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CHAPTER |
INTRODUCTION

The energy demanding tends to increase due to the growth of economy over
the world. The energy resources of many industries mainly rely on fossil fuels such as
coal, natural gas and petroleum." Relating to large energy consuming, the
conventional energy is starting to run out which will be problematic to many countries.
Moreover, the burning of fossil fuels is known to be one of the causes of the rising
global temperatures due to emission of green house gases, such as water vapor (H,0),
methane (CH,) and carbon dioxide (CO,). Consequently, the renewable, cleaner and
more sustainable energies, for example, solar power, wind power and geothermal

power, have gained attentions from both research and industry fields over the years.

One of the most attractive inexhaustible fuel sources is solar energy because
the sun is the powerful energy resource which has unlimited lifetime and can be
harnessed in almost areas of the world. The device that can directly convert solar
energy to electricity is called photovoltaic cell or solar cell. This conversion was driven
by the photovoltaic effect, which was firstly demonstrated by Becquerel in 1839. The
present dominant kind of the solar cells is based on inorganic materials, including Si-
based materials (e.g. single-crystal Si and polycrystalline Si) and metal chalcogenides
(e.g. CdTe and Culn,Ga;_,Se,). The good points of inorganic-based solar cells are their
higsh power conversion efficiency (20-40%) and long-term stability.” However, the
production of this type of solar cells relies on expensive advanced fabrication
technology and may require some rare metals such as tellurium.* To overcome these
drawbacks, the organic solar cells are widely studied and developed with their key
advantages which are light weight, semitransparent, flexible and low manufacturing

cost.”

In the past decade, many research groups focused their topics on wide range
of organic photoactive materials, including conjugated polymers and small molecules.
Among these numerous conjugated polymers, polythiophene and its derivatives are

promising materials owing to their good charge transfer properties and high



environmental stability.® The examples of popular thiophene-based polymers are
poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly(3,4-ethylenedioxythiophene) (PEDOT),
whose structures are shown in Figure 1-1. They gained a lot of interest in several

applications for example light-emitting diodes,” solar cells,® and chemical sensors.’

1031 13
S n S n

Poly(3-hexylthiophene-2,5-diyl) ~ Poly(3,4-ethylenedioxythiophene)
(P3HT) ( PEDOT)

Figure 1-1:  Examples of highlight polythiophene derivatives using in

optoelectronic applications.

In addition, porphyrins are one of the most attractive molecules in the field of
organic optoelectronic applications due to their characteristic photophysical
properties,'® photostability, as well as tunable electrochemical and photophysical
properties resulting from variation of peripheral substituents'! or a central metal."?
Consequently, they have gained significant interest in diverse fields of applications,
such as catalysis," therapeutics,'* and optoelectronics applications.” Recently, there
is a spotlight report from Mitsubishi Chemical announcing an organic photovoltaic cell
that reached power conversion efficiency up to 11.7% by using

tetraphenyltetrabenzoporphyrin as a p-type material (Figure 1-2).'¢

‘.
Y s o
Nano-structure

Figure 1-2:  Photovoltaic cell from Mitsubishi Chemical containing

tetrabenzoporphyrin as a p-type material.



However, the use of porphyrins as photoactive materials still has limitations
due to their low charge mobility properties. One possible approach to enhance the
charge mobility of the organic materials is to elongate TU-conjugation system through
conjugated polymer structure and/or to attach conductive unit(s)."” In this research,
we designed the novel porphyrinic compounds having two phenyl and two
polymerizable oligothiophenyl meso-substituents at trans-positions to each other for
being monomers in the electropolymerization (Figure 1-3). By this way, the porphyrins
and oligothiophenyl units can be combined in the same polymeric network of
porphyrin-embedded polythiophenes. The example of the structures of desirable

polymeric form of the porphyrin derivative is shown in Figure 1-3c.

Figure 1-3:  General structures of target a) porphyrins, b) benzoporphyrins and ¢)

desired porphyrin-embedded polythiophene prepared from the porphyrin derivative.

1.1 Objective of this research

This research aims to synthesize porphyrin and benzoporphyrin derivatives

bearing phenyl and thiophene-beased meso-substituents, and porphyrin-embedded



polythiophenes, as well as investigation of photophysical and electrochemical

properties of these materials.

1.2 Scope of this research

The scope of this research covers the synthesis of novel trans-A,B,-porphyrin
and benzoporphyrins bearing thiophene-based and phenyl meso-substituents at trans-
positions to each other. All target compounds will be characterized by spectroscopic
techniques, including mass spectrometry, as well as 'H-NMR and "“C-NMR
spectroscopy. The electrochemical studies will be employed to determine the highest
occupied molecular orbital and the lowest unoccupied molecular orbital (HOMO and
LUMO, respectively) energy levels as well as energy bandgap (E,) of the target
compounds.  In addition, polymerization of the target compounds will be
electrochemically performed to obtain the desirable porphyrin-embedded
polythiophene. Photophysical properties of both monomers and resulting polymers

will be investigated by absorption and emission spectrometry.



CHAPTER Il
THEORY AND LITERATURE REVIEWS

2.1 Optoelectronic device

Organic electronics is an interesting field of material science concerning about
the design, synthesis, characterization and applications of small molecules or polymers
that show desirable electronic properties such as conductivity and charge transfer
properties.’® Unlike conventional inorganic conductors and semiconductors, organic
materials are constructed from organic small molecules and polymers. In addition,
their synthetic methods are based on organic and polymer chemistry, which lead to
the ease of structural modification of materials. Moreover, they have gained interests
due to their low-cost fabrication process and great applications in flat and flexible

panels.'

Organic optoelectronics is a branch of organic electronics that combines
electronics and optics altogether.®® Thus, organic optoelectronic devices are devices
that interconvert between light and electricity in their operations using organic
materials as photoactive compounds. These devices can be mainly divided into two
types by their operation processes. The first one is a photoconductive device such as
a photo resistor, a photodiode and a phototransistor. It can activate or deactivate
electric circuits by detection of light intensities. The other one is a photovoltaic device
which can convert light into electricity, for example a solar cell and an optical sensor.”!
The organic optoelectronic devices generally consist of two types of semiconductor
materials, p-type and n-type materials that act as electron donors and electron
acceptors, respectively.”” The resulting junction, known as a p-n junction, is a major
component in many optoelectronic devices such as organic light-emitting diodes
(OLEDs), organic field-effect transistor (OFETs) and organic photovoltaics (OPVs) (Figure
2-1).
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Figure 2-1: A schematic setup of a p-n junction.

The active materials that are used in organic optoelectronics are typically TU-
conjugated molecules containing aromatic hydrocarbons, heterocyclic compounds
and unsaturated functional groups.”” These active materials could be categorized into
two main classes, conductive small molecules and conductive polymers. Most of the
organic small molecules can be efficiently purified and form well-oriented films to give
high charge carrier mobility.** For the conductive polymers, they have high electrical
conductivity and high charge mobility in their doped state due to their large TU-

conjugation system through the whole polymer backbone.?

For optoelectronic applications, good organic material candidates should have
long-term physical and chemical stability, well-oriented morphology in the solid state,
good photophysical properties (such as wide absorption band and high absorption
coefficient) and suitable electrochemical properties and charge mobility.?!  The
examples of the popular organic materials are Cq, derivatives, porphyrin derivatives,
benzoporphyrin derivatives, poly(3-hexylthiophene-2,5-diyl) (P3HT), poly(p-phenylene
vinylene) (PPV) and poly(3,4-ethylenedioxy-thiophene) (PEDOT) structures of which are

shown in Figure 2-2.
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Figure 2-2:  Molecular structures of some well-known photoactive materials used

as organic semiconductors.

In the past decades, the development of BHJ-SCs gains a lot of interest due to
their good power conversion efficiency and long lifetime, compared to other kinds of

organic solar cells.?

The high efficiency of the BHJ-SCs mainly results from the
blending electron donor and acceptor materials which gives the large interfacial of the
p-n junction. Additionally, in a field of catalysis, great interest has been focused on
the catalyst development for the conversion of CO,.*" Within the electrochemical
process, CO, can be converted to more valuable products, for example, CO, formic
acid, formaldehyde, methanol, methane and ethane. This study therefore aims to the

development of porphyrin-thiophene conjugated system for using in BHJ-SCs and

(photo)electrocatalysis of the reduction of CO.,.

2.2 Polythiophene

Polythiophenes, polymers of thiophene repeating units (Figure 2-3), have been
widely used as photoactive components in the organic electronic devices.? It is mainly
because they can become conductive via doping processes. The study of
polythiophenes and related polymers were recognized by awarding of Nobel Prize in
Chemistry in the year of 2000 to Alan J. Heeger, Alan MacDiarmid, and Hideki Shirakawa
for “the discovery and development of conductive polymers"? Electrical properties
of their materials result from the delocalization of electrons through their conjugated

backbone. Moreover, high environmental stability together with their well-established



structural modification have led to their great developments for electronic
applications.”
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Figure 2-3: 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 quickly 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 2-1 shows published preparation procedures of polythiophenes using nickel-
and palladium-based catalysts. The upper route involves in the formation of two
intermediates by reacting 2,5-dibromothiophene with Rieke zinc (Zn*) under a Rieke’s
method.* The resulting Zn-complexes were accessed in the cross-coupling reaction
using Pd(PPhs),, affording polythiophenes. Another way is to synthesize intermediates
through Grignard metathesis, followed by nickel-catalyzed coupling reaction to get the

corresponding polymer.*

£ \ LI
Zn*, THF /d\ Pd(PPhs),
I Lo |

-78°C BrZn S Br+Br S ZnBr
3 8
Br S Br S

R R
RMgBr, THF /ﬂ\ + /U\ Ni(dppp)Cl,
BrMg s Br Br S MgBr

Scheme 2-1: Syntheses of polythiophene derivatives through Rieke’s (upper

R

n

Y2 and

Grignard’s (lower) routes.”

Another efficient synthetic method of the polythiophenes is electrochemical
polymerization. Compared to the chemical method, anodic electropolymerization has
several advantages, such as catalyst-free procedure, direct deposition of the doped

polymer onto an electrode surface, easy control of film thickness and possibility for in



situ characterization of the polymerization by electrochemical and/or spectroscopic
techniques.® The electrochemical formation processes start from the oxidation step
generating cation radical species, followed by coupling and aromatization step to form
dimer. After that, a sequence of subsequent dimerization steps proceeds to the
formation of oligomers and polymers. The cyclic voltammograms and the proposed
mechanism of the thiophene polymerization are shown in Figure 2-4. The graph
reveals that current density increased as more polythiophene was formed on the

electrode.®*

i (MA cmz)

E (V vs. Ag/AgCl)

Figure 2-4:  a) Cyclic voltammograms and b) the proposed mechanism of the

electropolymerization of thiophene.

According to the useful functionalities of the polythiophene-based materials
such as electronic conductivity and nonlinear optical effects,” polythiophene and its
derivatives have attracted scientists’ interest in diverse fields of research, for example,
capacitors,®® light-emitting diodes,” field-effect transistors,” solar cells® and

electrochromic device.*®

2.3 Porphyrin

As a word, porphyrin is originated from Greek: porphura that means violet and
all of the porphyrin compounds are intensely colored.’? They are an important class
of natural macrocyclic molecules found in biological systems. The natural porphyrinic

compounds were also called “the color of life” due to their important roles in
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metabolism of living organisms.* Without porphyrins, life cycles of human and animals
are interrupted. That is because of the ability of an iron-containing porphyrin or heme

% Moreover, the

(Figure 2-5) in hemoglobin in delivering oxygen to the target tissues.”
chlorophyll derivatives are naturally found in green plants, algae and cyanobacteria of
which their function is to absorb light and transfer it to other parts of photosystem

which is an initial step of photosynthesis.*!

4

HO g Heme B o7 “OH Chlorophyll A; R = CH3
Chlorophyll B; R = CHO

Figure 2-5:  Structures of heme B and chlorophyll derivatives.

The systematic IUPAC nomenclature of porphyrins was introduced with the
numbering system for all atoms on the macrocycle as shown in Figure 2-6.*
Moreover, in case of substituents, their positions are classified into three groups, i.e.
meso-, A and 6 -positions.  The meso-positions are 5, 10, 15 and 20, while the O -
position are 1, 4, 6, 9, 11, 14 and 16 positions on the macrocycle. In a similar way, the

2,3,7,8,12, 13, 17 and 18 positions are referred as 6 -positions.

20 p

18 19 1 y
17 3
16 4
15 5 ~—meso
14 6 N
13 7

12" %8

Figure 2-6:  General structure of the porphyrin core and positions of all atoms.

The porphyrin macrocycle is an aromatic system that is made up of four pyrrole
rings joined by four methine (meso) carbons.*> Even though the porphyrin core has 22

TU-electrons, only 18 of them are actually anticipated in any one of the several
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delocalization pathways as shown in Figure 2-7. The aromaticity of porphyrin is

allowed due to the Huckle’s rule (TT -electrons = 4n+2, where n = 4).

Figure 2-7:  Possible TT -electrons delocalization pathways.

The strong TU-conjugation gives the porphyrins stability toward thermal and
chemical conditions.’”  Moreover, it also leads to characteristic photophysical
properties of the porphyrins. In their absorption spectra, the porphyrins usually show
an intense Soret band at around 400 nm and several weaker absorption bands
between 450 and 800 nm as known as Q-bands. The Soret absorption band results
from the strong transition of the ground state (Sy) to the second excited state (S,),
while the Q-bands are from the weak transition from S, to the first excited state (S,).
Both of the Soret and Q-bands are raised from TU-TU* transitions. As shown in Figure
2-8, four frontier molecular orbitals consist of two TU orbitals (a;, and a,,) and a
degenerate pair of TU* orbitals (e, and ey). These orbitals mix together by the
configuration interactions which are constructive and destructive combinations,
resulting in different intensity bands (Soret and Q-bands). In case of fluorescence,
emission of the porphyrins is only detected from the transition of S; to S, because the

conversion of S, to S, is rapid.
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Figure 2-8:  Four molecular orbitals and illustration of electronic transition states

of the porphyrins.*?

According to their interesting properties, the porphyrin derivatives have been
studied in various fields of research. In medical and biological field, porphyrins are
used in several applications, for example, molecular sensors,** molecular recognition,*
photodynamic therapy (PDT),* boron neutron capture therapy (BNCT)*" and cell
imaging.”® In the optoelectronic field, the potential of the porphyrinic compounds for
organic solar cells,” light emitting diodes™ and photo(electro)catalysts® have been

widely studied.

However, utilization of the porphyrins in diverse fields of studies requires the
ability to tailor physical, photophysical and electrochemical properties. The physical
properties include solubility and stability of compounds, while their photophysical
properties cover absorption, emission and molecular absorption coefficient. The
electrochemical properties normally refer to electrochemical behavior, redox
potentials, and electrochemical HOMO/LUMO energy levels and energy gap. The
structural modification of the porphyrins through changing substituents at meso- and
6 -positions of the macrocyclic core enables tuning of these properties. The meso-
substituents can be varied into several kinds of groups such as alkyl, aryl, heterocyclic,

organometallic or even other macrocyclic groups.!’ This type of modification gains a
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lot of interest due to the ease of the synthesis method through condensation of
pyrrole with an appropriate aldehyde. On the other hand, variation of the substituents
at the B8 -positions is more difficult because the synthesis of modified pyrrole precursor
is required. Another popular way to tune up properties of the porphyrins is
coordination with several kinds of central metal of the porphyrin core to obtain

complexes called as metalloporphyrins.*?
2.3.1 Synthesis of porphyrin

The synthetic methods of the porphyrinic compounds have been well-
developed over decades. In 1930, the structure of haemin, a porphyrinic compound
found in blood, and its synthetic route were first highlighted in the Nobel prize lecture
given by Fischer.”® After that, in 1935, the synthetic method of tetramethylporphyrin
was reported by Rothemund by mixing pyrrole and acetaldehyde together.”® After
that, the modified conditions were developed for reacting pyrrole with other
aldehydes in the presence of pyridine in a seal tube at up to 140-150 °C for 24 hours,
and was named as Rothemund’s method.> Route A in Scheme 2-2 shows an
example of the formation of tetraphenylporphyrin (TPP) by a reaction between pyrrole

and benzaldehyde under the Rothemund’s condition.”

H
b) N

Propionic acid \\ //
+

reflux, 30 min

w Pyridine

150 °C, 24 h

CHO CHO

1) acid catalyst

©) ‘ 2) oxidant

N
CHO

Scheme 2-2: Formation of TPP under conditions described by a) Rothemund,” b)

Adler and Longo’® and ¢) Lindsey.*’
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Due to a harsh reaction condition of the Rothemund’s method, Adler and
Longo developed more practical synthetic method by refluxing pyrrole and aldehyde
in propionic acid for 30 min as shown in Scheme 2-2 (route b).® By this condition,
the product yield was improved by up to 20%, compared with that of Rothemund’s
method.

However, these two procedures still have a limitation to synthesize the meso-
substituted porphyrin compounds bearing sensitive functional groups due to the
relatively harsh acid condition. To overcome this limitation, Lindsey and co-workers
suggested a new one-pot two-step procedure using a milder condition, leading to the
porphyrins in high yield without encountering complicated purification.”” The synthesis
relies on the formation of porphyrinogen through acid-catalyzed condensation
between pyrrole and aldehyde, followed by an oxidation reaction (Scheme 2-2, route
). Additionally, towards various Lewis acids and Brgnsted acids, acids commonly used
in the porphyrin formation are BFs-OEt, and trifluoroacetic acid,”® while oxidants

typically used in the oxidation step are DDQ or p-chloranil.”

However, these classical methods are suitable generally for synthesis of Ag-
porphyrin derivatives.®® In case of the porphyrins bearing distinct meso-substituents,
rational synthetic routes were developed instead of classical one-pot condensation of
pyrrole and mixture of aldehydes that can provide a statistical mixture of several
possible porphyrin. In order to obtain the meso-substituted porphyrins bearing two
different substituents in a trans-configuration or trans-A,B,-porphyrins, the synthesis
relies on a reaction between 5-substituted dipyrromethane bearing an ‘A’ substituent
and an appropriate aldehyde bearing a ‘B’ substituent in the presence of an acid
catalyst, followed by DDQ- or p-chloranil- oxidation.’* As an example, a condensation
between 5-phenyldipyrromethane and p-tolualdehyde was performed in the presence
of BF;-OEt,, followed by oxidation with DDQ, affording 5,15-bis-(4-methylphenyl)-10,20-
diphenylporphyrin (Scheme 2-3).%!
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Me 1) BF3*OEt,, MeCN, 0°C, 4.5 h
2) DDQ, MeCN, rt, 1 h
3) DDQ, toluene, reflux, 1 h

\_NH HN_/ CHO

Scheme 2-3: A synthetic route of 5,15-bis-(4-methylphenyl)-10,20-diphenyl
porphyrin reported by Lindsey et al.®*

Other than the trans-A,B,-porphyrins, this work also focuses on the synthesis
of trans-A;B,-benzoporphyrins, of which synthetic approaches have been reported.
Cheprakov et al. described the synthesis of trans-diaryloctahydrotetrabenzoporphyrin
derivatives using tetrahydroisoindole derivatives as precursors.” Scheme 2-4 shows
a synthetic route of meso-5,15-diphenyloctahydrotetrabenzoporphyrin starting with
tetrahydroisoindole ester. The indole precursor was reacted with dimethoxymethane
in the presence of p-TsOH, affording meso-unsubstituted dipyrromethene derivative.
The resulting dipyrrolemethane was decarboxylated and then subjected to the
condensation with benzaldehyde under the Lindsey’s condition. After the oxidation
with DDQ, the target compound was obtained. However, the further oxidization of this
precursor into tetrabenzoporphyrin could not be obtained through several attempts

of oxidation and the reason of these observation have been unclear.

CH,(OMe),, p-TsOH, KOH, (CH,0H),
HOAc, rt, 24 h XN reflux, 1 h NN
/N \ \_NH  N=

N~ TCOLEt
H

1) PhCHO, TFA, CH,Cly,
rt,6h
2)DDQ, rt, 2 h

Scheme 2-4: A synthesis route of meso-5,15-diphenyloctahydrotetrabenzoporphyrin
reported by Cheprakov et al.%
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2.4 Photophysical properties

In general, the photophysical properties of matter are thought as characteristic
properties related to light or photon, for example absorption and emission
properties.® These features involve in the electronic transitions of ground and excited

states energy levels as illustrated in a Jablonski diagram (Figure 2-9).

i Vibrational relaxation Intersystem
. Internal conversion CrossiNg | ternal and
A '} external conversion
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Figure 2-9:  Jablonski diagram.®®

The Jablonski diagram is basically an energy diagram, arranged with the energy
on a vertical axis. The rest of the diagram is represented as columns of sets of specific
spin multiplicity energy levels. The diagram illustrates a singlet ground state (Sy) and
several excited singlet states (S, Ss, ...) together with triplet states (T, Ty, ..) in
horizontal lines. Bold horizontal lines are representations of electronic energy levels,
while the thinner ones denote several vibrational states (rotational energy states are
ignored). Straight arrows show the electronic transitions associated with the absorption
or emission of photon. The other transitions of electrons without any interactions with
lisht, namely internal conversion and intersystem crossing, are displayed as wavy lines.
Within the Jablonski diagram, several pathways show how matters may accept energy

from photon and then release the energy through various possible process.®?
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To excite the molecule from the ground state to the excited state, the energy
of absorbed light has to higher than the energy difference between those two states.
The energies involved these transitions can be converted from the frequency of the
electromagnetic wave or the wavelength of photon, described by the following

equation:

E=hv=hs
= hy = p

where E is the energy of the photon, h is a Planck’s constant, V is frequency, c is
speed of light and A is the wavelength of the photon. If absorbed photon contains
more energy than the minimum energy required for an electronic transition, the

excessive energy can be converted into vibrational and rotational energy.

After the absorption of the photon, the molecule will first relax from higher
vibrational levels to the lowest vibrational energy level via a process called vibrational
relaxation. This non-radiative process occurs through two types of relaxation, thermal
(loss of heat) and collisional (collision with other molecules) relaxations. If the
vibrational energy levels strongly overlap with other electronic energy levels bearing
the same spin multiplicity, the transition of the excited electron can take place from
a vibration level in one electronic state to another vibration level in a lower electronic
state. This process is called internal conversion. Another pathway that can happen is
photon emission called fluorescence. Fluorescence is a slow transition process which
enables to the transition between the electron staying in the same multiplicity
manifold. The most frequently observed fluorescence comes from the transition
between the first excited state (S;) and the ground state (Sy) energy levels because at
the higher energies, it is more likely that energy will be dissipated through the internal
conversion and the vibrational relaxation. Another path to dissipate energy is called
intersystem crossing. This process involves the change of spin multiplicity from an
excited singlet state to an excited triplet state. The intersystem crossing leads to
several interesting pathways back to the ground electronic state. One direct transition
is phosphorescence, where a radiative transition from the excited triplet state to the

singlet ground state occurs.
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In addition, there are non-emitting transitions from the excited state to the
ground state that account for prohibiting fluorescence or phosphorescence behavior
of the molecule. This quenching phenomenon can result from several processes, such
as excited state reaction, complex formation and molecular collisions. These non-
emitting processes generally compete with fluorescence as the molecular relaxes back

down to the ground electronic state.

Literature review for porphyrin-thiophene conjugates

In 1992, Shimidzu et al. successfully synthesized novel phosphorus(V)
tetraphenylporphyrin derivatives containing oligothiophenylalkoxy groups (n = 1-3) at
axial positions of the central phosphorus atom via a reaction of dichloro phosphorus(V)
tetraphenylporphyrin and the corresponding oligothiophenyl alcohols (Figure 2-10).%*
The resulting porphyrin derivatives BT1 and TT1 were then electrochemically
polymerized in 0.1 M tetrabutylammonium tetrafluoroborate (TBABF,) in acetonitrile
using an ITO-coated glass, a Pt and a saturated calomel electrode (SCE) as a working
electrode, a counter electrode and a reference electrode, respectively, to afford
corresponding one-dimensional polymers, whereas porphyrins T1 was scarcely

polymerized. Moreover, their photoconductivity studies revealed that the conductivity

of the resulting polymers were strongly enhanced by the photoirradiation.

T1,R==H
s
BT, R=— | s \
S =
T, R= |

Figure 2-10: General structures of phosphorus(V) porphyrins T1, BT1 and TT1
studied by Shimidzu et al.®*

Later on, Shimidzu et al. studied the polymerization of zinc- and palladium-
porphyrin derivatives bearing bithiophenyl or terthiophenyl meso-substituents (Figure
2-11a).® The oxidative electropolymerization of the porphyrin derivatives was

performed in 0.1 M TBABF, in CH,Cl using an ITO-coated glass, a Pt and a saturated
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calomel electrode (SCE) as a working electrode, a counter electrode and a reference
electrode, respectively. The cyclic voltammograms of the electropolymerization of a

zinc-porphyrin of interest, ZnTBTP, is shown in Figure 2-11b.
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Figure 2-11: a) General structures of TBTP and TTTP and b) the cyclic

voltammograms of the electropolymerization of ZnTBTP.

Joo et al. described the use of novel zinc porphyrins linked with
oligothiophenyl groups by phenyl (TTP1, TTP2 and TTP3) or ethynyl (BTP1 and BTP2)
linkers as electron donors in the BHJ-SCs (Figure 2-12).°° The absorption properties of
these compounds revealed that the red shift of their absorption maxima was observed
as the number of thiophene rings was increased. Moreover, the enhancement of Q-
band intensity at 700 nm was clearly observed for BTPs, compared to those of TTPs

as a result of more efficient conjugation via the ethynyl linkers.
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BTP2, R = -—OCgH13

Figure 2-12: General structures of TTPs and BTPs.

Later, Keawsongsaeng et al. successfully synthesized a series of zinc porphyrin
and zinc benzoporphyrin derivatives bearing phenyl, thienyl and bithiophenyl meso-
substituents (Figure 2-13a).®” According to the results, the optimum ternary BHJ-SCs
(Figure 2-13b) having these compounds as additives in an active layer of P3HT and
PCBM exhibited a maximum energy conversion efficiency of 4.3%, corresponding to

19% enhancement of the efficiency, compared with the standard BHJ-SC.
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Figure 2-13: a) General structures of porphyrin and benzoporphyrin derivatives and

b) the schematic setup of the inverted ternary BHJ-SCs reported by Keawsongsaeng

etal ¢



CHAPTER Il
EXPERIMENTS

3.1 Synthesis
3.1.1 Materials and methods

All chemicals were analytical grade, purchased from commercial sources and

used as received, unless noted otherwise.

'H-NMR (400 MHz) and "C-NMR (100 MHz) spectra were recorded in CDCl; or
(CD5),S0. Chemical shifts (&) are reported in parts per million (ppm) relative to the
residual CHCl; signal (7.26 ppm for "H-NMR and 77.0 ppm for *C-NMR spectroscopy)
and (CH,),SO signal (2.50 ppm for 'H-NMR and 39.5 ppm for >C-NMR spectroscopy).

Coupling constants (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 using

dithranol as a matrix.

Absorption spectra of solutions were measured in toluene at room temperature
by UV-Vis spectrophotometer and molar extinction coefficient (€ ) were reported in
L-mol™.cm™. In addition, absorption spectra of films were investigated at room
temperature by UV-Vis spectrophotometer. The monomer films were prepared by
drop-casting tetrahydrofuran (THF) solutions of the compounds at the concentration
of 10 mg-mL™ on indium tin oxide (ITO)-coated glass substrates. Emission spectra of
the solutions were recorded in toluene at room temperature using a luminescence

spectrophotometer.

Noncommercial compounds: 5,10,15,20-tetraphenylporphyrinato zinc(ll) (ZnP-
Ph), 5,10,15,20-tetra(2,2-bithiophen-5-ylporphyrinatozinc(ll) (ZnP-2Th), 5,10,15,20-
tetraphenyltetrabenzoporphyrinatozinc(ll) (ZnBP-Ph) were previously synthesized in

our research group by following the reported procedure.’
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3.1.2 5-Phenyldipyrromethane (1)

H CHO HCl,,
N (aq)
N rt, 4 h
W 4’71% ~ _—

N\ NH HN 7
1

Following a reported procedure,®® a 0.18 M aqueous HCl solution (100 mL) was
placed in a round-bottomed flask. Then, pyrrole (1.0 mL, 15 mmol, 3 equivalents) was
added at room temperature, followed by the addition of benzaldehyde (0.50 mL, 5.0
mmol, 1 equivalent). The resulting mixture was stirred at room temperature for 4 h.
The solid was then filtered off and dissolved with CH,Cl, (50 mL). After that, the
resulting solution was washed out with deionized (DI) water (50 mL) and dried over
anhydrous Na,SOq4.  After the solvent was removed under reduced pressure, the
resulting crude was purified by a silica column (hexanes/CH,Cl, = 1:1) to afford a yellow
oil. After precipitation with hexanes, compound 1 was obtained as an off-white solid
(0.781 g, 71%). 'H-NMR (CDCly) & 5.48 (s, 1H), 5.86-5.97 (m, 2H), 6.16 (dd, J = 3.2, 2.8
Hz, 2H), 6.65-6.74 (m, 2H), 7.19-7.37 (m, 5H), 7.93 (br s, 2H) (Figure A-1). Other

spectroscopic data are consistent with those described in the literatures.®®®

3.1.3 5,15-Bis(phenyl)-10,20-bis(thiophen-2-yl)porphyrin (t-H,P-Th)

1) BF3*OEty, MeCN, 0°C, 4 h
2) DDQ, MeCN, 1t, 1 h
S 3) DDQ, toluene, reflux, 1 h ‘ N\
= = \ / H 18% s
\_NH HN -/
1

According to a previous method,” a solution of compound 1 (0.672 g, 3.00
mmol, 1 equivalent), 2-thiophene carboxadehyde (0.280 mL, 3.00 mmol, 1 equivalent)
and NH4Cl (1.6 g, 30 mmol, 10 equivalents) in acetonitrile (300 mL) was reacted with
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BF;-OEt, (24 uL, 0.30 mmol, 0.1 equivalent) under N, atmosphere at 0 °C for 4 h. After
that, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (0.681 g, 3.00 mmol, 1
equivalent) was added and stirred at room temperature for an additional hour. To
guench the reaction, triethylamine (0.5 mL) was added and the solution was filtrated
through a pad of silica eluted by CH,Cl,. After removal of the solvents, the resulting
crude was redissolved with toluene (120 mL) and treated with DDQ (0.681 g, 3.00
mmol, 1 equivalent). After refluxing for an hour, the resulting mixture was passed
through a pad of silica using CH,Cl, as eluent. After removal of the solvents, the crude
was purified by a silica column (hexanes/CH,Cl, = 1:1), followed by washing with
hexanes and methanol under ultrasonic agitation to afford 5,15-bis(phenyl)-10,20-bis(2-
thienylporphyrin (t-H,P-Th) as a purple solid (0.168 g, 18%). 'H-NMR (CDCly) & -2.72
(s, 2H), 7.48-7.54 (m, 2H), 7.73-7.83 (m, 6H), 7.84-7.89 (m, 2H), 7.91-7.95 (m, 2H), 8.18-
8.25 (m, 4H), 8.84 (d, J = 4.4 Hz, 4H), 9.05 (d, J = 4.4 Hz, 4H) (Figure A-2). Due to low
solubility of t-H,P-Th, a well-resolved C-spectrum could not be obtained. HR-ESI-
MS m/z: [IM+H]" calcd for CaoHpsNaS,, 627.1672; found, 627.1677 (Figure A-3); AL
422, 518, 553, 595, 650 nm (Figure A-4); A o, (N o = 422 nm) 660, 723 nm (Figure A-
5).

3.1.4 5,15-Bis(phenyl)-10,20-bis(thiophen-2-yl)porphyrinatozinc(ll) (¢-ZnP-Th)

Zn(OAc),+2H,0
N\ S | CHCI4/CH30H, rt, overnight B S

t-H,P-Th t-ZnP-Th

Following a standard method,” a solution of t-H,P-Th (31 mg, 0.050 mmol, 1
equivalent) in CHCl; (20 mL) was reacted with a solution of Zn(OAc),-2H,0 (55 mg, 0.25

mmol, 5 equivalents) in methanol (3 mL) at room temperature for 12 h. The resulting
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solution was washed with a 10% aqueous NaHCO; solution (20 mL) and DI water (20
mL), and dried over anhydrous MgSO,. Then, the crude product was purified by a silica
column using CH,Cl, as eluent, followed by washing with hexanes and methanol under
ultrasonic agitation to yield 5,15-bis(phenyl)-10,20-bis(thiophen-2-
yDporphyrinatozinc(ll) (¢-ZnP-Th) as a purple solid (30 mg, 87%). *H-NMR (CDCl;) &
7.50 (dd, J = 5.2, 3.6 Hz, 2H), 7.72-7.80 (m, 6H), 7.84 (dd, J = 5.2, 1.2 Hz, 2H), 7.92 (dd,
J =3.6, 1.2 Hz, 2H), 8.19-8.23 (m, 4H), 8.94 (d, J = 4.8 Hz, 4H), 9.16 (d, J = 4.8 Hz, 4H)
(Figure A-6); “C-NMR (CDCly) & 112.7, 122.0, 126.0, 126.7, 127.5, 127.8, 132.1, 132.4,
133.6, 134.5, 142.8, 143.8, 150.7, 151.2 (Figure A-7); HR-ESI-MS m/z: [M+H]" calcd for
CaoH2aNaS,Zn, 689.0807; found, 689.0802 (Figure A-8); A .. (€ ) 426 (4.7x10°), 554, 594
nm (Figures A-9 and A-10); A .. (A, =426 nm) 607, 653 nm (Figure A-11).

3.1.5 5,15-Bis(phenyl)-10,20-bis(2,2’-bithiophen-5-yl)porphyrin (t-H,P-2Th)

1) BF3*OEt,, MeCN, 0°C, 4 h
2) DDQ, MeCN, rt, 1 h
S S H 3) DDQ, toluene, reflux, 1 h
N\

= - 12%

t-H,P-2Th

Following to a reported procedure,” a solution of compound 1 (0.667 g, 3.00
mmol, 1 equivalent), 2,2’-bithiophene-5-carboxaldehyde (0.583 ¢, 3.00 mmol, 1
equivalent) and NH4CL (1.6 g, 30 mmol, 10 equivalents) in acetonitrile (300 mL) was
reacted with BF;-OFEt, (24 ulL, 0.30 mmol, 0.1 equivalent) at 0 °C under N, atmosphere
for 4 h. After that, the solution mixture was treated with DDQ (0.681 g, 3.00 mmol, 1
equivalent) at room temperature for an additional hour. After quenching the reaction
by treating with triethylamine (0.5 mL), the solution was passed through a pad of silica
eluted with 2% THF in CH,Cl,. Then, the crude product was re-oxidized by refluxing
with DDQ (0.681 g, 3.00 mmol, 1 equivalent) in toluene (120 mL) for an hour. The
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resulting solution was passed through a pad of silica eluted with a solution of 2% THF
in CH,Cl,. After that, the crude product was purified by column chromatography (silica,
hexanes/CH,Cl, = 1:1), followed by washing with hexanes and methanol under
ultrasonic agitation to obtain 5,15-bis(phenyl)-10,20-bis(2,2’-bithiophen-5-ylporphyrin
(t-H,P-2Th) as a purple solid (0.148 g, 12%). 'H-NMR (CDCl,) O —2.67 (s, 2H), 7.14 (dd,
J=52,36Hz 2H), 7.35(dd, J = 5.2, 1.2 Hz, 2H), 7.43 (dd, J = 3.6, 1.2 Hz, 2H), 7.59 (d,
J = 3.6 Hz, 2H), 7.73-7.85 (m, 8H), 8.18-8.26 (m, 4H), 8.86 (d, J = 4.8 Hz, 4H), 9.19 (d, J
= 4.8 Hz, 4H) (Figure A-12). Due to low solubility of t-H,P-2Th, a well-resolved "*C-
spectrum could not be obtained. HR-ESI-MS m/z: [M+H]" calcd for CygHzoNgSq,
791.1426; found, 791.1424 (Figure A-13); A abs 429, 520, 561, 594, 656 nm (Figure A-
14); A ... A\ o = 429 nm) 671, 730 nm (Figure A-15).

3.1.6 5,15-Bis(phenyl)-10,20-bis(2,2’-bithiophen-5-yl)porphyrinatozinc(ll) (t-ZnP-
2Th)

Zn(OAc),*2H,0
CHCI3/CH30H, rt, overnight

83%

t-H,P-2Th t-ZnP-2Th

Following a standard metalation method,’ a solution of t-H,P-2Th (79 mg, 0.10
mmol, 1 equivalent) in CHCl; (40 mL) was reacted with a solution of Zn(OAc),-2H,0O
(0.110 g, 0.500 mmol, 5 equivalents) in methanol (5 mL) at room temperature for 12
h. After that, the reaction solution was washed with a 10% aqueous NaHCO; solution
(40 mL), DI water (40 mL) and brine (40 mL), and was dried over anhydrous MgSQj.
After removal of the solvents, the crude was purified by a silica column using 1% THF
in CH,Cl, as an eluent, followed by washing with hexanes and methanol to afford 5,15-

bis(phenyl)-10,20-bis(2,2’-bithiophen-5-yl)porphyrinatozinc(ll) (t-ZnP-2Th) as a purple



27

solid (71 mg, 83%). 'H-NMR (DMSO-ds) & 7.22 (dd, J = 5.2, 3.6 Hz, 2H), 7.58 (dd, J = 3.6,
1.2 Hz, 2H), 7.65 (dd, J = 5.2, 1.2 Hz, 2H), 7.76 (d, J = 3.6 Hz, 2H), 7.78-7.88 (m, 6H), 7.90
(d, J = 3.6 Hz, 2H), 8.16-8.24 (m, 4H), 8.81 (d, J = 4.8 Hz, 4H), 9.16 (d, J = 4.8 Hz, 4H)
(Figure A-16); *C-NMR (DMSO-dy) & 110.9, 121.3, 123.2, 124.3, 125.7, 126.6, 127.6,
128.5, 131.5, 132.0, 134.1, 134.3, 136.3, 138.8, 142.2, 142.4, 149.7, 150.0 (Figure A-17);
HR-ESI-MS m/z: [M+2H]" calcd for CagH,gN4SaZn, 854.0645; found, 854.0637 (Figure A-
18); A (€) 432 (3.2x10°), 550, 600 nm (Figures A-19 and A-20); A.., (A, = 432 nm)
625 nm (Figure A-21).

3.1.7 Ethyl-4,5,6,7-tetrahydroisoindole ester (2)

NO, CNCH,COOEt, DBU
O/ THF, rt, 24 h
I\
83%
o N~ ~COOEt

H
2

Following a previously published procedure,” a solution of 1-nitrocyclohexene
(1.15 mL, 10.0 mmol, 1 equivalent) and ethyl isocyanoacetate (1.10 mL, 10.0 mmol, 1
equivalent) in THF (40 mL) was treated with 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
(1.50 mL, 10.0 mmol, 1 equivalent) under N, atmosphere at room temperature for 24
h. After the solvent was removed under reduced pressure, the resulting light brown
solid was dissolved with CH,Cl, (50 mL). The solution was washed with DI water (50
mL) and brine (50 mL), and dried over anhydrous MgSO,. After removal of the solvents,
the crude product was purified by column chromatography (silica, CH,Cl,/hexanes =
3:1). The product was recrystallized in hexanes, yielding compound 2 as a colorless
crystal (1.126 g, 83%). 'H-NMR (CDCly) & 1.34 (t, J = 7.2 Hz, 3H), 1.64-1.82 (m, aH),
2.54 (t, J = 5.6 Hz, 2H), 2.81 (t, J = 5.6 Hz, 2H), 4.29 (q, J = 7.2 Hz, 2H), 6.64 (s, 1H), 8.75
(br s, 1H) (Figure A-22). Other spectroscopic data are consistent with those described

in the literatures.” "
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3.1.8 8-Phenyl-bis(3-ethoxycarbonyl-4,5,6,7-tetrahydro-2H-isoindolyl)methane
(3)

CHO TsOH, (n-CgHq7)sNBr
CHCla, rt, overnight

§/Eg\coogt @ 97%
2 Et00C COOEt
Following a published method, 3 a solution of isoindole 2 (1.372 g, 7.100 mmol,
2 equivalents) and benzaldehyde (0.36 mL, 3.6 mmol, 1 equivalent) in CHCl; (70 mL)
was treated with p-TsOH-H,O (68 mg, 0.35 mmol, 0.1 equivalent) and then n-
tetraoctylammonium bromide (78 mg, 0.14 mmol, 0.04 equivalent) at room
temperature for 12 h. The resulting light pink solution was washed with a saturated
aqueous solution of NaHCO; (70 mL), DI water (70 mL) and brine (70 mL), and then
dried over anhydrous Na,SO,4. The crude product that was obtained after removal of
the solvent was purified by column chromatography (silica, CH,Cl,/hexanes = 3:1),
leading to compound 3 as an orange crystal (1.629 g, 97%). 'H-NMR (CDCl;) & 1.31 (t,
J =17.2Hz, 6H), 1.59-1.78 (m, 8H), 2.11-2.22 (m, 4H), 2.79 (t, J = 6.0 Hz, 4H), 4.24 (q, J
= 7.2 Hz, 4H), 5.39 (s, 1H), 7.11 (d, J = 7.6 Hz, 2H), 7.26-7.39 (m, 3H), 8.34 (br s, 2H)
(Figure A-23). Other spectroscopic data are consistent with those described in the

literature.”
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3.1.9 Compound t-CuBP-Th

) BF3°OEty, rt, overnight

1
S._CHO 2) p-Chloranil, rt, 6 h
v

KOH
(CHQOH)z, reflux, 1 h

DDQ
THF, reflux, 1 h

t-16H-CuP-Th

t-CuBP-Th (8% from 3)

Following a reported procedure,®* a mixture of dipyrromethane 3 (0.627 g, 1.32
mmol, 1 equivalent) and KOH (0.741 g, 13.2 mmol, 10 equivalents) in ethylene glycol
(13 mL) was refluxed for 1 h. After that, the reaction mixture was cooled down to
room temperature and diluted with CH,Cl, (25 mL). The resulting solution was washed
with DI water (2 x 25 mL) and brine (25 mL), and dried over anhydrous Na,SO,. The
solution mixture was concentrated under reduced pressure. The crude was
redissolved with CH,Cl, (10 mL) and then the solution was passed through a flash silica
column using CH,Cl, as an eluent. The pale brown fraction was collected and
concentrated to dryness, to afford brown oil containing dipyrromethene 4 (0.417 ¢)

which was immediately used in the next step without further purification.
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* a solution of the

With a slight modification from a previous procedure,’
resulting oil containing dipyrromethane 4 (0.417 g) in CH,Cl, (50 mL) was treated with
2-thiophene carboxaldehyde (0.130 mL, 1.39 mmol) and BF;-OEt, (0.016 mL, 0.126
mmol) under N, atmosphere at 0 °C and then the reaction was continued at room
temperature for 12 h. After that, p-chloranil (0.310 g, 1.26 mmol) was added to the
reaction mixture and then the stirring was continued at room temperature for
additional 6 h. Subsequently, the reaction mixture was filtered through a pad of silica
eluted with EtOAc. After removal of the solvents, the crude product was further
purified by column chromatography (silica, CH,Cl, to CH,Cl,/EtOAc = 1:1). The purple
fraction was concentrated to give a purplish black solid containing t-16H-H,P-Th (0.191

g). This solid was treated in the next step without further purification.

According to the standard method,” the above-mentioned solid (0.191 g) was
dissolved in CHCl; (60 mL) and treated with a solution of Cu(OAc),-H,O (0.300 mg, 1.15
mmol) in methanol (7 mL) at room temperature for 12 h. After that, the solution was
washed with a 10% aqueous NaHCO; solution (60 mL), DI water (60 mL) and brine (60
mL), and dried over anhydrous MgSQO,. After removal of the solvent, the resulting
crude product was purified by column chromatography (silica, hexanes/CH,Cl, = 1:1),
followed by washing with hexanes and methanol under ultrasonic agitation, affording
as a dark purple solid containing t-16H-CuP-Th (0.162 ¢). MALDI-TOF-MS m/z (%):
found, 902.841 (100) [M™]; calcd, 904.694 (M*; M =CssHagCuN,S,) (Figure A-24). Due to
low solubility of this compound, other spectroscopic data could not be obtained

properly. This solid was used in the further step immediately.

Following a published procedure,” a solution of the resulting solid containing
t-16H-CuP-Th (0.162 ¢) and DDQ (0.650 g, 2.86 mmol) in THF (100 mL) was refluxed
for 90 min. After that, the reaction mixture was cooled down to room temperature
and the solvent was removed under reduced pressure. The reaction crude was
redissolved with CH,Cl, (100 mL), and the solution was washed with a 10% aqueous
solution of Na,SOs (100 mL) and brine (100 mL). The resulting organic layer was dried
over MgSO,4 and concentrated to dryness. The crude product was purified by a silica

column using CH,Cl, as an eluent, followed by washing with hexanes and methanol
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under ultrasonic agitation to afford t~-CuBP-Th as a dark green solid (62 mg, 8% from
compound 3). MALDI-TOF-MS m/z (%): found, 887.495 [M']; calcd, 888.566 (M*, M =
CseH3,CuN,S,) (Figure A-25); A abs 465, 605, 656 nm (Figure A-26); Upon excitation at

465 nm, no emission peak was observed (Figure A-27).

3.1.10 Compound t-H,BP-Th

> >
O O conc. HCI O O
‘ S\ w \S ' rt’ jzo;onln ‘ ; % \S ‘
Soes Shas
< <

t-CuBP-Th t-H,BP-Th

A solution of t-CuBP-Th (62 mg, 0.070 mmol) in CH,Cl, (120 mL) was treated
with conc. HCL (6.50 mL) dropwise at 0 °C. The reaction mixture was then stirred at
room temperature for 30 min and the solution was poured into DI water (120 mL).
After that, the organic layer was collected, washed with a saturated NaHCO; solution
(2 x 120 mL) and brine (120 mL), dried over anhydrous MgSO, and concentrated to
dryness. The crude was purified by column chromatography (silica, hexanes/CH,Cl, =
1:1), followed by washing with hexanes and methanol under ultrasonic agitation to
obtain t-H,BP-Th as a green solid (43 mg, 74%). "H-NMR (CDCl) O -1.12(s, 2H), 6.91-
7.35 (m, 16H), 7.59-7.65 (m, 2H), 7.87 (t, J = 7.2 Hz, 4H), 7.90-7.98 (m, 4H), 7.99 (m, 2H),
8.36 (br s, 4H) (Figure A-28). Due to low solubility of t-H,BP-Th, a well-resolved **C-
spectrum could not be obtained. MALDI-TOF-MS m/z (%): found, 826.379 (100) [M*];
calcd, 827.036 (M*; M = CsgHsuNoS,) (Figure A-29), A o, 468, 592, 631, 640, 703 nm
(Figure A-30); A .., (A .. = 468 nm) 710, 792 nm (Figure A-31).
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3.1.11 Compound t-ZnBP-Th

OOO OOO

Zn(OAc),*2H,0

S CHCI4/CH30H, rt, 15 min S
| > \ | 0 | N \ \
s 96% S

O O
Q) Q)

t-H,BP-Th t-ZnBP-Th

Following a standard procedure,70 a solution of t-H,BP-Th (43 mg, 0.052 mmol,
1 equivalent) in CHCl; (52 mL) was reacted with a solution of Zn(OAc),-2H,0 (57 mg,
0.26 mmol, 5 equivalents) in methanol (6 mL) at room temperature for 15 min. After
that, the reaction solution was washed with a 10% aqueous NaHCO; solution (50 mL),
water (50 mL) and brine (50 mL), and dried over anhydrous MgSO,. The solvent was
removed under the reduced pressure and the crude product was purified by a silica
column using CH,Cl, as an eluent, followed by washing with hexanes and methanol
under ultrasonic agitation to obtain t-ZnBP-Th as a purple solid (44 mg, 96%). 'H-NMR
(CDCly) & 7.15 (d, J = 8.4 Hz, 4H), 7.27-7.34 (m, 4H), 7.34-7.45 (m, 8H), 7.64 (dd, J =
5.2, 3.6 Hz, 2H), 7.87 (t, J = 7.6 Hz, 4H), 7.90-7.98 (m, 4H), 8.00 (dd, J = 5.2, 0.8 Hz, 2H),
8.29 (d, J = 7.2 Hz, 4H) (Figure A-32); *C-NMR (CDCly) & 108.0, 118.0, 124.2, 124.6,
125.8, 125.9, 128.1, 128.7, 129.1, 129.2, 132.5, 134.3, 138.6, 138.7, 143.1, 143.8, 144.6,
146.0 (Figure A-33); HR-ESI-MS m/z: [M]* calcd for CseHsoNoS,Zn, 888.1360; found,
888.1382 (Figure A-34); A . (€ ) 463 (3.0x10°), 608, 660 (8.1x10%) nm (Figures A-35,
A-36 and A-37); A ., (N o, = 463 nm) 670, 732 nm (Figure A-38).
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3.1.12 Compound t-CuBP-2Th

KOH Q
(CH,0H)s, reflux, 1 h S S H
>
COOEt
4
1) BF3*OEty, rt, overnight Cu(OAc),*H,0

2) p-Chloranil, rt, 6 h CHCI3/CH30H, rt, overnight

t-16H-CuP-2Th t-CuBP-2Th (6% from compound 3)

Following a reported procedure®® and the one described for t-CuBP-Th,
dipyrromethane 3 (1.436 g, 3.02 mmol, 1 equivalent) was reacted with KOH (1.694 g,
30.2 mmol, 10 equivalents) in ethylene glycol (30 mL) under reflux for 1 h. Brown oil
containing dipyrromethene 4 (0.970 ¢) was obtained and immediately used in next

step without purification.

Following a previously reported procedure with a slight modification™ and the
method described for t-CuBP-Th, a solution of dipyrromethane 4 (0.970 ¢) in CH,Cl,
(120 mL) was treated with 2,2’-bithiophene-5-carboxaldehyde (0.626 ¢, 3.22 mmol) and
BF;-OEt, (37 UL, 0.29 mmol). After the further treatment with p-chloranil (1.081 g,
4.395 mmol), the resulting mixture was passed through a pad of silica eluted with a

solution of 10% THF in CH,Cl, and subjected to column chromatography (silica,



34

CH,Cl,/EtOAC = 1:1) to obtain a purplish black solid containing t-16H-H,P-2Th (0.481

g). The crude solid was used in the next step without further purification.

According to the standard metalation procedure™ and that described for t-
CuBP-Th, the solid containing t-16H-H,P-2Th (0.481 g) was dissolved in CHCl; (120 mL)
and reacted with a solution of Cu(OAc),-H,0 (0.479 ¢, 2.40 mmol) in methanol (15 mL)
at room temperature for 12 h. After a work-up process, the resulting crude product
was purified by a silica column (hexanes/CH,Cl, = 1:3) and washed with hexanes and
methanol under ultrasonic agitation, affording a dark purple solid containing t-16H-
CuP-2Th (0.311 g). MALDI-TOF-MS m/z (%): found, 1067.380 [M"]; calcd, 1068.934 (M",
M = CgqHs,CuNgS,) (Figure A-39). Due to low solubility of this compound, the other
spectroscopic data could not be obtained properly. This solid was used in the

demetallation step immediately.

Following a reported procedure’ and the one described for t-CuBP-Th, the
solid containing t-16H-CuP-2Th (0.311 ¢) was reacted with DDQ (1.051 ¢, 4.63 mmol)
in THF (200 mL) under reflux for 1 hour. After a work-up process, purification by
column chromatography (silica, CH,Cl,) and washing with hexanes and methanol under
ultrasonic agitation, t-CuBP-2Th was obtained as a dark green solid (90 mg, 6% from
compound 3). MALDI-TOF-MS m/z (%): found, 1051.584 [M*]; calcd, 1052.806 (M, M
= CgaH3sCUN4S,) (Figure A-40); A abs 461, 655 nm (Figure A-41). Upon excitation at

461 nm, no significant emission peak was observed (Figure A-42).

3.1.13 Compound t-H,BP-2Th

conc. HCI
rt, 1h

67%

t-CuBP-2Th t-H,BP-2Th
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Following a demetalation procedure described for t-H,BP-Th, a solution of t-
CuBP-2Th (99 mg, 0.094 mmol) in CH,Cl, (150 mL) was reacted with conc. HCL (10 mL)
at 0 °C and the reaction mixture was stirred at room temperature for 1 hour. After a
work-up process, purification by a silica column (hexanes/CH,Cl, = 1:1) and washing
with methanol under ultrasonic agitation, t-H,BP-2Th was yielded as a green solid (62
mg, 67%). 'H-NMR (CDCls) —1.09 (s, 2H), 6.98-7.19 (m, 4H), 7.14-7.19 (m, 2H), 7.28-7.83
(m, 12H), 7.38 (d, J = 4.8 Hz, 2H), 7.48 (d, J = 3.2 Hz, 2H), 7.71 (d, J = 3.2 Hz, 2H), 7.83-
7.91 (m, 6H), 7.91-7.98 (m, 2H), 8.37 (br s, 4H) (Figure A-43). Due to low solubility of
t-H,BP-2Th, a well-resolved 13C—spectrum could not be obtained. MALDI-TOF-MS m/z
(%): found, 990.903 [M']; calcd, 991.276 (M*, M = CyoHssNaSs) (Figure A-44), N ... 476,
594, 633, 644, 705 nm (Figure A-45); A ., (N o, = 476 nm) 713, 795 nm (Figure A-46).

3.1.14 Compound t-ZnBP-2Th

Zn(OAC)»+2H,0
CHCI4/CH50H, rt, 15 min

94%

t-H,BP-2Th t-ZnBP-2Th

Following a standard metalation procedure’™ and that described for t-ZnBP-
Th, a solution of t-H,BP-2Th (24 mg, 0.024 mmol, 1 equivalent) in CHCl; (25 mL) was
treated with a solution of Zn(OAc),-2H,0 (26 mg, 0.12 mmol, 5 equivalent) in methanol
(3 mL) at room temperature for 15 min. After a work-up step and purification by a
silica column (CH,Cl,) followed by washing with hexanes and methanol under
ultrasonic agitation, t-ZnBP-2Th was obtained as a bluish green solid (24 mg, 94%).
'H-NMR (CDCly) & 7.12-7.20 (m, 6H), 7.28-7.34 (m, 4H), 7.36-7.39 (m, 2H), 7.39-7.45
(m, 4H), 7.45-7.49 (m, 2H), 7.73 (d, J = 3.6 Hz, 2H), 7.78 (d, J = 8.0 Hz, 4H), 7.83 (d, J =
3.6 Hz, 2H), 7.84-7.91 (m, 4H), 7.92-7.98 (m, 2H), 8.30 (br s, 4H) (Figure A-47); C-NMR
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(CDCly) & 107.6, 118.1, 124.4, 124.4, 124.6, 124.8, 126.0, 126.1, 128.2, 129.1, 129.2,
133.4, 134.3, 137.9, 138.4, 138.7, 140.8, 143.0, 143.9, 144.6, 144.7 (Figure A-48), HR-
ESI-MS m/z: [M]" calcd for CgaH36NqSaZn, 1054.1100; found, 1054.1124 (Figure A-49);
A .o, (E) 470 (2.3x10%), 615, 663 (6.3x10%) nm (Figures A-50, A-51 and A-52); A ..,
(A o = 470 nm) 674, 739 nm (Figure A-53).

3.2 Electrochemical studies
3.2.1 Electrochemical properties study

Electrochemical properties of t-ZnP-Th, t-ZnP-2Th, t-ZnBP-Th and t-ZnBP-
2Th were determined by cyclic voltammetry in acetonitrile containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF) by using a ITO-coated glass
working electrode, a Pt wire counter electrode and a silver chloride coated on a silver
wire (Ag/AgCl) quasi-reference electrode (QRE) with scan rate of 10 mV:s™. The
resulting redox potentials were externally calibrated with a ferrocene/ferrocenium
couple of which the potential value of 0.69 V vs. normal hydrogen electrode (NHE)

was used.” The value of the NHE vs. vacuum level used in this work is —4.75 eV."®

3.2.2 Electropolymerization studies

Followed a previous study,®” electropolymerization of ZnP-2Th, t-ZnP-2Th
and t-ZnBP-2Th were performed by cyclic voltammetry in CH,Cl, solution containing
0.1 M TBAPF4 as a supporting electrolyte solution with a three-electrode system. An
ITO-coated glass was used as a working electrode and a substrate for the polymer film.
A Pt plate and silver chloride coated on a silver wire (Ag/AgCl) were used as a counter
electrode and a QRE, respectively. Polymerization was electrochemically carried out
under N, atmosphere by cyclic potential between 0 mV to 1600 mV vs. Ag/AgCl QRE

with the scan rate of 50 mV-s™ and the number of scanning cycles of 10.



CHAPTER IV
RESULTS AND DISCUSSION

This research mainly focuses on synthesis, characterization and investigation of
photophysical and electrochemical properties of novel trans-A,B,-porphyrins and
benzoporphyrins bearing phenyl and thienyl or bithiophenyl meso-substituents. The
target compounds bearing the thiophene-based meso-groups were subjected to
electropolymerize. The photophysical and electrochemical properties of the target
monomers (t-ZnP-Th, t-ZnP-2Th, t-ZnBP-Th and t-ZnP-Th) and the resulting polymer
films (poly(ZnP-2Th) and poly(t-ZnP-2Th)) were then investigated. Thus, in this
chapter, the contents were divided into three sections, including synthesis and
characterization of the target monomers, the photophysical properties of the target
monomers and the electrochemical polymerization and the investigation of

electrochemical and photophysical properties of the resulting films.

4.1 Synthesis and characterization of the trans-A,B,-porphyrin and the trans-

A,B,-benzoporphyrin derivatives
4.1.1 Synthesis of the trans-A,B,-porphyrin derivatives

The synthesis of target trans-A,B,-porphyrins started with the synthesis of
dipyrromethene 1 as a starting material through condensation between benzaldehyde
and an excess amount of pyrrole with a catalytic amount of trifluoroacetic acid as

5 However, based on thin-layer

reported by Lindsey et al. (Scheme 4-1)
chromatography (TLC) analysis, the resulting crude product could not be completely
purified due to the production of oligo- and polypyrrole byproducts as a result of the
use of the high concentration of pyrrole. Thus, the reaction was alternatively carried
out in a HCl aqueous medium containing 1 equivalent of benzaldehyde and 3
equivalents of pyrrole, according to another reported procedure.®®  After column
chromatography and recrystallization, dipyrromethane 1 was obtained in good purity

with a yield of 71%. From its 'H-NMR spectrum, 2 protons at pyrrolic N-H sites gave a

broad singlet at 7.93 ppm, while two multiplet and a doublet of doublet signals were
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observed for other 6 pyrrolic protons at around 5.86-6.84 ppm. Moreover, a multiplet
signal at 7.19-7.37 ppm and a broad singlet signal at 5.48 ppm were observed,

indicating five phenylic protons and a proton at the meso-position, respectively.

\_NH HN~/

\_/ BF3 OEt,, MeCN
0°C, 4 h
DDQ, MeCN, rt, 1 h
DDQ, toluene, reflux, 1 h

1
|1)

t-H,P-Th (18%); M = HH, R==H ¢
t-H,P-2Th (12%): M= HH, R = ﬂ

Zn(OAc),*2H,0
CHCI3/MeOH, rt, 12 h

t-ZnP-Th (87%); M =Zn,R=H g
t-znP-2Th (83%); M= Zn, R = ﬂ

Scheme 4-1: Synthesis of trans-A,B,-porphyrins t-ZnP-Th and t-ZnP-2Th.

The first attempt of the synthesis of t-H,P-Th and t-H,P-2Th was made through
the standard Lindsey’s condition under catalysis of trifluoroacetic acid or BF;-OFt; in a
common organic solvent, like CH,Cl,, at room ‘tempera‘ture.58 However, based on a
MALDI-TOF mass spectrum of the resulting crude product, the reaction gave a mixture

of porphyrin derivatives which were difficult to separate from each other by column
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chromatography. It is likely that undesired products were produced from a substituent
scrambling reaction which is known to be problematic when a dipyrromethane bearing
a non-steric meso-substituent, for example 5-phenyldipyrromethane, is used.®!
Scheme 4-2 illustrates mechanism of the scrambling process in a porphyrinogen
formation. The mechanism consists of two steps, which are acidolysis and fragment

recombination.”’

(1) acidolysis

H®l

Ho A
\_NH SR
H B BiH

(2) fragment recombination

H__A HEA
\NH \NHHN/
—_—
H B

o
=
% =
HN
B H

Scheme 4-2: Mechanism of substituent scrambling of porphyrin in an acidic

condition.

To suppress the production of the undesired porphyrinic product, a milder
condition was required, i.e. in case of non-steric dipyrromethane, lower reaction
temperature together with addition of an inorganic salt, i.e. NH,CL.%" This mild condition
can slow down the rate of the condensation leading to low scrambling products,
although the yield of desired product could be lower. As expected, t-H,P-Th and t-
H,P-2Th were successfully synthesized through acid-catalyzed condensation reaction

between dipyrromethane 1 and a corresponding aldehyde in acetonitrile solution
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containing BF;-OEt, and NH,Cl at 0 °C for 4 h, followed by oxidation by DDQ. After
purification by column chromatography, t-H,P-Th and t-H,P-2Th were afforded in 18%
and 12%, respectively. Nevertheless, the yields of product were moderate as a result
of the production of the pyrrolic oligomers as evidenced by the presence of dark

brown spot at baseline on a TLC plate.

Based on a 'H-NMR spectrum of t-H,P-Th, a characteristic singlet signal of its
inner protons was observed at -2.72 ppm. This low chemical shift was caused by
shielding effect from circulated TU-electrons of the porphyrin core. Two 6 protons
on each pyrrole ring gave two doublet signals at 8.84 and 9.05 ppm, while aromatic
protons of the thienyl and phenyl units were found at around 7.51-8.25 ppm. In case
of t-H,P-2Th, its 8 pyrrolic protons and 10 phenylic protons gave the similar signal as
those of t-H,P-Th, while 10 protons of the bithiophenyl groups were observed at
around 7.14-7.85 ppm. Additionally, the inner protons of t-H,P-2Th were found at -
2.67 ppm which was slightly deshielded, compared with those of t-H,P-Th. The
observation is attributed to the decreas in ring current over the porphyrin ring from
electron delocalization to the bithiophenyl substituents. Besides, HR-ESI mass spectra
also confirmed the formation of t-H,P-Th and t-H,P-2Th by showing their molecular
ion peaks at m/z 627.1677 and 791.1424, respectively.

To obtain desired t-ZnP-Th and t-ZnP-2Th, subsequent zinc-metallation of the
corresponding freebase porphyrins were performed by the reaction with Zn(OAc),-2H,0
in CHClz/MeOH at room temperature overnight. ¢ZnP-Th and t-ZnP-2Th were
obtained in 87% and 83% vyield, respectively. The formation of t-ZnP-Th and t-ZnP-
2Th was also confirmed by their HR-ESI mass spectra exhibiting the molecular ion
peaks at m/z 689.0802 and 854.0645, respectively. In addition, the complete
metallation of the freebase precursors was proven by disappearance of the peaks of
the inner protons in their "H-NMR spectra, together with the absence of an emission

peak at 723 nm for t-ZnP-Th and the one at 730 nm for t-ZnP-2Th.



a1

4.1.2 Synthesis of the trans-A,B,-benzoporphyrin derivatives

trans-A,B,-Benzoporphyrin derivatives can be achieved through a series of

reaction shown in Schemes 4-3 and 4-4.

O/N02

839 | CNCH,COOE, DBU
° | THF rt,24h

i/ \i
COOEt

N
H
2

(n-CgH17)4NBr

CeHsCHO, TsOH
97% | 68 °
CHCly, 1t, 12 h

EtOOC COOEt
3

Scheme 4-3: Synthesis of compound 3.

As a starting material of the entire synthetic route, tetrahydroisoindole ester 2
was prepared from Barton-Zard reaction between readily available 1-nitrocyclohexene
and ethyl isocyanoactate in the presence of DBU as a base.”” The formation of
compound 2 was confirmed by a characteristic broad singlet peak of an N-H proton of
the pyrrole ring at 8.75 ppm, and a triplet peak at 1.34 ppm and a quartet peak at 4.29
ppm indicating an ethyl ester group. After that, condensation between the resulting
tetrahydroisoindole ester 2 and benzaldehyde was performed in the presence of p-
TsOH as an acid catalyst and anhydrous (n-CgH;7);NBr as a water scavenger.”> The
successful synthesis of dipyrromethane 3 was confirmed by its "H-NMR spectra showing
a broad singlet peak of the N-H proton of the pyrrole ring at 8.34 ppm, a broad singlet
peak at 5.39 ppm of its meso-proton, together with a quartet and a triplet signals of
five protons of the ethyl ester group at 4.24 and 1.31 ppm, respectively. Moreover,

the aromatic protons of the phenyl group were found at around 7.11-7.39 ppm.
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Compound 3 was further converted to 1,9-unsubstituted dipyrromethane 4 by
decarboxylation with KOH in refluxing ethylene glycol for an hour, followed by passing
a pad of silica.’? The resulting dipyrromethane 4 was immediately used in the next
step to avoid self-oligomerization at its 1- and 9-positions. Compound 4 was reacted
with thiophene carboxaldehyde or 2,2’-bithiophene carboxaldehyde in the presence
of BF5-OEt,, followed by oxidation with p-chloranil to form 16H-H,P-Th or t-16H-H,P-
2Th, respectively.” The crude mixture was passed through a pad of silica with gradient
elution to greenish brown fractions containing the desired freebase porphyrin.
According to a previous study,” freebase tetracyclohexanoporphyrin could not be
easily aromatized by normal oxidants i.e. p-chloranil and DDQ, even after several hours
under reflux, possibly due to rapid formation of dication species upon addition of
oxidants. Unlike the freebase porphyrins that have high proton affinity, bivalent metal
complexes of the porphyrins, such as of Cu-, Ni- and Pd-porphyrins can be readily
oxidized into corresponding tetrabenzoporphyrins by the conventional oxidants. Thus,
these bivalent metals are suitable to use as a template for the synthesis of
benzoporphyrin. There are two criteria for choosing an effective metal template: (1)
the metal has to give stable complex with tetracyclohexanoporphyrin during
aromatization reaction, and (2) the resulting complex is required to be labile enough
to perform demetallation reaction later on. Among several metals, copper is one of
the most effective metals, according to its complexes which were stable enough in
aromatization step and also copper can be removed from tetrabenzoporphyrins

without destroying macrocycles.”
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EtOOC COOEt
3

1) KOH, (CH,OH),, reflux, 1 h

R\®/0H0
2) \ / ,BF3°OEt2, CH20|2

rt, 12 h

3) p-Chloranil, CH,Cl,, rt, 6 h

4) Cu(OAGC),*H,0, CHCI3/CH30H
rt, 12 h

t-16H-CuP-Th,R==—H g

t-16H-CuP-2Th, R = ﬂ

l DDQ, THF, reflux, 1 h

c@a
(o}
O

t-CuBP-Th (8% from 3); M = Cu, —H s
t-CuBP-2Th (6% from 3); M= Cu, R = = \ \

l HCI, CH,Cly, rt, 60-90 min

t-H,BP-Th (74%); M=HH,R=:H g
t-H,BP-2Th (67%); M= H,H, R—ﬂ

Zn(OAc),+2H,0
CHCI3/CH30H, rt, 15 min

t-ZnBP-Th (96%); M=Zn,R=H g

t-ZnBP-2Th (94%); M= Zn, R = ﬂ

Scheme 4-4: Synthesis of trans-A,B,-benzoporphyrins t-ZnBP-Th and t-ZnBP-2Th.

As above discussion, the subsequent copper-metallation of the crude of the

freebase tetracyclohexanoporphyrins by reacting with Cu(OAc),-H,O was carried out at
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room temperature overnight, affording copper metalloporphyrins t-16H-CuP-Th and t-
16H-CuP-2Th. The MALDI-TOF mass spectra confirmed the formation of t-16H-CuP-
Th and t-16H-CuP-2Th by showing their molecular ion peaks at m/z 902.841 and
1068.934, respectively. These complexes were subsequently aromatized by refluxing
with DDQ in THF for an hour, affording t-CuBP-Th and t-CuBP-2Th in 8% and 6%
overall yield from compound 3, respectively. The low yields were resulted from
oligomerization of dipyrromethane and formation of other N-fused compounds in the
porphyrin formation step, together with the breaking of the macrocycles during the
DDQ-oxidation step. The MALDI-TOF mass spectra showed the molecular ion peaks at
m/z 887.495 for t-CuBP-Th and 1051.112 for t-CuBP-2Th.

Demetallation of copper-benzoporphyrins t-CuBP-Th and t-CuBP-2Th was
performed by treating with conc. HCl in CH,Cl, at room temperature for 60-90 min.
Instead of using H,SO, as reported in a previous procedure,’? conc. HCl was chosen in
order to prevent undesired side reactions, e.g. sulfonation of thiophene units.”® The
desirable freebase benzoporphyrins t-H,BP-Th and t-H,BP-2Th were obtained in 74%
and 67%, respectively. The formation of t-H,BP-Th and t-H,BP-2Th were confirmed
by their molecular ion peaks in the MALDI-TOF mass spectra at m/z 826.379 and
990.903, respectively. In a "H-NMR spectrum of t-H,BP-Th, a broad singlet signal of 2
inner protons was observed at —1.12 ppm and its 16 aromatic protons on the B -fused
phenyl rings exhibited a multiplet signal at 6.91-7.35 ppm. Its spectrum also showed
a multiplet signal of 2 3-thiophene protons at 7.90-7.99 ppm, a multiplet signal of 2
4-thiophene protons at 7.59-7.65 ppm and a doublet signal of 2 5-thiophene protons
at 7.99 ppm. Moreover, a signal of p-phenylic protons was found at 7.90-7.99 ppm
while o- and m-phenylic protons gave a broad singlet at 8.36 ppm and a triplet at 7.87
ppm, respectively. These results indicated that the anisotropic effect of the
benzoporphyrin core was more influenced to o-phenylic protons, compared with other
phenylic protons, likely to be because the phenyl ring was reportedly almost
perpendicular to a plane of the benzoporphyrin core,”” causing the o-phenylic protons
to protrude into the benzoporphyrin plane. In a similar manner, a 'H-NMR spectrum

of t-H,BP-2Th exhibited a broad singlet of 2 inner N-H protons at -1.13 ppm, a
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multiplet peak of 16 protons of B -fused phenyl rings at 6.98-7.83 ppm. Moreover,
bithiophenyl protons gave 3 doublet and 2 multiplet signals in the range of 7.14-7.91
ppm, while phenylic protons gave a broad singlet and 2 multiplet signals at 7.83-8.37

To obtain the target compounds, the freebase benzoporphyrins t-H,BP-Th and
t-H,BP-2Th were zinc-metallated with Zn(OAc),-2H,O in CHCly/MeOH at room
temperature for 15 min, affording t-ZnBP-Th and t-ZnBP-2Th in 96% and 949%,
respectively. The complete metallation reaction was confirmed by the disappearance
of emission peak of the freebase benzoporphyrins at 792 nm, in case of t-H,BP-Th,
and 795 nm, in case of t-H,BP-2Th, as well as absence of their inner protons in their
'H-NMR spectra. Additionally, the HR-ESI mass spectra showed the molecular ion peaks
at m/z 888.1382 and 1054.1124 for t-ZnBP-Th and t-ZnBP-2Th, respectively.

4.2 Investigation of photophysical properties

The absorption and emission spectra of the target trans-A,B,-porphyrins and
trans-A,B,-benzoporphyrins were recorded in toluene at room temperature and shown

in Figure 4-1 and Figure 4-3.
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The absorption spectra of all target porphyrins and benzoporphyrins exhibited

characteristic peaks including an intense Soret band in the range of 400-500 nm and

Q-bands at 500-700 nm. The absorption data of all target compounds are summarized

in Table 4-1.
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Table 4-1.  Photophysical properties of the target porphyrins and benzoporphyrins

A .../ nm (€ /Lmoltcm™)
Compound A em / NM
Soret-band Q-bands
ZnP-Ph? 422 (2.55x10°) 548°, 588" 596, 647
t-ZnP-Th 426 (4.7x10°) 554°, 594° 607, 653
t-ZnP-2Th 432 (3.2x10°) 550°, 600° 625
ZnBP-Ph® 461 (2.8x10°) 607°, 652° 658, 724
t-ZnBP-Th 463 (3.0x10°) 608°, 660 (8.1x10") 670, 732
t-ZnBP-2Th 470 (2.3x10°) 615°, 663 (6.3x10% 674, 739

“Data was reported for a toluene solution in a previous study.”
°Due to low absorption, the € value could not be determined.

“Data was reported for a toluene solution in a previous study.®

The results show that the absorption maxima A abs,max) Of the benzoporphyrin
derivatives were shifted to the higher wavelength by 37-39 nm, compared with those
of the porphyrin analog bearing the same meso-substituents. This observation directly
resulted from extended TU-conjugation system at the 8 -positions of the porphyrin
core. Upon the replacement of the phenyl meso-groups with the thienyl ones on the
macrocycles, A absmax Was red shifted by 2-4 nm, as seen from a comparison of A abs,max
of ZnP-Ph with that of t-ZnP-Th and A absmax Of t=ZNBP-Ph with that of t-ZnBP-Th.
The replacement of the phenyl meso-substituents with the thienyl ones led to more
efficient electronic communication between the porphyrin macrocycle and the thienyl
ring, compared with the porphyrin core where the phenyl meso-groups are attached.”
This is because the steric interaction between o-phenylic hydrogens and 6—pyrroUc
hydrogens of the porphyrins or hydrogens on exocyclic phenyl rings of
benzoporphyrins prevents the co-planarity and suppresses the TU-conjugation
between the macrocycles and the meso-substituents as shown in Figure 4-2°'

Moreover, the reduction of steric hindrance caused by smaller ring size of the thienyl
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ring should lead to possible co-planarity between the macrocycle and the thiophene
ring and therefore, should facilitate the delocalization of the TtU-electrons between

two systems.

Hortho

\%Ertho
)
\
Figure 4-2:  Illustration of the steric interaction between o-phenylic hydrogens and

6 -pyrrolic hydrogens.

The effect of the introduction of the additional thiophene rings on the O -
positions of the thienyl groups of t-ZnP-Th and t-ZnBP-Th can be determined by
comparing A absmax Of t-ZnP-2Th with that of t-ZnP-Th and A absmax Of t-ZnBP-2Th
with that of t-ZnBP-Th. The results reveal that the addition of another thienyl ring
resulted in the bathochromic shift of A absmax DY 6=7 nm. These observations were
consistent with those described in the literature reporting that the extended TU-
conjugation at the 6—positions of the macrocycle, the replacement of the phenyl
meso-groups with the thienyl units and the introduction of the additional thiophene

fing at the O -position of the thienyl meso-groups led to the red shift of A absmax

To confirm this explanation, a crystal structure of bis(methanol)[5,15-
Bis(phenyl)-10,20-bis(thiophen-2-ylporphyrinatolzinc(ll) (t-ZnP-Th(MeOH),) obtained
from recrystallization of t-ZnP-Th CHCly/methanol was investigated (Figure 4-3). Zinc
atom of t-ZnP-Th was found to be weakly bound to methanol molecules (Zn-O =
2.412 A). To compare the orientation of the phenyl and the thienyl meso-substituents
in the crystal, dihedral angles between their planes and that of the porphyrin core
were determined. In case of the phenyl group, the dihedral angles were obtained
from considering C6-C5-C21-C26 and C4-C5-C21-C22 bonds and found to be 70.9° and

71.45°, respectively. These results are consistent with the reported dihedral angles of
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a toluene solvate of tetraphenylporphinatozinc(ll) (68.0° and 71.7°).#* The dihedral
angles between the thienyl and the porphyrin planes were determined from C1-C10-
C27-C30 bond and found to be 60.99°. The results reveal that the thienyl ring is more

co-planar with the macrocycle than the phenyl one.

Figure 4-3:  The structure of t-ZnP-Th(MeOH),, showing the 50% probability
displacement ellipsoids and the atom-numbering scheme of the asymmetric unit.

Hydrogen atoms have been omitted for clarity.

The effect of the thiophene-based meso-substituents on the emission
properties of the target compounds was also studied. Upon the excitation at
absorption maxima, all emission spectra recorded in toluene at room temperature are
shown in Figure 4-4 and the emission data are summarized in Table 4-1. The
emission maxima (A emmax) Of the benzoporphyrins were redshifted by 49-63 nm,
compared to those of porphyrins bearing the similar meso-groups. This observation
resulted from the extended TT-conjugation system at the 6 -positions of the porphyrin
core. Moreover, the effect of the replacement of the phenyl meso-substituents with
the thienyl ones was determined by comparing A emmax Of t-ZNP-Th with that of ZnP-
Phand A emmax Of t-ZNBP-Th with that of ZnBP-Ph. The thienyl-substituted derivatives
gave the red shift of A emmax DY 11-12 nm, compared with the phenyl-substituents
ones. Additionally, the introduction of the additional thiophene ring on the -
positions of the thienyl meso-groups gave the red shift of A emmax DY 4-18 nm as seen

from a comparison of A emmax Of t-ZNP-2Th with that of t-ZnP-Th and A emmax Of t-
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ZnBP-2Th with that of t-ZnBP-Th. These results were also consistent with the

previous report. ¢

500
(@) — tZnP-Th
400 - E - - -t-ZnP-2Th
] ‘I
] I‘
300 P
1
1
200

100

(b) —— t-ZnBP-Th
\ - - -t-ZnBP-2Th

150

Emission intensity / a.u.
o

100

50 -

1 v 1 v 1 v
500 600 700 800 900
Wavelength / nm

Figure 4-4:  Emission spectra of the target a) trans-A,B,-porphyrins and b) trans-

A,B,-benzoporphyrins.

4.3 Electrochemical studies
4.3.1 Investigation of electrochemical properties of the target monomers

Since a goal of this research is to use the target porphyrins and benzoporphyrins
as photoactive materials in organic optoelectronics systems, the electrochemical
characteristics of these compounds in a solid form was investicated by cyclic

voltammetry (CV).
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The experiments were performed in acetonitrile containing 0.1 M TBAPF4 as
supporting electrolyte. A three-electrode setup consisted of the ITO-coated glass as a
working electrode, the Pt plate as a counter electrode and the Ag/AgClL QRE. The films
of the target monomers on the ITO-coated glass were prepared by drop-casting their
THF solutions. The CV scans were performed under N, atmosphere with a scan rate
of 10 mV-s! and the number of scan of 3. However, after the first full CV scan, the
films on the ITO-coated glass was dissolved into the electrolyte solution. Therefore,
complete first oxidation and reduction peaks of the films could not be obtained by
the routine CV measurement, and onset potentials of the first oxidation and reduction
peaks (Eoxonset aNd Eredonset, respectively) were used to estimate HOMO and LUMO
energy level (Eyomo and Eywo) of each material instead. In order to obtain the onset
potentials and avoid degradation of the films by unexpected redox process, the CV
was sequentially performed with the increment of the potential range of 50 mV per
step. Table 4-2 shows the Eonset @aNd Ereqonset Of €ach compound, which were
calibrated with a ferrocene/ferrocenium couple using the potential of 0.69 V vs. NHE
as a reference value.” Consequently, the resulting potentials were used to
approximate Eyomo and Ejyumo, as well as energy gap (E,) of the target monomers with
an estimated energy value for NHE vs. Vacuum -4.75 eV by using the following

equations (1)-(3).”® The estimated values are summarized in Table 4-3.
Es = Eromno — ELumo (1)
EHOMO == (onyonset + 475) (2)

ELUMO == (Ered,onset +4.75) (3)
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Table 4-3.  Electrochemical properties of the target porphyrin and benzoporphyrin

derivatives.
Potential / V (vs. NHE) Energy / eV (vs. vacuum)
Compound
on,onset Ered,onset EHOMO ELUMO Eg
t-ZnP-Th +0.675 -0.876 -5.79 -3.87 1.9
t-ZnP-2Th +0.613 -0.839 -5.73 -3.91 1.8
t-ZnBP-Th +0.496 -0.719 -5.61 -3.92 1.7
t-ZnBP-2Th +0.468 -0.699 -5.55 -4.05 1.5

According to these results, the effect of the introduction of the additional
thiophene ring on the O -position of the thienyl meso-substituents on the
electrochemical properties was determined by a comparison Eyouo, ELumo and E, of t-
ZnP-2Th with those of t-ZnP-Th and Eyouo, ELumo and Eg of t-ZnBP-2Th with those of
t-ZnBP-Th. In case of porphyrins, the results reveal that the introduction of the
additional thienyl groups resulted in the higher Ejouo and lower E o by 0.06 and 0.04
eV, respectively. Similarly, benzoporphyrin t-ZnBP-2Th gave higher Ejouo and lower
E.umo by 0.06 and 0.07 eV, respectively.  Comparing between the target
benzoporphyrins and porphyrins bearing the same meso-substituents, the
benzoporphyrins exhibited higher Ejouo by 0.12-0.24 eV and lower E 0 by 0.05-0.14
eV. The increasing of Eyono and the lowering of E o led to smaller energy band gaps
of the substances which were attributed to larger overlap of TU-TU orbitals together
with TU*TU* orbitals as increasing TU-conjugation system of the target compounds.
The effect of structural modification of the porphyrins through the introduction of the
additional thiophene ring and the B -fused rings on the electrochemical properties of
the target molecules observed in this study are consistent to those described in the

previous report.®’

To determine the possibility of the use of these target compounds in BHJ-SCs,

the calculated Eyomo and E o of the target monomers were plotted together with
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work functions (WFs) of ITO, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) and Al, and Eyovo and Eywo of poly(3-hexylthiophene-2,5-diyl) (P3HT) and

)83
)

phenyl-Cg;-butyric acid methyl ester (PCBM),” as illustrated in Figure 4-5.
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Figure 4-5:  Comparative energy diagram of the E, oo and E yyo of the target
porphyrins and benzoporphyrins, P3HT and PCBM, and WFs of [TO, PEDOT:PSS and
Al

The plot reveals that the LUMOs of all compounds are located below that of
P3HT. Thus, the electron transfer from the excited P3HT to the target compounds and
then to Al should be thermodynamically allowed, and the target compounds should
then be able to act as an electron donor for P3HT. In addition, this plot also suggests
their LUMOs are higher than that of that of PCBM. Thus, the electron from the excited
target compounds should be able to transfer to PCBM, and then Al. At the same time,
and their HOMOs are positioned at the higher energy level than WF of PEDOT:PSS,
enabling charge compensation from PEDOT:PSS to the target compounds. The further
photoluminescence and device studies to confirm the use of these target compounds

in the BHJ-SCs will be performed and reported elsewhere.
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4.3.2 Electrochemical polymerization of ZnP-2Th and t-ZnP-2Th and t-ZnBP-
2Th.

According to a previous study,®® porphyrin containing the thienyl groups was
barely polymerized under oxidative polymerization condition due to their high
oxidation potential, while the bithiophenyl units have lower oxidation potential due
to larger TU-conjugation system for stabilizing radical cation species.®* Thus, the first
attempts to polymerize the target compounds were made on [5,10,15,20-tetra(2,2-
bithiophen-5-yl)porphyrinatolzinc (ZnP-2Th) which was known to be polymerizable,
according to a previous study.®> After that, the target compounds bearing the

bithiophenyl, t-ZnP-2Th and t-ZnBP-2Th were investigated.

First of all, ZnP-2Th was electropolymerized on the [TO-coated glass as a
substrate in the one-compartment electrochemical cell consisting of the ITO-coated
glass working electrode, a Pt counter electrode and a Ag/AgCl QRE. The experiment
was performed in a THF solution containing 0.1 M TBAPF as the supporting electrolyte.
The oxidative electropolymerization of ZnP-2Th was carried out under N, atmosphere
at the potential between -200 mV and 1600 mV vs. Ag/AgCl QRE at the concentration
of ZnP-2Th of 2.5 mM at the scan rate of 50 mV-s™* and the number of scanning cycles
of 10. The resulting ITO-coated glass was found to be covered with light brown thin
film. The electropolymerization of t-ZnP-2Th was performed in the similar manner
with the potential between -200mV and 1750 mV. The number of scanning cycles
was increased 100 due to slow polymerization which is attributed to fewer
bithiophenyl units of t-ZnP-2Th, compared to those of ZnP-2Th. After washing
remaining monomer with acetone, the resulting polymer film was found to be light
yellow and looked relatively thin. Cyclic voltammograms of both compounds are
shown in Figure 4-6. The cyclic voltammogram of ZnP-2Th showed an oxidation peak
at 1250 mV vs. Ag/AgCLl in the first scanning cycle and the current density increased as
the number of scanning cycles increased. In case of t-ZnP-2Th, the cyclic
voltammogram gave two oxidation peaks at 1151 and 1600 mV vs. Ag/A¢Cl and the
decrease in the current density was observed as the number of scanning cycles

incresed. However, when polymerizations of these two compounds were repeated, it
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was found that the cyclic voltammograms from each experiment were inconsistent

with each other. It could be resulted from the narrow potential window of THF.
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Figure 4-6:  Cyclic voltammograms upon electropolymerization in THF solutions of

a) ZnP-2Th and b) t-ZnP-2Th.

One possible approach to overcome this reproducibility problem is to change
the solvent to another solvent that has higher oxidation electrochemical window. In
this study, CH,Cl, was chosen because it has wider potential window, compare with
that of THF (Figure 4-7). Moreover, CH,Cl, is inert to electrochemical process, and
can dissolve the target compounds, although at a slightly lower concentration,
compared with THF. Therefore, the concentration of the target compounds in the

supporting electrolyte solution was decreased to 0.20 mM.
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Figure 4-7:  Cyclic voltammograms of blank experiments in a) THF solution (solid

line) and b) CH,CL, solution (dashed line).

The polymerization of ZnP-2Th in CH,Cl, was electrochemically performed
under N, atmosphere at the potential between 0 mV and 1600 mV vs. Ag/AgCl QRE
with the scan rate and the number of scanning cycles of 50 mV-s™* and 10 cycles,
respectively. As shown in Figure 4-8a, in the first scan, two oxidation peaks at 890
mV and 1372 mV vs. Ag/AgCl QRE, corresponding to the oxidation of porphyrin core
and the bithiophenyl units, respectively,®® were observed. Upon the polymerization,
the current density of the peak at around 900 mV vs. Ag/AgCl QRE increased and shifted
to more positive oxidation potential as more polymer was formed on the electrode.
A small broad peak at around 500 mV vs. Ag/AgCl QRE indicated the thiophene-based
unit and/or newly formed oligothiophene. After the polymerization and the washing
of the excessive monomer with acetone, the resulting ITO-coated glass was found to

be coated with pale brown smooth film of poly(ZnP-2Th) as shown in Figure 4-8b.
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Figure 4-8:  Cyclic voltammograms of the electropolymerization of ZnP-2Th in the

CH,CL, solution and b) the resulting polymeric ZnP-2Th film on the ITO-coated glass.

In a similar manner, the electropolymerization of t-ZnP-2Th and t-ZnBP-2Th
were studied. The electropolymerization of t-ZnP-2Th was performed under N,
atmosphere at the potential between 0 mV and 1600 mV vs. Ag/AgCl QRE at the scan
rate of 50 mV-s~! with the scanning cycles of 10. In the first scan of the polymerization
as shown in Figure 4-9a, three oxidation peaks were observed. The peaks at 855 mV
and 1004 mV vs. Ag/AgCl QRE correspond to the oxidation of the phenyl units and the
porphyrin core, respectively. The first oxidation peak position at 855 mV of the
oxidation of the phenyl units was consistent with that of the previous report for ZnP-
Ph.%* The peak at around 1510 mV vs. Ag/AgCl resulted from the oxidation of the
bithiophenyl units. Upon the polymerization, the current density of the peak at around
850 and 1000 mV vs. Ag/AgCl increased and shifted to more positive oxidation potential
as more polymer was formed on the electrode. A small broad peak at around 500
mV vs. Ag/AgCl indicating the thiophene-based unit and/or newly formed
oligothiophene was found and its current density increased as the number of scanning
cycle increased. After polymerization, the ITO-coated glass was coated with light

brown film of t-ZnP-2Th (poly(t-ZnP-2Th)), as shown in Figure 4-9b. However, the
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film was found to be cracked after washing with acetone. The effect of the
replacement two phenyl meso-groups with the thienyl ones on the electrochemical
behavior of the compounds was determined by a comparison of the peak positions in
the first scanning cycle of t-ZnP-2Th with those of ZnP-2Th. The results reveal that
t-ZnP-2Th exhibited another oxidation peaks indicating to the oxidation of the phenyl
groups and the oxidation peak of the bithiophenyl groups was shifted to higher
oxidation potential by 138 mV which was implied that the electropolymerization of t-

ZnP-2Th required higher applied potential to occur.
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Figure 4-9:  a) Cyclic voltammograms of electropolymerization of t-ZnP-2Th in
the CH,CL, solution and b) the resulting polymeric t-ZnP-2Th film on the ITO-coated

glass.

The electropolymerization of t-ZnBP-2Th was performed at the al between 0
mV and 1750 mV vs. Ag/AgClL QRE. As shown in Figure 4-10, there are three oxidation
peaks at 442 mV, 679 mV and 1384 mV vs. Ag/AgCl in the first scanning cycle,
corresponding to the oxidation of the B -benzo fused rings on the porphyrin core,®
the porphyrin core and the bithiophenyl units, respectively. When the scanning cycles
were increased, the current density of each peaks was not increased as expected. After

the electropolymerization and the washing process, no polymer film on the ITO-coated
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glass was observed. It is likely that electrochemical polymerization of t-ZnBP-2Th
may give small oligomers which can be easily washed off of the substrate by acetone.
The effect of the extended TU-conjugation system at the 6 -positions  of the
macrocycle on the electrochemical behavior can be determined by comparing the
peak positions in the first scanning cycle of t-ZnBP-2Th with those of t-ZnP-2Th. The
results reveal that t-ZnBP-2Th gave lower first oxidation potential than the porphyrin

one according to the stronger stabilization of positive species occurred in the reaction.
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Figure 4-10: Cyclic voltammograms of electropolymerization of t-ZnBP-2Th in the

CH,Cl, solution.

4.3.3 Investigation of the photophysical properties of the polymer films

The photophysical properties of the resulting poly(ZnP-2Th) and poly(t-ZnP-
2Th) was investigated by UV-visible spectrophotometry. Figure 4-11 shows that the
absorption spectra of poly(ZnP-2Th) and poly(t-ZnP-2Th) film were consistent with
those of their monomer films with broader features, which is attributed to higher
aggregation of the porphyrin macromolecules in the polymeric layers. As for the ITO-

coated glass obtained from the electropolymerization experiment of t-ZnBP-2Th, its
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absorption spectrum showed no characteristic absorption peak of the porphyrin

indicating no polymerization of t-ZnBP-2Th.
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Figure 4-11: Normalized absorption spectra of the monomer (solid line) and

polymeric films (dashed line) of a) ZnP-2Th and b) t-ZnP-2Th.



CHAPTER V
CONCLUSION

Novel zinc complexes of trans-A,B,-porphyrin and trans-A,B,-benzoporphyrin
derivatives having two phenyl and two thiophene-based, i.e. thienyl or bithiophenyl,
meso-substituents were successfully synthesized. The characterization of the target
compounds was investigated by 'H-NMR and C-NMR spectroscopy, mass
spectrometry, UV-Vis spectrophotometry and fluorescence spectrophotometry. The
absorption maxima of the compounds were found to be red shifted due to the
introduction of the B -fused phenyl rings, the replacement of the phenyl with the
thienyl meso-groups and the introduction of the additional thiophene ring. Moreover,
the HOMO and LUMO energy level of the target porphyrins and benzoporphyrins could
be tuned by the introduction of thienyl and bithiophenyl meso-substituents and the
extended TU-conjugation system at B—positions of the pyrrole rings. The estimated
HOMO and LUMO energy levels of all derivatives were estimated to be in the proper
range, allowing efficient charge transport BHJ-SCs. The target trans-A,B,-porphyrin
having the phenyl and bithiophenyl meso-substituents was successfully polymerized
to obtain the polymeric film, absorption characteristic of which was consistent with
that of its monomer. However, in case of trans-A,B,-benzoporphyrin, no polymer film
on the electrode was observed. Thus, the optimization of the electropolymerizable
conditions of this compound, as well as the determination of the potential use of their

polymer films in optoelectronics will be further studied and described elsewhere.
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__Mass Spectrum List Report

Analysis Info

Analysis Name OSCUHS580727005.d Acquisition Date  7/28/2015 3:28:35 PM
Method MKE_tune_wide_20130204.m Operator Administrator
Sample Name  Por-1 Instrument micrOTOF 72
Por-1
Acquisition Parameter Set Corrector Fill 79V
Source Type ESI lon Polarity Positive Set Pulsar Pull 406 V
Scan Range n/a Capillary Exit 180.0 V Set Pulsar Push 388V
Scan Begin 50 m/z Hexapole RF 400.0 V Set Reflector 1300 V
Scan End 3000 m/z Skimmer 1 544V Set Flight Tube 9000 V
Hexapole 1 214V Set Detector TOF 1910V
Intens.{ +MS, 0.3-0.3min #(18-20)
x105. 627.1677
0.81
0.6
0.44
0.2
413.2672
260 400 600 800 1000 m/z
# miz I 1% SIN  FWHM Res.
1 53.7384 127 0.1 19.1  0.0052 10283
2 56.1487 204 02 . 308 0.0052 10876
3 58.6166 180 0.2 27.3 0.0056 10402
4 69.0062 142 0.1 214 0.0060 11551
5 74.5182 111 0.1 16.6 0.0064 11607
6 145.0665 115 0.1 17.3 0.0078 18498
7 145.1766 106 0.1 159 0.0083 17494
8 297.7730 153 0.2 271 0.0117 25470
9 413.2672 1501 1.6 2386 0.0560 7386
10 414.2702 346 0.4 54.7 0.0573 7224
11 429.2467 152 0.2 230 0.0479 8965
12 441.2992 620 0.6 927 0.0484 9123
13 442.3033 135 0.1 19.8 0.0605 7316
14 482.9375 104 0.1 140 0.0157 30740
15 621.2103 505 0.5 68.6 0.0798 7788
16 622.2113 215 0.2 289 0.0605 10279
17 627.1677 95817 100.0 13188.2 0.0802 7820
18 628.1702 34248 35.7 4719.0 0.0765 8214
19 629.1685 8988 94 12395 0.0728 8641
20 630.1654 1236 1.3 170.3 0.0673 9370
21 631.1618 265 0.3 36.2 0.0532 11870
22 791.1396 199 0.2 320 01028 7696 t-H,P-Th
23 792.1432 118 0.1 18.9 0.0833 9509 .
24 13056079 102 0.1 203 00256 51014 Chemical Formula: CyoHy6N4S;
25 1389.2393 103 0.1 209 0.0261 53137 Exact Mass: 626.1599
26 1616.1765 115 0.1 242 00273 59127 s
27 20619888 103 0.1 223 00338 61074 Molecular Weight: 626.7960
28 2352.1975 268 0.3 575 0.0311 75626 [M+H]+: 627.1672
29 2867.1611 107 0.1 229 0.0371 77313
30 29726793 107 0.1 228 0.0369 80497
Bruker Daltonics DataAnalysis 3.3 printed: ~ 7/28/2015 3:51:24 PM Page 1 of 1

Figure A-3:  HR-ESI mass spectrum of t-H,P-Th.
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Mass Spectrum List Report

Analysis Name ~ OSCUAT590405003.d - Acquisition Date 4/5/2016 12:36:24 PM
Method Tune_wide_POS_Tawatchai_05Feb2016.m Operator Administrator
Sample Name  t-ZnP-Th Instrument micrOTOF 72
t-ZnP-Th
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 4000V Set Reflector 1300 V
Scan End 3000 m/z Skimmer 1 700V Set Flight Tube 9000V
Hexapole 1 250V Set Detector TOF 2295V
Intens. +MS, 0.5-0.5min #(29-31),
x10
689.0802
1.5
1.0
0.5
54 Hs:sole 1075.6628
' 200 400 600 800 1000 1200 miz
#  miz I 1% SIN FWHM Res.
1 129.7642 3088 20 12.6 0.0094 13801
2 296.8551 3380 22 149 0.0119 25022
3 363.1880 3225 21 143 0.0816 4450
4 377.1989 3447 23 15.2 0.0949 3973
5 393.2063 3156 24 13.7 0.0936 4203
6 407.2125 3808 2:5 16.6 0.0870 4681
7 413.2617 10795 T4 48.2 0.0752 5497
8 421.2274 3989 26 17.3 0.0970 4343
9 432.1537 4300 2.8 18.6 0.1069 4041
10 435.2245 3053 2.0 13.0 0.1090 3994
1 441.2924 6817 45 29.8 0.0900 4902
12 450.2208 3651 24 156.5 0.0918 4905
13 451.2346 4183 2.8 17.9 0.1038 4347
14 465.2493 3834 25 16.2 0.1094 4253
15 479.2599 3305 2:2 13.8 0.1167 4108
16 4952717 3189 2.1 13.1  0.1556 3184
17 509.2830 3332 22 13.7 0.1279 3982
18 688.0734 104683 68.9 4798 0.1286 5352
19 689.0802 151884 100.0 697.1 0.1267 5439
20 690.0770 126963 836 5827 0.1278 5400
21 691.0778 117158 771 537.8 0.1259 5488
22 692.0751 94840 624 4352 0.1285 5386 R #-ZnP-Th
23 6930768 73760 486 3382 01299 5335 Chemical Formula: C49H,4N4S;Zn
24 6940759 31530 20.8 1437 0.1300 5340 Exact Mass: 688.0734
25 695.0755 12476 8.2 56.0 0.1298 5353 .
26 6960803 4362 29 185 01183 5834 Molecular Weight: 690.1600
27 711.0606 3403 22 142 0.1297 5481 [M+H]+: 689.0807
28 747.3228 3414 22 146 0.1560 4791

29 14429522 4013 26 212 00265 54489
30 2339.1215 3800 25 19.3 0.0322 72534

Bruker Daltonics DataAnalysis 3.3 printed:  4/19/2016 1:19:38 PM Page 1 of 1

Figure A-8:  HR-ESI mass spectrum of t-ZnP-Th.
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Figure A-9:  Absorption spectrum of t-ZnP-Th in toluene.
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Figure A-10: Calibration curve for quantitative determination of t-ZnP-Th in

toluene (A, = 426 nm).
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Figure A-11: Emission spectrum of t-ZnP-Th in toluene (Ao = 426 nm).
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Analysis Info
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Mass Spectrum List Report

Analysis Name OSCUHS580727004.d Acquisition Date  7/28/2015 3:25:16 PM
Method MKE_tune_wide_20130204.m Operator Administrator
Sample Name Por-2 Instrument micrOTOF 72
Por-2
Acquisition Parameter Set Corrector Fill 79V
Source Type ESI lon Polarity Positive Set Pulsar Pull 406 V
Scan Range n/a Capillary Exit 180.0 V Set Pulsar Push 388V
Scan Begin 50 m/z Hexapole RF 400.0V Set Reflector 1300V
Scan End 3000 m/z Skimmer 1 544V Set Flight Tube 9000V
Hexapole 1 214V Set Detector TOF 1910V
Intens. +MS, 0.8min #(49)
x104 791.1424
64
44
2 -
413.2683
05 4l r - v ; ;
200 400 600 800 1000 1200 1400 m/z
# miz | 1% SIN FWHM  Res.
1 53.7398 188 0.3 28.8 0.0049 10944
2 56.1496 263 04 .404 00050 11264
3 58.6165 195 0.3 299 0.0054 10796
4 69.0068 137 0.2 20.9 0.0057 12003
5 357.1365 162 0.3 247 0.0489 7303
6 371.1670 193 0.3 28.7 0.0593 6259
4 385.1839 189 0.3 27.3 0.0457 8437
8 393.3032 141 0.2 19.9 0.0555 7085
9 396.0780 1621 26 231.9 0.0485 8167
10 396.5799 761 12 108.5 0.0535 7410
11 397.0802 522 0.8 74.3 0.0500 7940
12 397.5824 200 0.3 282 0.0491 8095
13 409.1661 233 04 32.2 0.0530 7725
14 413.2683 3255 5.2 4511  0.0567 7283
15 414.2699 657 1.0 90.6 0.0572 7248
16 441.2983 2023 3.2 266.4 0.0473 9333
17 442.3033 341 0.5 445 0.0644 6867
18 455.3186 131 0.2 16.4 0.0730 6235
19 565.1802 214 0.3 233 00465 12160
20 605.4818 142 0.2 15.0 0.1003 6034
21 6615279 150 02 155 00922 7178 t-H,P-2Th
22 703.1976 478 0.8 49.8 0.0853 8241 : .
23 7041965 288 05 298 00679 10372 Chemical Formula: Cy5H30N, S,
24 791.1424 63146 100.0 72418 0.0997 7936 Exact Mass: 790.1353
25 7921450 28504 451 32747 0.0891 8888 Molecular Weight: 791.0360
26 793.1423 11735 186 1350.3 0.0874 9074 N
27 7941411 2552 40 2938 00795 9983 [M+H]™: 791.1426
28 795.1391 456 0.7 52.1 0.0932 8530
29 2151.6103 139 0.2 30.1 0.0313 68727
30 2352.2004 130 0.2 283 0.0313 75107
Bruker Daltonics DataAnalysis 3.3 printed: 7/28/2015 3:51:01 PM Page 1 of 1

Figure A-13: HR-ESI mass spectrum of t-H,P-2Th.
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Figure A-14: Absorption spectrum of t-H,P-2Th in toluene.
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Figure A-15: Emission spectrum of t-H,P-2Th in toluene (}\ex = 429 nm).
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Mass Spectrum List Report

Analysis Info
Analysis Name OSCUHS600131001.d Acquisition Date  1/31/2017 11:13:30 AM
Method Tune_wide_POS_Natee20130403.m Operater Administrator
Sample Name tZnP2th Instrument micrOTOF 72
tZnP2th
Acquisition Parameter Set Corrector Fill 50V
Source Type ESI lon Polarity Positive Set Pulsar Pull 337V
Scan Range nfa Capillary Exit 3500V 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 700V Set Flight Tube 9000 V
Hexapole 1 250V Set Detector TOF 2295V
Intens. +MS, 1.5-1.5min #(89-90)
x104
854.0637
54
4]
] 659.2952
34
2]
17 4521244
¢ T PO T 1045.4803 12955384
200 400 800 800 1000 1200 1400 miz
# mlz I 1% S/IN FWHM Res.
1 409.1679 2791 5.5 714 00773 5291
2 4521244 6764 132 160.0 0.0855 5288
3 4531276 2330 4.6 53.4 0.0908 4992
4 4541235 3518 6.9 81.7 0.0879 5167
5 637.3110 2086 4.1 296 0.1242 5131
6 659.2952 31024 60.6 4642 01286 5126
7 6602979 11938 233 1761 0.1222 5403
8 661.2983 2930 57 40.5 0.1284 5150
9 675.2758 2221 4.3 28.9 0.1480 4562

10 707.3571 2067 40 247 01281 5523
11 7353877 2036 4.0 229 01564 4702
12 7641199 4456 87 547 01569 4870
13 7651176 3373 6.6 405 01374 5568
14 7661172 3870 7.6 470 0.1527 5017
15 7671143 2672 52 313 01463 5244
16 7681095 3415 67 411 04251 6139
17 7601181 1989 39 224 0.1264 6087
18 7953448 1638 32 179 01804 4408
19 8113245 1657 3.2 182 01533 5202
20 8520644 48109 940 6444 071677 5079
21 B53.0680 44043 861 5898 01660 5140 t-ZnP-2Th
22 8540637 51176 1000 6862 01718 4972 . )
23 8550646 40077 783 5367 01682 5083 Chemical Formula: CysHysN,4S4Zn
24 856.0627 39086 764 5235 01683 5086 Exact Mass: 852.0488
25 8570635 26372 515 3521 0.1627 5268 -
26 8580620 13542 265 1790 01703 5038 Molecular “ielght' 8544000
27 8590592 6452 126 834 01731 4964 [M+H]": 853.0561
28 860.0841 2512 49 302 01823 4718 [M+2H]": 854.0634
29 8750539 2159 42 256 01608 5437
30 877.0496 1754 34 201 01704 5149
Bruker Daltonics DataAnalysis 3.3 printed: 1/31/2017 2:19:12 PM Page 1 of 1

Figure A-18: HR-ESI mass spectrum of t-ZnP-2Th.
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Figure A-19: Absorption spectrum of t-ZnP-2Th in toluene.
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Figure A-20: Calibration curve for quantitative determination of t-ZnP-2Th in

toluene (A, = 432 nm).



101

500

400

w

o

o
1

200

Intensity / a.u.

100

1 N 1 4 1 N 1
500 600 700 800
Wavelength / nm

Figure A-21: Emission spectrum of t-ZnP-2Th in toluene (Ao, = 432 nm).
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Figure A-26: Absorption spectrum of t-CuBP-Th in toluene.
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Figure A-27: Emission spectrum of t-CuBP-Th in toluene (Ao = 465 nm).
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Figure A-30: Absorption spectrum of t-H,BP-Th in toluene.
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Figure A-31: Emission spectrum of t-H,BP-Th in toluene (Ao, = 468 nm).
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Mass Spectrum List Report

Analysis Info

Analysis Name  CSCUHS591121001.d

Acquisition Date

11/22/2016 12:00:22 PM

Method Tune_wide_POS_Tawatchai_05Feb2016.m Operator Administrator
Sample Name  tZnBPTh Instrument micrOTOF 72
tZnBPTh
Acquisition Parameter Set Corrector Fill 50V
Source Type ES! lon Polarity Positive Set Pulsar Pull 337V
Scan Range n/a Capillary Exit 3000V Set Pulsar Push 337V
Scan Begin 50 miz Hexapole RF 4000V Sel Reflector 1300V
Scan End 3000 m/z Skimmer 1 700V Set Flight Tube 8000 vV
Hexapole 1 250V Set Detector TOF 2285V
Intens.{ +MS, 0.0-0.0min #(1-3)
x10°
25 §88.1382
2.07
1.5
1.04 3791650
0.5
1 “[ L TeT4se BT 43839365
200 400 600 800 1000 1200 1400 1600 miz
# miz I 1% SN FWHM Res.
1 3491898 19811 7.8 734 00831 5534
2 3511375 364868 144 1360 0.0896 5048
3 3631866 21877 86 808 00873 5394
4 3651515 78341 309 2925 00878 5382
§ 3791650 84356 335 3158 0.0855 5790
6 3801679 17665 70 648 00715 5315
7 4131714 23804 94 873 00784 5204
8 4271856 50185 233 2175 00725 5895
9 4281869 20643 81 749 00774 5532
10 4291794 19476 77 706 0.0867 4948
11 4412005 68695 271 2519 0.0750 5884
12 4422041 24122 85 875 0.0809 5486
13 4431875 28680 113 1043 01005 4419
14 4571796 18553 73 667 00794 5781
15  882.1809 18589 77 666 01397 6314
16 886.1494 23215 8.2 785 01787 4058
17 888.13B2 253596 100.0 8968 01447 6138
18 889.1422 208740 823 738.0 01495 5948
19 890.1382 237743 937 B41.2 01465 6075
20 8911391 173572 684 6137 01443 6178 +-ZnBP-Th
21 8321370 169738 66.9 6003 01445 6174 .
22 8931386 101563 400 3582 01455 6095 Chemical Formula: CssH3,N,S,Zn
23 8941354 51117 202 179.0 01537 5817 Exact Mass: 888.1360
24 8951338 22001 87 758 0182 5730 ;
25 11841734 18190 7.2 624 01755 6745 Molecular Weight: 890.4000
26 2343.3585 29554 117 1184 03886 6031 [M+H]": 889.1433
27 23443629 46002 18.1 1859 0.3808 5998
25 23453557 49203 194 1998 03928 5071
29 23463566 37679 149 1520 0.4184 5594
30 2347.3533 24577 97 983 04201 5587

Bruker Daltonics DataAnalysis 3.3

printed:  11/22/2016 1:25:51 PM

Page 1 of 1

Figure A-34: HR-ESI mass spectrum of t-ZnBP-Th.
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Figure A-35: Absorption spectrum of t-ZnBP-Th in toluene.
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Figure A-36: Calibration curve for quantitative determination of t-ZnBP-Th in

toluene (N, = 463 nm).



0.24
0.22
. 0.20
3
©
~
o 0.18 4
Q
c
3
= 0.16
]
[72]
Ke]
< 0.14
Equation y=a+b*x
Adj. R-Square  0.99998
0.12 4 Value Standard Error
C Intercept 0 -
C Slope 81036.54299 164.43686
0.10 r . r . T T
0.0000016 0.0000020 0.0000024 0.0000028

Concentration / M

114

Figure A-37: Calibration curve for quantitative determination of t-ZnBP-Th in

toluene (A,p = 660 nm).
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Figure A-38: Emission spectrum of t-ZnBP-Th in toluene (Ao = 463 nm).
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Figure A-41: Absorption spectrum of t-CuBP-2Th in toluene.
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Figure A-42: Emission spectrum of t-CuBP-2Th in toluene (Ao, = 461 nm).
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Figure A-45: Absorption spectrum of t-H,BP-2Th in toluene.
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Figure A-46: Emission spectrum of t-H,BP-2Th in toluene (Ao = 476 nm).
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Figure A-49: HR-ESI mass spectrum of t-ZnBP-2Th.
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Figure A-50: Absorption spectrum of t-ZnBP-2Th in toluene.
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Figure A-51: Calibration curve for quantitative determination of t-ZnBP-2Th in

toluene (A, = 470 nm).
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Figure A-52: Calibration curve for quantitative determination of t-ZnBP-2Th in

toluene (A.p = 663 nm).
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Figure A-53: Emission spectrum of t-ZnBP-2Th in toluene (Ao = 470 nm).
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