
MS m/z obsd 876.2231, calcd 876.2231 [M = CgoH3sNsZn] (Figure A-16); Aaps(e)
461(2.8x10°), 607, 652 nm (Figure B-20, Figure B-21); Aem (Aex = 461 nm) 658, 724
nm (Figure B-22).
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3.3.1.10 meso-Tetraphenyltetrabenzoporphyrinatocobalt (Co-1)

CO(OAC)2 ‘4H20
CHCl/MeOH
rt, 4 h

80%

Co-1
Following a previously published procedure [71], A solution of 1 (0.048 g,

0.059 mmol) in chloroform (45 mL) was reacted with a solution of Co(OAc),-4H,0
(0.073g, 0.30 mmol) in methanol (5 mL) at room temperature for 4 h. After the

mixture was washed water, the organic phase was separated and dried over anhydrous
Na,SO,. The solvent was removed by rotary evaporation and the crude purified by
column chromatography (silica gel, CH,Cl,/MeOH (99:1)) to afford Co-1 as dark
green solid (0.0472 g, 89%). MALDI-TOF-MS m/z obsd 870.594 [M'], calcd
871.888 [M = CgoH3sN4Co] (Figure A-17); HR-ESI-MS m/z obsd 871.2273, calcd
871.2272 [M = CgoH3sN4Co] (Figure A-18); Aaps(c) 446(1.7x10°), 595, 640(8.0x10%)
nm (Figure B-23, Figure B-24, Figure B-25); Upon excitation at 446 nm, no

emission peak was observed (Figure B-26).

3.3.1.11 meso-Tetraphenyltetrabenzoporphyrinatotin (Sn(OH),-1)

SnCl,+2H,0, pyridine, DMF,
reflux, 4 h

93%

1 Sn(OH),-1
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Following a previously published procedure [72], A solution of 1 (0.102 g,
0.125 mmol) and SnCl,-2H,0 (0.141 g, 0.625 mmol) in DMF (5 mL) was treated with
pyridine (0.05 mL) and refluxed for 4 h. The blue green precipitate was formed and
collected by filtration. After that, the resulting crude product was purified by column
chromatography (silica gel, CH,CIl,/MeOH (99:1)) to afford Sn(OH),-1 as deep green
solid (0.047 g, 90%). Due the incomplete purification of column chromatography, the
achieved product was over 90% pure, based on *H-NMR spectroscopy. ‘H-NMR: &y
7.23 (dd, J = 6.4, 3.2 Hz, 8H), 7.43 (dd, J = 6.4, 3.2 Hz, 8H) 7.90 (t, J = 7.6 Hz, 8H),
8.00 (t, J =7.6 Hz 4H), 8.34 (d, J = 7.6 Hz, 8H) (Figure A-19); **C-NMR: &¢ 116.5,
125.6, 127.2, 127.6, 129.7, 129.8, 133.9, 137.4, 137.6, 137.8, 141.3, 141.6, 141.7,
141.8, 142.0 (Figure A-20). MALDI-TOF-MS m/z obsd 966.292 [M*], calcd
965.679 [M = CgoH3sN4O,Sn] (Figure A-21); HR-ESI-MS m/z obsd 963.1883, calcd
966.2017 (Figure A-22); has(e) 430(3.0x10%), 466(4.1x10°), 612, 660(8.5x10%) nm
(Figure B-27, Figure B-28, Figure B-29, Figure B-30); Aem (Aex = 466 NmM) 665, 745
nm (Figure B-31).

3.3.2 Electrochemical Studies

3.3.2.1 Background Current

Background cyclic voltammogram was obtained in freshly distilled
anhydrous DMF solution of tetrabutylammonium hexafluorophosphate (TBAPFs), a
supporting electrolyte at the concentration of 0.1 M. This cyclic voltammogram was
recorded at the scan rate of 100 mV-s in the range of —0.5 to —2.3 V. The solution
was purged with nitrogen (N,) or CO, for 20 min before each measurements. In the
experiment under radiation, a 75-watt tungsten-halogen lamp was used and placed
approximately 70 cm away from the electrochemical cell to avoid the temperature

effect.

3.3.2.2 Electrochemical reduction of CO,

Electrocatalytic activity of the porphyrins towards reduction of CO, was
tested by means of cyclic voltammetry at the potential range of -0.5 to -1.9 V and
—0.5t0 -2.3 V. Cyclic voltammogram was carried out in a DMF solution containing
1.0 mM metallotetrabenzoporphyrin and 0.1 M TBAPFs in anhydrous DMF at the
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scan rate of 100 mV-s*. The solution was purged with N, or CO, for 20 min before
each measurements. In the experiment under radiation, a 75-watt tungsten-halogen

lamp was used and placed approximately 70 cm away from the electrochemical cell to
avoid the temperature effect.



CHAPTER IV
RESULTS AND DISCUSSION

The key concept of this work is to develop the free base and
metallobenzoporphyrinic derivatives for using as electrocatalysts for reduction of
CO,. The benzoporphyrin have phenyl groups at the meso positions and the fused
benzene ring on the pyrrolic rings at the beta positions. The transition metals that
were inserted into tetraphenyltetrabenzoporphyrin are cobalt(Il), copper(1l), nickel(ll),
tin (IV) or zinc(Il). The studies for their electrocatalalytic activity for reduction of
CO; were performed under the N, saturated and CO, saturated conditions, under
ambient light and radiation. The electrochemical features and catalytic activity of

these compounds were thoroughly investigated by means of cyclic voltammetry.

4.1 Synthesis and Characterization

4.1.1 Synthesis of Benzoporphyrin Derivatives

According to the published reports [67], meso-substituted benzoporphyrin
derivatives were successfully synthesized from isoindole derivatives. As a starting
material of the entire reaction sequence, 4,5,6,7-tetrahydroisoindole ester 2 was
quantitatively prepared from commercially available 1-nitrocyclohexene and ethyl
isocyanoacetate in a presence of DBU via Barton-Zard synthesis [73] (Scheme 4-1).
Tetrahydroisoindole (3) was obtained as solid from refluxing compound 2 with the
excess of KOH in the ethylene glycol for 2 h. Compound 3 was reacted under
Lindsey’s condition with benzaldehyde in the present BF3-Et,O at room temperature
for 1 h [67]. Then, DDQ was added in the reaction mixture as an oxidizing agent,
giving tetraphenylcyclohexanoporphyrin 4. The major reason of this moderate yield
is the competitive reaction in the porphyrin formation step, e.g. a polymerization of
tetrahydroisoindole and the formation of other possible N—confused isomers. From its
'H-NMR spectrum, 4 exhibited four characteristic multiplet signals indicating 32
cyclohexyl protons at 6 1.18-2.73 ppm, and multiplet signals of 8 ortho-phenyl
protons at & 6.69—7.51 ppm, multiplet signals of 4 para-phenyl protons at 6 7.51-7.88
ppm, and multiplet signals of 8 meta-phenyl protons at 6 7.88-8.50 ppm. Absorption
spectrum of 4 showed a characteristic pattern of the porphyrins having a strong Soret
band at 462 nm and Q-bands at 610 nm and 665 nm. A MALDI-TOF mass spectrum



29

confirmed the formation of 4 by showing the molecular ion peak [M]"* at m/z 831.200,

which consistent with a calculated value of m/z 831.098.

NO,

THF, reflux, 24 h

.

COOEt

gl%l CNCH,COOE, DBU

N
H
2
KOH, ethylene glycal
reflux, 2 h

i) BF3Et,0, CH,Cly, 1t, 4 h
iiiy DDQ, 8 h

N
H
3
Li) Benzaldehyde

4 (52% from 2)

Scheme 4-1: Synthesis of compound 4
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An effort to fully aromatize 4 failed to give the desired free base
benzoporphyrin 1 due to the decomposition of compound 4. Therefore, metallation of
4 by Cu(OAc),-2H,0 and Ni(OAc),-2H,0 was performed to get Ni-4 and Cu-4,
respectively, first (Scheme 4-2). Due to templating effect caused by the metal
chelation, Ni-4 and Cu-4 was successfully aromatized to Ni-1 and Cu-1, respectively.
Compound 4 was nickel-metallated in the presence of Ni(OAc),-H,O in
chloroform/methanol at room temperature for 1 h, followed by the treatment with
TEA for 40 min, to obtain compound Ni-4 in 90% vyield [68]. Then, Ni-4 was readily
aromatized by DDQ in refluxing THF for 1 h, affording compound Ni-1 in 48% vyield.
Absorption spectrum of Ni-1 showed a strong Soret band at 449 nm and Q-bands at
592 and 644 nm. However, upon excitation at 449 nm, no emission peak was
observed. MALDI-TOF mass spectrum of Ni-1 showed a molecular ion peak at m/z

869.622, which was consistent with a calculated value of m/z 871.648.
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Cu(OAC)#H,0 or Ni(OAC),»H,0

- N

Ni-4 (90%); M= Ni
or Cu-4 (97%); M= Cu

l DDQ, dry THF, reflux, 1 h

Ni-1 (48%); M = Ni
Cu-1 (61%); M=Cu

Scheme 4-2: Synthesis of Ni-1 and Cu-1.
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In a similar manner, compound 4 was copper-metallated in the presence of
Cu(OAC)2-H20 in chloroform/methanol at room temperature for 40 min, resulting in
compound Cu-4 in 97% vyield [68]. Then, Cu-4 was readily aromatized by DDQ in
THF refluxing for 40 min, affording compound Cu-1 in 61% vyield. Absorption
spectrum of Cu-1 showed a strong band at 449 nm and 463 nm and Q-band at 595
and 643 nm. Upon excitation at 462 nm, no emission peak was observed. Based on
mass spectrometry, Cu-1 exhibited a molecular ion peak in its MALDI-TOF mass
spectrum at m/z 875.675, which was consistent with a calculated value of m/z
875.501.

For the demetallation step, the experiments have to use the Cu-1 because the
Cu-1 was stable and the copper complex can be demetallated by concentrated sulfuric
acid according to the previous report [69]. Upon the treatment of Cu-1 with the
concentrated sulfuric acid at room temperature for 30 min, compound 1 was obtained
in 81% yield (Scheme 4-3). A broad singlet signal of two inner protons at 6 —1.17
ppm in its "H-NMR spectrum confirmed the formation of the free base derivative. A
UV-Vis spectrum of 1 showed the characteristic pattern of the porphyrin with a Soret
band at 465 nm and Q-bands at 629, 639 and 798 nm. Upon excitation at 465 nm, the
emission spectrum showed emission peaks at 720 and 787 nm. MALDI-TOF mass
spectrometry showed a molecular ion peak of 1 at m/z 814.554 and HR-ESI mass
spectrum exhibited the [M + H]" the corresponding peaks of 1 at m/z 815.3175.
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1
Zn(OAc), + 2H,0, Co(OAC),+ 4H,0 or
SnCly* 2H0

Zn-1 (97%); M =Zn
Co-1 (80%); M = Co
Sn(OH),-1 (93%); M = Sn(OH),

Scheme 4-3: Synthesis of Metallation of compound 1
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To obtain the desired Zn-1, 1 was zinc-metallated in the presence of
Zn(OAC),-2H,0 in chloroform/methanol at room temperature overnight, as described
in the previous study [70]. A UV-Vis spectrum of Zn-1 showed the characteristic
pattern of the porphyrin with a Soret band at 461 nm and Q-bands at 666 and 731 nm.
Upon excitation at 461 nm, the emission spectrum showed emission peaks at 658 and
724 nm. Its *H-NMR spectrum exhibited no broad singlet signal at & —1.17 ppm
observed in the case of compound 1, indicating the complete metallation of compound
1. A MALDI-TOF mass spectrum and HR-ESI mass spectrum confirmed the
formation of Zn-1 by showing the molecular ion peak at m/z 875.913 and 876.2231,

respectively.

In a similar manner, Co-1 was readily synthesized by metallation of
compound 1 with Co(OAc),-4H,0, leading to compound Co-1 in 80% vyield as
described in the previous study [71]. UV-Vis spectrum of Co-1 showed the
characteristic pattern of the porphyrin with a Soret band at 447 nm and Q-bands at
595 and 643 nm. Upon excitation at 446 nm, no emission peak was observed.
MALDI-TOF mass spectrometry showed a molecular ion peak of Co-1 at m/z
870.594 and HR-ESI mass spectrum exhibited the corresponding peak of Co-1 at m/z
871.2273.

Sn(OH),-1 was prepared by metallation of 1 with SnCl,-2H,0 in refluxing
anhydrous DMF for 4 h, resulting in Sn(OH),-1 in 89% vyield, as described in the
previous study [72]. UV-Vis spectrum showed a Soret band at 466 nm and Q-bands
at 612 and 660 nm. Upon excitation at 466 nm, the emission spectrum showed
emission peaks at 665 and 745 nm. No broad singlet signal at & —1.17 ppm was
observed in its "H-NMR spectrum, indicating the complete metallation of compound
1. MALDI-TOF and HR-ESI mass spectrometry confirmed the formation of
Sn(OH),-1 by showing a molecular ion peak at m/z 966.292 and 963.1883,

respectively.

4.1.2 Investigation of Photophysical Properties
The photophysical properties of 1, Ni-1, Cu-1, Zn-1, Co-1 and Sn(OH),-1
were investigated in toluene by using UV-Vis spectrophotometry and fluorescent

spectrophotometry. The results of all compounds are summarized in Table 4-1.



Table 4-1 Photophysical properties of 1 and its metallated derivatives

Compound
Soret band Q-bands (Aex/nm)
626°, 6402 720, 787
1 465 (5.3x10°)
6982 (465)
_ : 592° -
Ni-1 449 (2.2x10°)
644 (9.3x10% (449)
449 (1.6x10°) 601 (1.3x10% b
Cu-1
463 (1.9x10°) 648 (7.5x10% (463)
6072 658, 724
Zn-1 461 (2.8x10°)
6522 (461)
446 (1.7x10°) 595 -
Co-1 '
640 (8.0x10% (446)
430 (3.0x10% 6122 665, 745
Sn(OH),-1
466 (4.1x10°) 660 (8.5x10% (466)

& Due to low absorption, the ¢ value could not be determined.

® No emission peak was observed.
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Normalized absorption spectra of all compounds were recorded in toluene and

are shown in Figure 4-1. All compounds exhibited chacteristic absorption patterns of

the metal chelated benzoporphyrin with intense Soret band in the range of 446-466
nm with the absorption coefficient of 1.6x10°-5.3x10°> M*-cm™, and the Q-band in

the range of 592-698 nm. Upon excitation at the absorption maxima, 1, Zn-1 and

Sn(OH),-1 showed emission peaks in the range of 658-787 nm as shown in Figure

4-2, while Ni-1, Cu-1 and Co-1 showed no significant emission.



36

1.2 p
::: | Zn-1
o 1.0 - : Co-1
@ . | Cu-1
2 o8 | Ni-1
s | Sn(OH),-1
S
w 0.6 -
Q
2 ]
e _
0 0.4
N d
©
e 0.2 -
[ .
= |
Z 0.0 -

|
400 500 600 700 800
Wavelength / nm

Figure 4-1: Normalized UV-Vis absorption spectra of 1 and its derivatives
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Figure 4-2: Normalized intensity emission spectra of 1, Zn-1 and Sn(OH),-1

4.2 Investigation of Elctrochemical Properties
All compounds were studied by means of cyclic voltammetry to evaluate their

catalytic activity for the reduction of CO, as described below.



37

4.2.1 Electrolyte Solution

Figure 4-3 shows typical cyclic voltammograms of 0.1 M TBAPF; in
anhydrous DMF solution at the scan rate of 100 mV-s* in the potential range of —0.5
and —2.3 V. No peak was observed under N, saturated condition with the ambient
light, indicating no reduction or oxidation of any species in the system. Under CO,
saturated condition with the ambient light, the current enhancement showed in the
potential range of —2.0 to —2.3 V. Upon radiation by the halogen lamp, cyclic
voltammograms recorded under both N, and CO, saturated conditions were found to
be almost identical to those recorded with the ambient light, indicating that light did
not significantly affect the electrochemical behavior of the background solution.
According to previous research [74] and this work, since a 0.1 M TBAPF¢ solution
did not give any peak in the range of —0.5 to —2.3 V, it can be used as a background

for the cyclic voltammetric studies.

-20
| —— N5 under ambient light
-15 1 —— Nj under irradiation
4 —— CO, under ambient light
10 - —— CO, under irradiaiton
<
=
P %
c 1
e
= 0 - e
=
&)
5
10 -
15 |

' | ' T ' | ‘ |
-0.5 -1.0 -1.5 -2.0 -2.5

Potential vs. Ag/Ag” / V

Figure 4-3: Cyclic voltammograms for a DMF solution containing 0.1 M TBAPF; in
the presence of N, under the ambient light (black line), N, under halogen-lamp
radiation (red line), CO, under the ambient light (blue line) and CO, under
halogen-lamp radiation (green line) recorded at the scan rate of 100 mV-s™ in the
range of -0.5t0 2.3V
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4.2.2 Compound 1

Cyclic voltammograms of compound 1 were recorded in the potential ranges
of —0.5 to —1.65 V for observing the first reduction peak in particular and —0.5 to —2.3
V for obtaining the the overall reduction pattern at 100 mV-s* as shown in
Figure 4-4 and Figure 4-5, respectively. Under the N, saturated condition with the
ambient light (black lines), the first reduction of compound 1 showed reversible
reduction peak at —1.49 V. As seen in Figure 4-4, when the DMF solution of
compound 1 was saturated with CO and its cyclic voltammogram under ambient light
showed reduction peak at —1.46 V and the cyclic voltammogram undergoes one
irrevesible reduction step. Compared with the result obtained under N, saturated
condition, the reduction peak positively shifts by 30 mV with approximately 2 folds
of peak current from 10.6 pA to 26.8 uA. The reduction peak was also observed with
new oxidation signal at —0.90 V, implying that compound 1 might bind with CO, to
form unknown species. As display in Figure 4-5, another reversible reduction peak
appears under N, saturated condition at —1.78 V. When the DMF solution of
compound 1 was saturated with CO,, its cyclic voltammogram under ambient light
shows irreversible reduction peaks at —2.06 V with the disappearance of the anodic
peak at —1.78 V, and the peak shifts negatively by —0.28 V with the peak current
enhancement from 14.4 pA to 31.5 pA. The new oxidation signals were observed at
—-0.75 and -0.80 V, implying that the unknown species is likely to be obtained from
the second irrevesible reduction. The results revealed that the second reduction was
more negatively shifted under CO, saturated condition because compound 1 might
bind with CO, to yield unknown species changing the electrochemical behavior.
Cyclic voltammograms upon radiation by the halogen lamp under N, and CO,
saturated conditions were very similar to those observed under the ambient light,
indicating that the reduction of CO, by compound 1 is not affected by halogen-lamp

irradiation.
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Figure 4-4: Cyclic voltammograms for a DMF solution containing 1.0 mM
compound 1 and 0.1 M TBAPFg in the presence of N, under the ambient light (black
line), N, under halogen-lamp radiation (red line), CO, under the ambient light (blue

line) and CO, under halogen-lamp radiation (green line) recorded at the scan rate of
100 mV-s ' in the range of —0.5 to —1.65 V/
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Figure 4-5: Cyclic voltammograms for a DMF solution containing 1.0 mM

compound 1 and 0.1 M TBAPFg in the presence of N, under the ambient light (black
line), N2 under halogen-lamp radiation (red line), CO, under the ambient light (blue

line) and CO, under halogen-lamp radiation (green line) recorded at the scan rate of
100 mV-s* in the range of -0.5to —2.3 V
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4.2.3 Compound Ni-1

To observe the first and second reduction of compound Ni-1, its cyclic
voltammograms were performed in the ranges of —0.5 to -1.85 V and -0.5to -2.3 V
as shown in Figure 4-6 and 4-7, respectively. Cyclic voltammograms of compound
Ni-1 in the presence of N, under both the ambient light and the halogen-lamp light
showed the first reversible reduction peak at —1.46 V and the second irrevesible one at
—2.27 V. Since the oxidation peak at —0.60 V of Figure 4—7 was not observed in
Figure 4-6, this new species is likely to be obtained from the second irrevesible
reduction. When the solution of compound Ni-1 was saturated with CO, and its cyclic
voltammograms were recorded under the ambient light (black line), the cathodic peak
for the first reduction was observed at similar potenital but with a decrease in current.
Compared to those observed under Ny-saturated condition, the second reduction peak
(Figure 4-7) shifts positively by 70 mV with the current increase from 10.5 pA to
20.2 pA. The current enhancement and the positive shift at the second reduction peak
indicate that compound Ni-1 is capable of electrochemically catalyzing the reduction
of CO,. Under hallogen-lamp radiation in the presence of N, and CO,, the cyclic
voltammograms showed similar pattern, illustrating that light has no effect on the

electrocatalytic activity of compound Ni-1 for the reduction of CO,.
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Figure 4-6: Cyclic voltammograms for a DMF solution containing 1.0 mM

compound Ni-1 and 0.1 M TBAPFs in the presence of N, under the ambient light
(black line), N2 under halogen-lamp radiation (red line), CO, under the ambient light
(blue line) and CO, under halogen-lamp radiation (green line) recorded at the scan
rate of 100 mV-s* in the range of —0.5 to —1.85 V
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Figure 4-7: Cyclic voltammograms for a DMF solution containing 1.0 mM
compound Ni-1 and 0.1 M TBAPFs in the presence of N, under the ambient light
(black line), N2 under halogen-lamp radiation (red line), CO, under the ambient light

(blue line) and CO, under halogen-lamp radiation (green line) recorded at the scan
rate of 100 mV-s* in the range of -0.5t0 —2.3 V
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4.2.4 Compound Cu-1

To observe the first and the second reduction of compound Cu-1, cyclic
voltammograms were recorded in the range of —0.5 to -1.9 V (Figure 4-8) and —0.5
to —2.3 V (Figure 4-9) at the scan rate of 100 mV-s . As seen in Figure 4-8, cyclic
voltammograms of an N-saturated solution of Cu-1 under the ambient light (black
line) and halogen-lamp radiation (red line) exhibited the first reversible reduction
peak at —1.52 V. Under the CO, saturated condition with the exposure to the ambient
light (blue line) and the halogen-lamp radiation (green line), the reduction process
occurred at similar potential with slight current increase from 11.3 pA to 12.2 pA.
This result indicates that the first reduction was not affected by CO,. As displayed in
Figure 4-9, cyclic voltammograms of N,-saturated solution of Cu-1 under the
ambient light and the radiation showed the second quasi-revesible peak at —2.16 V.
Additional oxidation signal was observed at —0.75 V, indicating the formation of the
unknown species from the second reduction. When the solution of compound Cu-1
was saturated with CO, under the ambient light and the radiation, the cyclic
voltammogram was observed with the positive shift by 30 mV and the dramatic
increase in current from 18.5 pA to 47.1 pA. The cyclic voltammogram exhibited the
enhancement of the second reduction peak and the hysteresis at —1.90 V. On the
reverse scan, the anodic peak appeared at similar potential with higher current. The
oxidation signal at —1.45 V of Figure 4-9 showed the current decrease compared with
those in Figure 4-8. This new species is likely to be obtained from the second
irrevesible reduction. The slight positive shift of the second reduction peak and the
great current enhancement observed in this experiment suggested that compound
Cu-1 could be a good candidate for using as an electrocatalyst for the reduction of
CO.. Upon radiation with the halogen lamp, the cyclic voltammograms under N, and
CO, saturated conditions were very similar to those observed under the ambient light,
indicating that the reduction of CO, by compound Cu-1 is hardly affected by
halogen-lamp irradiation.
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Figure 4-8: Cyclic voltammograms for a DMF solution containing 1.0 mM
compound Cu-1 and 0.1 M TBAPFs in the presence of N, under the ambient light
(black line), N2 under halogen-lamp radiation (red line), CO, under the ambient light

(blue line) and CO, under halogen-lamp radiation (green line) recorded at the scan
rate of 100 mV-s™* in the range of -0.5t0 -1.9 V
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Figure 4-9: Cyclic voltammograms for a DMF solution containing 1.0 mM
compound Cu-1 and 0.1 M TBAPFs in the presence of N, under the ambient light
(black line), N, under halogen-lamp radiation (red line), CO, under the ambient light

(blue line) and CO, under halogen-lamp radiation (green line) recorded at the scan
rate of 100 mV-s* in the range of -0.5t0 —2.3 V
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4.2.5 Compound Zn-1

Cyclic voltammograms of compound Zn-1 were recorded in the potential
ranges of —0.5 to —1.9 V (Figure 4-10) for observing the first reduction peak and —0.5
to —2.3 V (Figure 4-11) for obtaining the overall reduction pattern of compound Zn-1
at 100 mV-s'. As seen in Figure 4-10, cyclic voltammograms of an N.-saturated
solution of Zn-1 under the ambient light and halogen-lamp radiation exhibited
reversible reduction peak at —1.79 V. Under the CO, saturated condition with the
exposure to the ambient light and the halogen-lamp radiation, the reduction process
occurred at similar potential with slight current increase current from 9.8 uA to 10.6
pA.  This result indicates that the first reduction was not affected by CO,. As
displayed in Figure 4-11, cyclic voltammograms of N,-saturated solution of Zn-1
under the ambient light and the radiation exhibited another quasi-reversible reduction
peak at —2.06 V. Additional oxidation signals were observed in the potential range
of —0.75 V to —0.90 V when the potential scan went beyond —1.9 V, indicating the
formation of the unknown species from the second reduction. Under the CO,
saturated condition with the exposure to the ambient light and the radiation, reduction
process occurred with slight current increase from 14.4 pA to 16.9 pA for the second
peak. Unknown oxidation signals were found in the potential range of —0.60 V to
—0.90 V, indicating the occurrence of the different reductive process(es), compared to
that observed from the N, saturated system. Since the results showed the increase in
current in the presence of CO,, it can be suggested that Zn-1 might be used as an
electrocatalyst for the reduction of CO,. Under radiation in presence of N, and CO,,
cyclic voltammograms showed similar pattern with the ambient light, illustrating that
light has no effect on the electrocatalytic activity of compound Zn-1 on the reduction
of CO..
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Figure 4-10: Cyclic voltammograms for a DMF solution containing 1.0 mM
compound Zn-1 and 0.1 M TBAPFs in the presence of N, under the ambient light
(black line), N2 under halogen-lamp radiation (red line), CO, under the ambient light
(blue line) and CO, under halogen-lamp radiation (green line) recorded at the scan
rate of 100 mV-s™* in the range of -0.5t0 1.9 V

-30
—— N, under ambient light
11— NZ under irradiation
-20 -| —— CO5 under ambient light
< | -—————COZ under irradiation
2
~
= -10
(]
=
>
(&) 0.
10

Potential vs. Ag/Ag™ | V

Figure 4-11: Cyclic voltammograms for a DMF solution containing 1.0 mM
compound Zn-1 and 0.1 M TBAPF; in the presence of N, under the ambient light
(black line), N, under halogen-lamp radiation (red line), CO, under the ambient light
(blue line) and CO, under halogen-lamp radiation (green line) recorded at the scan
rate of 100 mV-s* in the range of -0.5to —2.3 V



46

4.2.6 Compound Co-1

In a similar manner to the electrochemical measurement of compound 1,
cyclic voltammograms of compound Co-1 were recorded in the potential ranges of
—0.5 to —1.65 V (Figure 4-12) and —0.5 to —2.3 V (Figure 4-13) at 100 mV-s .
Under N, saturated condition, a solution of compound Co-1 in the ambient light and
halogen-lamp light gave similar voltammograms and showed one reversible reduction
peak with the cathodic peak potential of —1.04 V. The second reduction peak was not
observed in this potential range. According to the previously published results
[selected publications: [61, 75, 76]], Co(ll)-porphyrins normally gave two reduction
peaks. However, only one reduction peak was observed in this experiment. It is
possible that more negative potential was required. In the presence of CO, under the
ambient light and the radiation, the first reduction peak appears almost the same
potential with slight decrease in the current in comparison with the peak observed
under N,-saturated condition. At -2.3 V, the current increasingly changed from 11.9
LA as observed in N, saturated condition to 23.5 pA. These results indicated that the
first reduction of Co-1 was not affected by the halogen lamp in the presence of CO,
and the second reduction, which seemed to occur beyond —2.3 V, changed in current
size with CO,, implying that Co-1 has somewhat tendency to accelerate reduction of
CO..
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Figure 4-12: Cyclic voltammograms for a DMF solution containing 1.0 mM
compound Co-1 0.1 M TBAPFg in the presence of N, under the ambient light (black
line), N, under halogen-lamp radiation (red line), CO, under the ambient light (blue

line) and CO, under halogen-lamp radiation (green line) recorded at the scan rate of
100 mV-s ' in the range of —0.5 to 1.5 VV
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Figure 4-13: Cyclic voltammograms for a DMF solution containing 1.0 mM
compound Co-1 and 0.1 M TBAPF; in the presence of N, under the ambient light
(black line), N, under halogen-lamp radiation (red line), CO, under the ambient light

(blue line) and CO, under halogen-lamp radiation (green line) recorded at the scan
rate of 100 mV-s* in the range of -0.5to —2.3 V
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4.2.7 Compound Sn(OH),-1

Cyclic voltammograms of Sn(OH),-1 were recorded in the range of —0.5 to
-1.4 V (Figure 4-14) and -0.5 to -2.3 V (Figure 4-15) at the scan rate of
100 mV-s'. As shown in Figure 4-14, cyclic voltammograms of N, saturated
solution of Sn(OH),-1 under the ambient light (black line) and under radiation (red
line) showed the first reversible reduction peak at —1.21 V. When the compound
Sn(OH),-1 solution was saturated with CO, under the ambient light (blue line) and
the radiation (green line), its cyclic voltammograms showed reversible reduction peak
with small increase in cathodic current. This result indicates that the first reduction

was not affected by CO,.

In Figure 4-15, the second reduction showed quasi-reversible peak at —1.64
V in N atmosphere. Under CO, saturated condition, a solution of compound
Sn(OH),-1 showed irreversible potential peaks at —1.21 and —-1.62 V. The second
reduction peak was found with the positive shift by 20 mV and the increase in current
from 7.4 uAto 7.7 uA. Moreover, three new irrevesible anodic peaks were found in
the range of —-0.60 and -1.30 V, indicating the different reductive procees(es)
compared to that happened in the N, saturated system. Since the results showed small
current enhancement and small positive shift of potential in the presence of
Sn(OH),-1 and CO,, it can suggest that Sn(OH),-1 showed low tendency for
catalyzing the reduction of CO,. Upon radiation by the halogen lamp, the cyclic
voltammograms under N, and CO, saturated conditions were very similar to those
observed under the ambient light, indicating that Sn(OH),-1 catalyzed reduction of

CO, was hardly affected by halogen-lamp irradiation.
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Figure 4-14: Cyclic voltammograms for a DMF solution containing 1.0 mM

compound Sn(OH),-1 and 0.1 M TBAPFs in

the presence of N, under the ambient

light (black line), N, under halogen-lamp radiation (red line), CO, under the ambient

light (blue line) and CO, under halogen-lamp radiation (green line) recorded at the
scan rate of 100 mV-s* in the range of 0.5 to 1.4 V
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Figure 4-15: Cyclic voltammograms for a

DMF solution containing 1.0 mM

compound Sn(OH),-1 and 0.1 M TBAPF; in the presence of N, under the ambient

ligh t (black line), N, under halogen-lamp iradiation (red line), CO, under the ambient

light (blue line) and CO, under halogen-lamp

scan rate of 100 mV-s* in the range of —0.5 to —

radiation (green line) recorded at the
2.3V
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According to the cyclic voltammetric result, the electrochemical data of 1 and
its metallobenzoporphyrin derivatives were summarized in Tables 4-2. It should be
noted that the reduction peaks and potentials observed under the ambient light and
radiation were almost identical, revealing that light from the halogen lamp did not
affect the electrochemical behavior of all compounds significantly. Under the N,
saturated and CO; conditions, the second reduction of compound 1 showed great
negative shift of the reduction potential, suggesting that the compound 1 may bind
with CO, to generate the new species that has different electrochemical behavior, as
mentioned above. The first reduction under the N, saturated and CO, saturated
conditions of Co-1, Sn(OH),-1, Ni-1, Cu-1 and Zn-1 presented similar potential
reduction in the range of -1.04 V to —1.79 V. As for the second reduction, cyclic
voltammograms of these compounds recorded under both N, and CO, saturated
conditions were found to be varied. Zn-1 and Sn(OH),-1 showed similar
electrochemical behaviors with small positive shift at —2.06 V and -1.64 V,
respectively. Ni-1 and Cu-1 gave irreversible reduction peaks at —2.27 and —-2.16 V,
respectively, that positively shifted by 70 and 30 mV, respectively. The second
reduction peak of Co-1 was not observed in this potential range and more negative
potential may be required as mentioned in section 4.2.6. From these results, it
indicates that the metallobenzoporphyrin derivatives gave small shift of the redox
potentials on the reduction of CO..
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Table 4-2 Electrochemical data of compound 1 and metallobenzoporphyrin
derivatives from their cyclic voltammograms in a DMF solution containing 0.1 M
TBAPF¢ saturated with N, and CO, under the ambient light and the halogen-lamp
radiation at 100 mV-s™ in the potential range of 0.5 to —2.3 V.

Cathodic peak potential (V)
Compound | Condition
First peak Second peak
N -1.49 -1.78
1

CO; -1.46 —-2.06

N, -1.46 —2.27
Ni-1

CO, -1.46 -2.20

N> -1.52 -2.16
Cu-1

CO, -1.52 -2.13

[\ -1.79 —2.06
Zn-1

CO; -1.79 -2.06

N -1.04 _
Co-1

CO, -1.04 -8

N2 -1.21 -1.64

Sn(OH),-1
CO, -1.21 -1.62

& The peak potential cannot be measured.
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The current and the current enhancement caused by the presence of compound
1 and its metallobenzoporphyrin derivatives under the N, and CO, saturated
conditions are shown in Table 4-3. Compared between the cyclic voltammograms of
compound 1 obtained under the N, and CO, saturated conditions, the first reduction
peaks was slightly increased, while the second one showed high current enhancement.
However, as mentioned above, the mechanistic investigation of the process has to be
studied in detail. The first reduction of Ni-1, Cu-1, Zn-1, Co-1 and Sn(OH),-1 under
the N, and CO, saturated conditions showed the current change in the range of —0.3
MA and 0.9 pA, which is equivalent to a —7.3% and a 9.5% current enhancement,
suggesting that the metallobenzoporphyrin derivatives showed no significant current
enhancement in their first reduction. As for their second reduction peaks under the N,
and CO; saturated conditions, Zn-1 and Sn(OH),-1 gave current enhancement of 2.5
MA and 0.3 pA, or 17.3% and 4.1%, respectively, while Ni-1 and Cu-1 exhibited the
current enhancement of 20.2 pA and 47.1 pA, which is equivalent to 92.4% and
154.0%, respectively. The second peak of compound Co-1 was not observed in these
potential ranges. Therefore, the current enhancement was evaluated at —2.3 V, and
found to be 97.5%.

The above-mentioned observation suggested that the reduction of CO, can be
electrochemically catalyzed by these metallobenzoporphyrins. Based on the previous
study [77], the reactions are possibly metal centered and simplified mechanism is
presented in the below reaction. It is possible that the electrons are transferred to the

electrocatalyst and then M(I)L_may further react with CO,.

M(I)L + & ——— M()L~

Since good electrocatalyst should exhibit proper reduction potential reduction
and gave the high current enhancement, we can hereby conclude
that the good electrocatalyst for the electrochemical reduction of
CO, is Cu-1, the moderate catalysts are Ni-1 and Co-1, and Zn-1
and Sn(OH),-1 are poor catalysts. As for compound 1, it is hard to conclude from the

results in this study and therefore detailed studies are required.
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Table 4-3 Current and increase in current of the reduction of CO, catalyzed by 1 and

its metallobenzoporphyrin derivatives.

Current under ambient

light (LA)
Cathodic N, CcO, lcor—In. | % increase in
Compound .
Peak saturated saturated (nA) current
condition condition
(INz) (|C02)
1 10.6 21.8 11.2 105.0
1
2 14.4 315 17.1 119.0
1 4.1 3.9 -0.3 —7.3
Ni-1
2 10.5 20.2 9.7 92.4
1 11.3 12.2 0.9 8.0
Cu-1
2 185 47.1 285 154.0
1 9.8 10.6 0.8 8.2
Zn-1
2 16.9 16.9 2.5 17.3
1 8.5 8.8 0.8 8.2
Co-1
2 11.9° 23.5 11.6° 97.5
1 4.2 4.6 0.4 9.5
Sn(OH)z-l
2 7.4 7.7 0.3 4.1

%% increase in current was calculated from: % increase = ((Ico—In2)/In2)*100

® The values from the signal at —2.3 V




CHAPTER V
CONCLUSION

The metallobenzoporphyrin derivatives and compound 1 were successfully
synthesized from the condensation between isoindole 3 and benzaldehyde under
Lindsey’s condition. The overall yields for all compounds are 48 to 97%. The
formation of the benzoporphyrin derivatives were confirmed by spectroscopic
techniques. Their electrocatalytic activity on the homogeneous system for the
reduction of CO, was performed by means of cyclic voltammetry. Cyclic
voltammetric results exhibited that Cu-1 is found to be the most potential catalyst for
the reduction of CO,. Ni-1 and Co-1 showed moderate catalytic activity, and Zn-1
and Sn(OH),-1 are poor catalysts. As for compound 1, further studies have yet to be
done. The results also indicated that light had no significant effect on the
electrochemical behavior of all compounds. To further develop these compounds as
good electrocatalysts for the reduction of CO,, the product analysis of the reduction

should be investigated.
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Figure A-12: HR-ESI mass spectrum of compound 1

72
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Figure A-16: HR-ESI mass spectrum of compound Zn-lk
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Figure A-18: HR-ESI mass spectrum of compound Co-1
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Figure A-22: HR-ESI mass spectrum of compound Sn(OH),-1
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Figure B-1: Absorption spectrum of compound 4 in toluene

1.0

| ! | ! |
400 500 600

Wavelength / nm

|
700

800

- R2
0.8 1

0.6 S

0.4 1

Absorbance / a.u.

0.2 1

Y =124970X
= 0.9996

0.0

1 2 3 4 5
Concentration / uM

Figure B-2: Calibration curve of the 462 nm absorption for quantitative

determination of compound 4 in toluene
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Figure B-3: Absorption spectrum of compound Ni-4 in toluene
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Figure B-4: Calibration curve of the 425 nm absorption for quantitative

determination of compound Ni-4 in toluene
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Figure B-5: Absorption spectrum of compound Ni-1 in toluene
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Figure B-6: Calibration curve of the 449 nm absorption for quantitative

determination of compound Ni-1 in toluene

86



0.40

] Y =93380X
0.35- R”*=0.9991

030:
025:
020:
045:

0.10

Absorbance / a.u.

0.05 1

0.00 T 1 T ' T v T T 1 y
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Concentration / uM
Figure B-7: Calibration curve of the 644 nm absorption for quantitative

determination of compound Ni-1 in toluene
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Figure B-8: Emission spectrum of compound Ni-1 in toluene (Aex = 449 nm)
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Figure B-10: Calibration curve of the 425 nm absorption
for quantitative determination of compound Cu-4 in toluene
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Figure B-11: Absorption spectrum of compound Cu-1 in toluene
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Figure B-12: Calibration curve of the 449 nm absorption

for quantitative determination of compound Cu-1 in toluene
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Figure B-13: Calibration curve of the 463 nm absorption for quantitative

determination of compound Cu-1 in toluene
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Figure B-14: Calibration curve of the 601 nm absorption for quantitative

determination of compound Cu-1 in toluene
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Figure B-15: Calibration curve of the 648 nm absorption for quantitative

determination of compound Cu-1 in toluene
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Figure B-16: Emission spectrum of compound Cu-1 in toluene (Aex = 463 nm)
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Figure B-17: Absorption spectrum of compound 1 in toluene
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Figure B-18: Calibration curve of the 465 nm absorption for quantitative

determination of compound 1 in toluene
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Figure B-19: Emission spectrum of compound 1 in toluene (Aex = 465 nm)
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Figure B-20: Absorption spectrum of compound Zn-1 in toluene
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Figure B-24: Calibration curve of the 446 nm absorption for quantitative

determination of compound Co-1 in toluene
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Figure B-25: Calibration curve of the 640 nm absorption for quantitative

determination of compound Co-1 in toluene
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Figure B-26: Emission spectrum of compound Co-1 in toluene (Aex = 446 nm)
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Figure B-27: Absorption spectrum of compound Sn(OH),-1 in toluene
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Figure B-28: Calibration curve of the 430 nm absorption for quantitative

determination of compound Sn(OH),-1 in toluene
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Figure B-29: Calibration curve for of the 466 nm absorption quantitative

determination of compound Sn(OH),-1 in toluene
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Figure B-30: Calibration curve of the 660 nm absorption for quantitative

determination of compound Sn(OH),-1 in toluene
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Figure B-31: Emission spectrum of compound Sn(OH),-1
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